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METHOD OF SYNERGISTICALLY

ENHANCING THE THERAPEUTIC

EFFICACYAND SAFETY OF MEDICATION

THROUGHA COMBINATION THERAPY

STATEMENT OF RELATED APPLICATIONS

This application claims priority to US. Provisional Patent

Application 61/147,773, filed Jan. 28, 2009 and US. Provi-

sional Patent Application 61/234,864, filed Aug. 18, 2009.

The disclosures of both of those applications are hereby

incorporated herein.

FIELD OF THE INVENTION

The present invention relates to the field of medical treat-

ments for diseases and disorders. More specifically, the

present invention relates to the combined use of a therapeu-

tically effective amount of abscisic acid and pharmaceuticals

for a time sufficient to prevent and treat insulin resistance,

cardiovascular disease, impaired glucose tolerance, diabetes

and inflammation.

BACKGROUND OF THE INVENTION

Over the past two and a half decades there has been an

epidemic growth in the rates of obesity in the United States.

Approximately one-third of the country is now clinically

obese and two-thirds are overweight (1), putting many at risk

of increased risk of developing insulin resistance and con-

tracting chronic diseases such as cardiovascular disease

(CVD), type II diabetes (T2D), several types of cancer,

stroke, gallbladder disease, and obstructive sleep apnea (2, 3).

One factor known to play an essential role in the develop-

ment of obesity-induced insulin resistance is inflammation.

Obesity is associated with higher systemic inflammation (4),

and inhibiting essential inflammatory pathways has been

shown to completely dissociate obesity from insulin resis-

tance (5-8). Thus, it is not altogether surprising that many of

the more effective anti-diabetic treatments are also anti

inflammatory in nature. One such class of drugs is the thia-

zolidinediones (TZDs), which include rosiglitazone (AVAN-

DIA) and pioglitazone (ACTOS). The TZDs insulin-sensitiz-

ing actions are mediated mainly through the nuclear receptor

peroxisome proliferator-activated receptor y (PPAR y) (9),

which acts in a number of direct and indirect distinct mecha-

nisms to reduce inflammation. As a key regulator ofadipocyte

differentiation, PPAR y agonists increase the number of adi-

pocytes in the subcutaneous adipose tissue region (9), thereby

preventing adipocytes in visceral adipose tissue from being

hypertrophic and dysfunctional (10). The hypertrophy and

inflammation ofvisceral adipocytes is thought to be one ofthe

main initiating steps in the development of obesity induced

chronic inflammation (1 1). Hypertrophic adipocytes, in addi-

tion to secreting fatty acids, which can wind up in unwanted

places such as the liver, heart, blood vessels, and skeletal

muscle, also become apoptotic and recruit pro-inflammatory

macrophages into white adipose tissue (1 1, 12). PPAR y ago-

nists inhibit monocyte migration and pro-inflammatory

cytokine secretion from macrophages by blocking the activa-

tion ofthe pro-inflammatory transcription factor nuclear fac-

tor-KB (NF-KB) (13-15). The practical use for these com-

pounds actually beyond diseases associated with obesity and

insulin resistance as PPAR y activation has shown potential

for treating various forms of cancer (i.e., lung, breast, colon)

(16), multiple sclerosis (17), malaria (18), airway inflamma-

tion (19, 20), and autoimmune diseases (21-24), including
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2

intestinal inflammation, Crohn’s disease, ulcerative colitis

(25-27), arthritis (28), and dermatitis (29).

Despite their beneficial effects, TZDs are associated with a

number of health risks, such as weight gain, fluid retention,

and congestive heart failure that have limited their potential

for use in many ofthe conditions described above (16). There

are also side-effects associated with the biguanides, (i.e.,

metformin or Glucophage), which are also used currently to

improve insulin sensitivity, such as lactic acidosis (30). It is in

this context in which the present inventors began to investi-

gate the ability of a natural compound, abscisic acid (ABA),

to activate PPAR y without potentially dangerous side-effects.

In their initial studies, they found thatABA increases PPAR y

activity in vitro and, when supplemented into high-fat diets,

significantly improves glucose tolerance and prevents adi-

pose tissue inflammation in db/db mice (17). These effects

were mitigated in mice deficient in PPAR y in immune cells

(18). In all the studies performed, in which the longest period

ofABA administration took place over 7 months, there were

no side effects associated with the ABA-supplementation (17,

1 8).

Since the inventors’ initial work, there have been studies

showing that ABA increases pancreatic insulin secretion

through a cyclic AMP (cAMP)/protein kinase A (PKA)-de-

pendent mechanism (19), thus further elucidating ABA’s

mechanism of action in mammalian cells.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide compo-

sitions for enhancing the efliciency of active compounds

which contain the active compound in combination with

abscisic acid (ABA). The active compounds which may be

enhanced include anti-diabetic compounds, cardioprotective

compounds and anti-inflammatory compounds. The compo-

sitions of the present invention show synergism between the

active compounds and the ABA, allowing for increased efli-

cacy ofthe active compound and theABA.As such, the active

compound and the ABA may be present at lower concentra-

tions than when either of the agents are administered alone,

allowing for reduction of side effects.

It is a further object of the present invention to provide

methods for increasing the eflicacy of active compounds by

providing them in combination with ABA.

It is a further object of the present invention to provide

methods for altering the expression or activity ofPPAR y in a

cell by contacting the cell with ABA and a thiazolidinedione

in amounts suflicient to alter the expression or activity of

PPAR y in a cell.

It is a further object of the present invention to provide

methods for improving obesity related inflammation in at

least one cell of a mammal by contacting the cell with ABA

and a thiazolidinedione in amounts sufficient to alter the

expression or activity of PPAR y in a cell.

It is a further object of the present invention to provide

methods for decreasing apoptosis of pancreatic beta cells in

mammalian subjects by administering to the subjects a com-

position containing an anti-diabetic agent and ABA.

It is yet a further object ofthe present invention to provide

methods for increasing insulin secretion of pancreatic beta

cells in mammalian subjects by administering to the subjects

a composition containing an anti-diabetic agent and ABA.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in

and constitute a part of this specification, illustrate several
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embodiments of the invention and together with the written

description, serve to explain certain principles and details of

embodiments of the invention.

FIG. 1 shows the production of cyclic AMP (cAMP) by

confluent human aortic endothelial cells (HAECs). These

cells were serum-starved using HBSS buffer for 30 min and

then stimulated with various concentrations of abscisic acid

(ABA) or Forskolin (forsk, 1 uM) for 5 minutes. After remov-

ing supernatant, cells were lysed with 0.1 M HCL to measure

nonacetylated cAMP. Results (pmol/ml) from four indepen-

dent experiments are depicted. Data are represented as

meanistandard error. Points with an asterisk are significantly

different from the control.

FIG. 2 shows synergistic activation of PPAR y reporter

activity by ABA in combination with rosiglitazone in RAW

264.7 macrophages. Cells were transiently transfected with a

PPAR y overexpression vector and PPRE luciferase construct.

After 20 hours, cells were treated with rosiglitazone (0, 1, 10

uM) with or without abscisic acid (10 uM). Relative

luciferase activity as assessed 20 hours after treatments. Data

are presented as meanistandard error. An asterisk over a bar

signifies that the “with ABA” treatment is significantly

greater than the “no AB ” treatment at the same concentra-

tion of rosiglitazone.

FIG. 3 shows synergistic activation of retinoid X receptor

(RXR) and retinoic acid receptor (RAR) activity by abscisic

acid. Data are presented as meanistandard error.

FIG. 4 shows thatABA at 1 and 10 micromolar concentra-

tions increases the viability of insulin-secreting pancreatic

beta cells following a challenge with streptozotocin (STZ) at

2 mM for 24 hours. Data are presented as meanistandard

error.

FIG. 5 shows the effect of abscisic acid (ABA) and rosigli-

tazone (Ros) on glucose tolerance and fasting insulin. Obese

db/db mice were fed high-fat diets containing 0.15, or 70

mg/kg diet rosiglitazone maleate (control, Roslo, and Ros)”,

respectively) with and without racemic ABA (100 mg/kg

diet). On day 42 mice underwent an intraperitoneal glucose

tolerance test (IPGTT) (A). Areas under the curve (B) were

calculated for each treatment. On day 55 fasting insulin levels

were measured for mice on each diet (C). Data are repre-

sented as meanistandard error. Points with different sub-

scripts are significantly different from each other (P<0.05).

FIG. 6 shows the effect of abscisic acid (ABA) and rosigli-

tazone (Ros) on immune cell infiltration. Obese db/db mice

were fed high-fat diets containing 0, 15, or 70 mg/kg diet

rosiglitazone maleate (control, Roslo, and Ros)", respectively)

with and without racemic ABA (100 mg/kg diet). On day 60

the percent of F4/80+CD11b+ in the stromal vascular frac-

tions of abdominal white adipose tissue (Ab. WAT) (A) and

subcutaneous WAT (B) were assessed by flow cytometry. The

percent ofCD1 1b+CCR2+ monocytes (C) and CD4+CD25+

FoxP3+ Tregs (D) inbloodwere assessed in whole blood. The

expressions of the M1 marker CCL17 (E) and peroxisome

proliferator activated receptor y (PPAR y) (F) in Ab. WAT

were calculated as a ratio to the housekeeping gene f3-actin.

Data are represented as meanistandard error. Points with

different subscripts are significantly different from each other

(P<0.05).

FIG. 7 shows the effect of abscisic acid (ABA) and rosigli-

tazone combination on gene expression in lipopolysaccharide

(LPS)-treated stromal vascular cells (SVCs). SVCs from

abdominal white adipose tissue were isolated from db/db

mice fed high-fat control diet for 60 days. Cells were seeded

into 24-well plates at 1><106 cells/well and treated with LPS

(100 ng/mL) with and withoutABA (10 MM), Ros (1 uM), or

ABA and Ros (ABA/Ros). The relative expressions of genes
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peroxisome proliferator activated receptor y (PPAR y) (A),

CCL17 (B), monocyte chemoattractant protein 1 (MCP-1)

(C), andmannose receptor (D) were calculated as a ratio to the

housekeeping gene B-actin. Data are represented as

mean:standard error. Points with an asterisk are significantly

different the control treatment (P<0.05).

FIG. 8 shows the effect ofabscisic acid (ABA) and rosigli-

tazone (Ros) combination on PPAR y transactivation. 3T3-L1

preadipocytes (A) and RAW 264.7 macrophages (B) were

transfected with a pTK.PPRE3x luciferase reporter plasmid

driven by the PPRE containing Acyl-CoA oxidase promoter.

For 3T3-L1 preadipocytes cells were treated for 6-h with

vehicle (DMSO) or Ros (1 uM) with ABA (10 uM), the

cAMP-inhibitor 2'5' dideoxyadenosine (dideoxy, 10 MM), or

14-22 myristolated PKA inhibitor fragment (PKAi, 30 uM).

For RAW 264.7 macrophage cells were treated for 24-h with

ABA (10 uM), Ros (1 or 10 uM), or their combination.

Luciferase activity was normalized to pRL activity in the cell

extracts and relative luciferase activity was calculated a ratio

ofthe activity in the treatment wells to control wells. Data are

represented as meanistandard error. Points with an asterisk

indicate that a treatment is significantly different from its

respective ‘without ABA’ control (P<0.05).

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides new uses for abscisic acid

and structurally related compounds. The term abscisic acid

(ABA) herein refers to a plant hormone containing a trimeth-

ylcyclohexene ring with one or more hydroxy groups (for

instance a 6-hydroxy group), a 3-oxo group and an unsatur-

ated side chain in the sixth position of the trimethylcyclo-

hexen ring containing cis-7, trans-9 double bonds, its non-

toxic salts, active esters, active isomers, active metabolites

and mixtures thereof. Non-toxic salts include, for example,

alkyl esters having from 1 to 6 carbon atoms in the alkyl

group, as well as mono-, di- and tri-glycerides, and mixtures

thereof. Active isomers of abscisic acid include geometrical

isomers and its non-toxic salts, e.g., sodium, potassium, cal-

cium and magnesium salts, and its active esters, e.g., alkyl

esters having from 1 to 6 carbon atoms in the alkyl group, as

well as mono-, di- and tri-glycerides, and mixtures thereof.

Active optical isomers of abscisic acid include the (+)-enan-

tiomer and the (—)-enantiomer and its non-toxic salts, e.g.,

sodium, potassium, calcium and magnesium salts, and its

active esters, e.g., alkyl esters having from 1 to 6 carbon

atoms in the alkyl group, as well as mono-, di- and tri-glyc-

erides, and mixtures thereof. Active metabolites of abscisic

acid include oxygenated abscisic acid analogs, including but

not limited to, 8'-hydroxyABA, (+)-7'-hydroxyABA, 2'3'-di-

hydroABA, 8'-hydroxy-2',3'—dihydroABA and its non-toxic

salts, e.g., sodium, potassium, calcium and magnesium salts,

and its active esters, e.g., alkyl esters having from 1 to 6

carbon atoms in the alkyl group, as well as mono-, di- and

tri-glycerides, andmixtures thereof. Structurally related com-

pounds, include but are not limited to, compounds containing

conjugated double bonds (e. g., conjugated dienes, trienes and

tetraenes) in the unsaturated side chain and compounds con-

taining a trimethylcyclohexene ring with or without hydroxy

moieties. For ease of reference, all such compounds are

referred to herein generally at times as abscisic acid orABA.

Based on new findings showing that ABA can activate an

extracellular signaling cascade, the present invention dis-

closes that ABA can work synergistically with natural and

synthetic PPAR y ligands. Abscisic acid is a natural com-

pound that the inventors have found improves inflammation

and glucose tolerance in part by acting through the nuclear
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receptor peroxisome proliferator activated receptor y (PPAR

y). With reports that ABA can also act through the plasma

membrane, it was realized that ABA can act as a synergistic

activator ofPPAR y and othermembers ofthe PPAR family of

nuclear receptors (PPARs 0t,5) and, therefore, could enhance

the efficacy and safety of a number of drugs which are cur-

rently available or will be available on the market. The studies

presented herein showed a significant synergistic effect on

PPAR y activity whenABAwas combined with rosiglitazone.

The invention thus provides a drug combination therapy with

synergistic effects in the treatment of diseases and disorders

such as diabetes, obesity-related inflammation, cardiovascu-

lar disease, and other diseases and disorders involving

PPARs. The combination can include other substances,

including other bioactive substances, but preferably the com-

bination, when administered to a subject, comprises abscisic

acid and the second substance (e.g., a TZD) as the predomi-

nant bioactive agent directed to the disease or disorder of

interest. As is expected by those of skill in the art, the com-

bination can be supplied as two or more distinct things or as

a combination of multiple substances (i.e., a composition).

Uses for the combinations are discussed in detail below.

Abscisic acid may be a substantially pure single chemical

compound or a mixture of one or more abscisic acid com-

pounds as defined above. For example, the abscisic acid may

be in the form ofan extract obtainable or obtained from plant

extracts, either directly or following one or more steps of

purification or it can be chemically synthesized.

The abscisic acid used in the described methods may be in

a free acid form or bound chemically through ester linkages.

In its natural form, abscisic acid is heat stable. Abscisic acid

may be used in its natural state or in a dried and powdered

form. Further, the free acid form of abscisic acid may be

converted into a non-toxic salt, such as sodium, potassium or

calcium salts, by reacting chemically equivalent amounts of

the free acid form with an alkali hydroxide at a basic pH. ABA

and an exemplary compound falling within the definition of

abscisic acid and structurally related compounds are dis-

closed, for example, in US. patent application publication

number 2007/0184060A1, which is hereby incorporated by

reference herein. Other structurally related compounds are

known in the art, such as those disclosed by Hill et al. (45).

In certain embodiments, the invention provides for use of

abscisic acid and structurally related compounds, such as a

compound selected from the group consisting abscisic acid,

esters thereof, pharmaceutically suitable salts thereof,

metabolites thereof, structurally related compounds thereof,

or combinations thereof, in combination with one or more

(TZDs), such as rosiglitazone and pioglitazone, in the treat-

ment andprevention ofdiseases and disorders associated with

diabetes, cardiovascular disease, obesity, and inflammation.

The present invention is directed to use of such compounds

and combinations in the treatment and prevention of diseases

and disorders associated with a molecular mechanism involv-

ing one or more PPARs, such as PPAR v. For example, in

certain embodiments, the invention relates to prevention and

treatment of hyperglycemia, impaired glucose tolerance,

insulin resistance, prediabetes, and type 2 diabetes, while in

other embodiments, the invention relates to prevention and

treatment of inflammation, including but not limited to obe-

sity-related inflammation. The invention is based, at least in

part, on the discovery that abscisic acid can affect the expres-

sion of PPAR y, that the combination of ABA and (TZDs)

provides surprising synergistic effects, and that the effects are

relevant to all diseases and disorders that involve expression

or activity ofPPAR y. While not being limited to any particu-

lar mode of action, it is possible that abscisic acid and its
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derivatives and structurally related compounds affect PPAR y

expression and/or activity, and that this activity is comple-

mentary to the activities ofTZDs. However, the invention also

contemplates other modes of action, such as by affecting

expression or activity of any number of other cellular mol-

ecules, including, but not limited to, nuclear receptors that

may be activated by ABA, including liver X receptor (LXR),

retinoid X receptor (RXR), pregnane X receptor (PXR), vita-

min D receptor (VDR), as well as nuclear receptor-indepen-

dent mechanisms such as membrane initiated signaling

through the activation of G protein-coupled receptors and

stimulation of intracellular cyclic adenosine monophosphate

production.

In other embodiments, the invention relates to use ofABA

in combination with other pharmaceuticals, such as TZDs, for

inhibition ofinfiltration ofmacrophages into skeletal muscle,

white adipose tissue, blood vessel wall, and related inflam-

mation. This inhibition can be found in vitro and in vivo. The

effect results from exposing cells to ABA, preferably in com-

bination with one or more other biologically active sub-

stances ofthe TZD family. In certain embodiments, the inven-

tion provides for treating subjects with ABA, preferably with

another bioactive agent such as a TZD, for example as a

dietary supplement, to reduce skeletal muscle macrophage

infiltration, white adipose tissue macrophage infiltration,

immune cell infiltration into the aortic wall, inflammation, or

some or all of them. It also provides for treating a subject to

achieve these goals, and additionally to treat a subject suffer-

ing from diabetes or heart disease, to treat a subject at risk for

developing diabetes or heart disease, or to prevent a subject

from developing diabetes or heart disease.

In certain aspects, the invention relates to methods of

affecting the expression of PPAR y in a cell. In general, the

methods include contacting a cell with ABA and a TZD,

preferably rosiglitazone orpioglitazone, in an amount or con-

centration suflicient to affect expression or activity of PPAR

y in the cell. These methods can be practiced either in vitro or

in vivo. Where practiced in vitro, the methods can be used to

study the expression of PPAR y, to test other compounds for

the ability to supplement or antagonize the effects of ABA,

one ormore TZDs, orboth in combination, onPPAR y expres-

sion, or for any other reason of importance to a researcher.

When practiced in vivo, the methods can be used as a method

of treating a subject for one or more diseases or disorders

associated with PPAR y expression. According to certain

embodiments of the methods of the invention, preferably,

expression of PPAR y is increased. The step of contacting a

cell can be any action that causes ABA and the other com-

pound (e.g., a TZD) to physically contact one or more target

cells. Thus, it can be by way of adding the bioactive agents

directly to an in vitro culture of cells to be contacted, and

allowing the agent(s) suflicient time to diffuse through the

media and contact at least one cell. Likewise, it can be through

addition of a dry composition comprising ABA and prefer-

ably a TZD to cells in an aqueous environment. Alternatively,

it can be by way of administeringABA and preferably a TZD

to a subject via any acceptable administration route, and

allowing the body of the subject to distribute the compounds

to the target cell through natural processes. Thus, the in vivo

methods can be methods of localized or systemic delivery of

ABA and another bioactive agent to a cell in animals, includ-

ing all mammals and humans in particular.

In another aspect, the invention provides methods oftreat-

ing a subject suffering from or at risk of suffering from a

disease or disorder involving PPAR y expression. In general,

the methods include administering ABA or a composition

comprising ABA, preferably in combination with another
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bioactive agent, such as a TZD, to a subject in need thereof, in

an amount sufficient to affect the amount or activity ofPPAR

y in at least one cell ofthe subject. In certain embodiments, the

combination affects the expression of the PPAR V gene,

resulting in a change in PPAR y mRNA levels in a cell. In

other embodiments, the combination affects the amount of

PPAR y protein in a cell, preferably through increase in

expression of the PPAR V gene. In other embodiments, the

combination affects the activity of the PPAR y protein in a

cell, preferably by increasing the amount ofABA and/or TZD

in the cell. In preferred embodiments, PPAR y mRNA expres-

sion, PPAR y-responsive gene expression, such as CD36, AP2

(fatty acid binding protein 4) and adiponectin, protein levels,

and/or protein activity is increased in a cell of the treated

subject.

In the method of treating, administering the combination

therapy can be through any known and acceptable route. Such

routes include, but are not necessarily limited to, oral, via a

mucosal membrane (e.g., nasally, via inhalation, rectally,

intrauterally or intravaginally, sublingually), intravenously

(e.g., intravenous bolus injection, intravenous infusion),

intraperitoneally, and subcutaneously. Administering can

likewise be by direct injection to a site (e.g., organ, tissue)

containing a target cell (i.e., a cell to be treated). Furthermore,

administering can follow any number ofregimens. It thus can

comprise a single dose or dosing of the bioactive agents, or

multiple doses or dosings over a period oftime. Accordingly,

treatment can comprise repeating the administering step one

or more times until a desired result is achieved. In certain

embodiments of the present invention, treating can continue

for extendedperiods oftime, such as weeks, months, or years.

Those of skill in the art are fully capable of easily developing

suitable dosing regimens for individuals based on known

parameters in the art.

The amount to be administered will vary depending on the

subject, stage of disease or disorder, age of the subject, gen-

eral health ofthe subject, and various other parameters known

and routinely taken into consideration by those of skill in the

medical arts. As a general matter, a sufficient amount of

combination therapy will be administered in order to make a

detectable change in the amount or activity ofPPAR y protein

ormRNA or cyclic AMP concentrations in at least one cell of

the subject to whom the combination is administered. Suit-

able amounts are disclosed herein, and additional suitable

amounts can be identified by those of skill in the art without

undue or excessive experimentation, based on the amounts

disclosed herein.

The combination therapy will be administered in a form

that is acceptable, tolerable, and effective for the subject.

Numerous pharmaceutical forms and formulations for bio-

logically active agents are known in the art, and any and all of

these are contemplated by the present invention. Thus, for

example, the combination therapy can be formulated in an

oral solution, a caplet, a capsule, an injectable, an infusible, a

suppository, a losenge, a tablet, a cream or salve, an inhalant,

and the like.

In one aspect, the invention provides a method of treating

or preventing a subject suffering from diabetes, or otherwise

healthy individuals at risk for developing diabetes.According

to the invention, the term “a subject suffering from diabetes”

is used to mean a subject (e.g., animal, human) having a

disease or disorder showing one or more clinical signs that are

typical of diabetes. The term “a subject at risk for developing

diabetes” is used to mean a subject in which one or more

clinical signs of diabetes are not clearly shown, but who

shows one or more sub-clinical signs that are typical of dia-

betes, or who has a family history that indicates a significant

15

40

45

50

55

8

risk of developing diabetes. In general, the method oftreating

or preventing according to this aspect of the invention com-

prises administering to the subject an amount ofcombination

therapy that is effective in treating or preventing one or more

symptoms or clinical manifestations of diabetes, or in pre-

venting development of such symptom(s) or manifestation

(s).

Thus, according to the methods ofthe invention, the inven-

tion can provide methods oftreatment ofdiabetes. The meth-

ods of treatment can be prophylactic methods. In certain

embodiments, the methods are methods of treating type 2

diabetes (T2D), cardiovascular disease or inflammation. In

certain other embodiments, the methods are methods of pre-

venting diabetes, such as type 2 diabetes. In still other

embodiments, the methods are methods of halting the pro-

gression of diabetes, such as type 2 diabetes. In still other

embodiments, the methods are methods of improving the

health status ofa subject suffering from diabetes, such as type

2 diabetes. Accordingly, in certain embodiments, the inven-

tion provides methods ofprotecting the health, organs, and/or

tissues of a subject suffering from diabetes or at risk for

developing diabetes.

In one exemplary embodiment of the invention, the meth-

ods of treating diabetes comprises treating diabetes without

causing significant weight gain in the subject being treated.

That is, it has been found that the methods oftreating accord-

ing to the present invention provide a treatment effect without

causing a significant gain in weight, for example by fluid

retention, in the subject being treated, as compared to other

similar subjects not receiving the treatment. While not wish-

ing to be bound by any particular theory as to why this effect

is seen, it is likely that treatment with combination therapy,

while causing an increase in PPAR y expression in some cells,

does not cause over-expression or over-activation, as is com-

monly seen with some other (e.g., synthetic) PPAR y agonists

currently known for treatment of diseases associated with

PPAR y. In addition, the use of combination therapy accord-

ing to the present invention maintains or enhances the effec-

tiveness ofABA alone or TZDs alone, but reduces or elimi-

nates adverse side effects seen with TZDs alone. The present

methods have proven effective in diabetes and hypertension

treatments, and allow for reduction in amounts of either bio-

active compound used in treatments, thus lowering the like-

lihood of side-effects.

In view ofthe above-mentioned molecular basis for at least

part ofthe effect seen, the present invention provides methods

oftreating diabetes by increasing the expression ofPPAR y in

at least one cell of the subject being treated. As with other

methods of the invention, these methods include administer-

ing a combination of bioactive agents to a subject suffering

from diabetes, where the combination is administered in an

amount sufficient to increase the expression, activity, or

amount ofPPAR y in at least one cell ofthe subject. In certain

embodiments, the diabetes is type 2 diabetes. In these meth-

ods, the cell(s) in which PPAR y expression, level, or activity

is increased can be any cell, from any tissue or organ, in the

subject treated. In preferred embodiments, the cell(s) are

white adipocyte tissue (WAT) cells, pancreatic cells, or both.

In certain treatment methods, the methods do not cause an

equivalent increase in PPAR y expression, level, or activity in

liver cells, as compared to the increase seen in WAT and/or

pancreatic cells. In certain embodiments, no detectable

increase in PPAR y mRNA or protein is seen in a liver cell of

a subject being treated. One exemplary embodiment of this

aspect of the invention is a method of treating diabetes in

which expression ofPPAR y is increased in certain cells ofthe

subject, but not other cells, and in which the level of expres-
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sion is not so high as to cause serious (or, in embodiments,

any) noticeable or detectable deleterious effects on the short-

term or longterm health of the subject. For instance, uncon-

trolled overactivation ofPPAR y in the liver could lead to liver

injury. In treating diabetes according to the methods of the

present invention, one effect that may be seen is an increase in

interscapular brown adipose tissue (BAT) mass, which is a

positive effect in the context of treatment of diabetes.

In yet another aspect ofthe invention, methods oflowering

glucose levels are provided. These methods include adminis-

tering a combination therapy to a subject suffering from dia-

betes or at risk of suffering from diabetes. The combination

therapy is administered in an amount suflicient to lower the

glucose levels in the patient, and especially to lower levels of

free glucose in the blood ofthe subject. Lowering can occur at

any time under any physiological condition, but is preferen-

tially seen with regard to the subject’s fasting glucose level. In

related methods of the invention, methods of increasing the

glucose tolerance of a subject are provided. The methods

include the same steps as other methods ofthe invention, and

are similarly based, at least in part, on the underlying mecha-

nisms of action of the combination therapy, and the surpris-

ingly selective nature of the effects of the combination

therapy on certain cells, but not others. In addition, like the

other methods, these methods are based, at least in part, on the

low toxicity of the combination therapy and, as a corollary,

the high activity of the combination therapy in affecting

PPAR y expression and cyclic AMP production.

As such, the methods can provide methods of reducing

inflammation, including obesity-related inflammation. The

methods can reduce inflammation systemically (i.e., through-

out the subject’s body) or locally (e.g., at the site of admin-

istration or the site of inflammatory cells, including but not

limited to T cells and macrophages). In treating or preventing

obesity-related inflammation according to the methods ofthe

present invention, one effect that may be seen is the decrease

in the number of macrophages infiltrating the white adipose

tissue, skeletal muscle tissue, blood vessels and a downregu-

lation of tumor necrosis factor-alpha expression in adipose

tissue, skeletal muscle tissue and blood vessels. The methods

can thus also be considered methods of affecting or altering

the immune response of a subject to whom the ABA combi-

nation therapy is administered.

In view of the above methods, it should be evident that the

present invention provides ABA combination therapy for use

in contacting cells, such as in treating cells of a subject. The

above discussion focuses on the use of ABA and another

bioactive compound, such as a TZD, as part of a composition

for use in what could generally be considered a pharmaceu-

tical, nutritional supplement, dietary aid, or food additive.

In other embodiments, the present invention provides com-

positions for administration to mammals. The compositions

contain ABA and another bioactive compound, such as anti-

diabetic compounds, cardioprotective compounds, and anti-

inflammatory compounds. Non-limiting examples of active

compounds which may be used in the compositions of the

present invention are also listed in the Examples below.

Examples of anti-diabetic compounds that may be used in

compositions of the present invention include PPAR y ago-

nists, glitazars, conjugated linoleic acids, dual PPAR (X/Y

agonists, glucagon-like peptide receptor 1 agonists and bigu-

anides. PPAR y agonists may include TZDs such as rosigli-

tazone and pioglitazone. Biguanides may include metforrnin

and glucophage.

Examples of cardioprotective compounds include PPAR (X

agonists, guanylate cyclase activators, angiotensin converting

enzyme inhibitors, angiotensin II type 1 blocker or lipid-
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lowering drugs. The PPAR (X agonist may be a fibrate drug

such as clofibrate, gemfibrozil and fenofibrate. The lipid low-

ering drug may be a statin such as atorvastatin, cerivastatin,

fluvastatin, lovastatin, mevastatin, pitavastatin, pravastatin,

rosuvastatin and simvastatin, in their free acid or pharmaceu-

tically acceptable salt forms.

The compositions of the present invention may include a

carrier suitable for administration to a mammal. As is

described above, the compositions may be in the form of oral

solution, a caplet, a capsule, an injectable, an infusible, a

suppository, a losenge, a tablet, a cream or salve, an inhalant,

and the like. In certain embodiments, the compositions are

pharmaceutical compositions containing a pharmaceutically

acceptable carrier which may be a sugar, a starch, a binder, a

disintegrant, a lubricant, a polymer, a dye, a flavoring, a

buffer, a salt solution and other excipients for solid and liquid

pharmaceutical forms are as well known in the art.

In other embodiments, the carrier may be a food, a drink, a

nutritional supplement, such as a vitamin or a dietary aid. The

compositions of the present invention may be formed by

addingABA and another active compound to a known food or

drink to form a functional food or drink. The compositions

may also be formulated as vitamins or dietary aids in solid or

liquid form including excipients such as those described

above and other known excipients for formulating nutritional

supplements.

The compositions ofthe present invention may contain the

other active agent and/or ABA in concentrations that are

lower than those usually required for administration of either

agent alone. Even though these combinations may have lower

concentrations of either the other active agent or ABA, the

eflicacy of either agent may be the same or better than higher

concentrations of either agent alone. Without wishing to be

bound by theory, the combination of the other active agent

with ABA appears to synergistically enhance both the func-

tion of the other active agent and the ABA.

The concentrations ofthe other active agent in the compo-

sitions ofthe present invention may vary widely as is needed.

In certain embodiments, the compositions may be adminis-

tered at ABA concentrations of about 1 ug/kg to about 1 g/kg,

as is required. In certain embodiments, the compositions are

administered at ABA concentrations of about 1 mg/kg or

more, about 10 mg/kg or more or about 100 mg/kg or more.

The concentrations ofthe other active agent will vary based

on the other active agent used. One of skill in the art will be

able to determine the concentration of the other active agent

based on established concentrations known in the art. In cer-

tain embodiments, the concentrations of the other active

agent will be about 100% of the concentration of the agent

when administered alone, about 90% or more of the concen-

tration of the agent when administered alone, about 75% or

more of the concentration of the agent when administered

alone, about 50% or more of the concentration of the agent

when administered alone or about 25% or more of the con-

centration of the agent when administered alone.

As should be evident, the ABA combination therapy may

be provided in a pharmaceutically acceptable form. Thus,

ABA combination therapy can be provided in a form that is

suitable for administration to a subject in need of it. It also

may be present as a component of a composition, and in

particular, a pharmaceutical composition. The ABA combi-

nation therapy may be provided as mixture of purified or

semi-purified substances, or as a part of a simple or complex

composition. Where present as part of a composition, the

composition as a whole should be biologically tolerable at the

amount to be exposed to a living cell. Thus, the composition

may comprise toxic or otherwise deleterious substances when
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in its as-produced state, but be rendered non-toxic at a later

date by further treatment or simply by dilution. The pharma-

ceutical composition may comprise any number of sub-

stances in addition to ABA and a second bioactive agent,

preferably a TZD, such as, but not limited to, water, salts,

sugars, buffers, biologically active compounds having no sig-

nificant effect on PPAR y, and drugs having no significant

effect on PPAR y.

EXAMPLES

The invention will be further explained by the following

examples, which are intended to be purely exemplary of the

invention, and should not be considered as limiting the inven-

tion in any way. In the Examples and throughout this speci-

fication, all percentages, part and ratios are by weight unless

indicated otherwise.

Example 1

Synergistic Effect ofABA and Rosiglitazone

Research Design and Methods

A. Intracellular cAMP Assessment and Nitric Oxide

Assessment

Confluent human aorta endothelial cells (HAECs) were

serum-starved using HBSS buffer for 30 min, then stimulated

with various concentration ofABA and Forskolin (1 uM) for

5 min, after removing supernatant, cells were lysed with 0.1

M HCL to measure non-acetylated cAMP using a commer-

cially available kit (Cayman chemical) following the manu-

facturer’s instructions. Results (pmol/mL) were obtained

from four independent experiments. For nitric oxide (NO),

confluent HAECs were serum-starved for 30 min by using

HBSS buffer, then treated withABA for 15 min. Supernatant

was used to measure NO using an fluorescent kit.

B. Transfection with ABA and Rosiglitazone

A pCMX.PPAR y expression plasmid and a pTK.PPRE3x

luciferase reporter plasmid driven by the PPRE-containing

Acyl-CoA oxidase promoter were purified using Qiagen’s

Maxi kit (Valencia, Calif.). RAW 264.7 (American Type Cul-

ture Collection, Manassas, Va.) were grown in 24-well plates

in DMEM high glucose medium (Invitrogen, Carlsbad,

Calif.) containing 10% fetal bovine serum (FBS). The cells

cultured in 24-well plates were co-transfected with 0.6 ug

plasmid DNA and 1 ng of pRL reporter control plasmid per

well using F-2 transfection reagents (Targeting Systems, San-

tee, Calif.) according to the manufacturer’s protocol. Trans-

fection efficiencies were determined by cotransfecting the

cells with a pcDNATM 3 . 1/His/lacZ control vector at 24 h. The

transfected cells were then treated with rosiglitazone (0, 1, 10

uM, Cayman Chemicals, AnnArbor, Mich.) with or a racemic

ABA mixture (10 uM, Sigma). Transfected cells were har-

vested in reporter lysis reagent. Luciferase activity, normal-

ized to pRL activity in the cell extracts was determined by

using the dual luciferase reporter assay system (Promega,

Madison, Wis.) in a TD-20/20 Single-Tube Luminometer

(Turner Biosystems, Sunnyvale, Calif.). Relative luciferase

activity (RLA) was calculated as a ratio ofthe chemilumines-

cence 10 seconds after the Luciferase Assay Reagent II

(Promega) was added over the chemiluminescence 10 sec-

onds after the Stop&Glo Reagent (Promega).

C. Statistical Analyses

Data were analyzed as a completely randomized design. To

determine the statistical significance ofthe model, analysis of

variance (ANOVA) was performed using the general linear

model procedure of Statistical Analysis Software (SAS) as
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previously described (31). A P<0.05 was considered to be

significant. When the model was significant, ANOVA was

followed by Fisher’s protected LSD multiple comparison

method.

ABA increases intracellular levels of cAMP and nitric

oxide in a dose-dependent manner

To assess the ability ofABA to increase intracellular levels

ofthese secondary messengers, the ability ofABA to increase

cAMP and nitric oxide in human aortic endothelial cells

(HAECs) was assessed. It is well-established that cAMP acti-

vation increases nitric oxide production (31). It was found

that ABA, beginning at 0.1 uM, significantly increased intra-

cellular cAMP concentration and nitric oxide production (see

FIG. 1).

Results and Discussion

ABA Synergistically Enhances TZD Activity

It was hypothesized thatABA may increase PPAR y activ-

ity by enhancing the activation ofnatural or synthetic ligands.

To test this, RAW 264.7 macrophages were transfected with

rosiglitazone (1, 10 uM) with and withoutABA (10 uM). The

results show a significant interactive effect (P:0.0345)

between ABA and rosiglitazone, indicative of a synergistic

enhancement byABA (FIG. 2). It was discovered thatABA is

a synergistic activator of PPAR y.

Example 2

Synergistic Eflicacy ofABA/PPAR Agonists

Combination Therapies

In 2000, Lazennec et al. showed that cAMP/PKA activa-

tion augments PPAR activity in both the presence and

absence of PPAR ligands by enhancing DNA binding (20).

With these findings, there is strong potential for ABA to be

used in conjunction with a TZD, such as rosiglitazone

(AVANDIA), pioglitazone (ACTOS), ciglitazone, to treat any

of the diseases which can be enhanced or improved by

increased PPAR y activity. These include diseases associated

with insulin resistance (i.e., cardiovascular disease, type II

diabetes, atherosclerosis, stroke, gallbladder disease, hyper-

tension), cancer, autoimmune disorders, or any other condi-

tion in which decreasing the inflammatory response is the

physician-recommended course of action. It was discovered

that by combining a TZD withABA, one will need to apply a

significantly smaller dose of the drug to induce its effects. As

stated in US. Pat. No. 6,515,132, the current minimum effec-

tive drug dose (umol/kg diet) for TZDs are as follows:

Rosiglitazone 3; Pioglitazone 200; Englitazone 200; Trogli-

tazone 600; Ciglitazone 3000. These doses are known to

result in off target side effects. However, if administered in

combination with ABA, the effective doses of all these drugs

are lower and the side effects diminished. Surprisingly, the

combination does not provide additive effects, but instead

shows synergistic effects.

ABA also acts synergistically with activators of PPAR (X,

PPAR 5, and dual- or pan-PPAR activators (20). PPAR (X

activators fall under the fibric acid class of hyperlipidemia

drugs, which among them include fenofibrate (brand names:

ANTARA, FENOGLIDE, LIPOFEN, LOFIBRA, TRICOR,

TRIGLIDE, LIPIDIL MICRO, DOM-FENOFIBRATE,

LIPIDIL SUPRA, LIPIDIL EZ), gemfibrozil (LOPID), and

clofibrate (ATROMID-S). The PPAR 5 agonist, CER-002 by

Cerenis Therapeutics, successfully completed Phase I of

clinical trials in May, 2008, but it is not yet commercially

available. Dual-PPAR agonists, such as muraglitazar (PAR-

GLUVA) and tesaglitazar (GALIDA), which has been dis-

continuedby the companyAstraZeneca as ofthis writing), are
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relatively new on the market, and combined use with ABA

would significantly enhance their effectiveness.

Example 3

Synergistic Eflicacy ofABA and Other Anti-Diabetic

Medications

In addition to activating PPARs, ABA also can act in con-

cert with different types of oral anti-diabetic agents to

increase effectiveness. These include the biguanides, which

are already used in conjunction with TZDs (i.e., AVAN—

DAMET, ACTOPLUS MET), the mineral chromium picoli-

nate, and the sulfonylureas, which have repeatedly shown

PPAR y-agonistic activity (32,33). Members of the sulfony-

lurea class of insulin secretors include glipizide (GLU-

COTROL), gliclazide (DIAMICRON), glibenclamide (DIA-

BETA, GLYNASE, MICRONASE for U.S., DAONIL,

SEMI-DAONIL, EUGLUCON for UK), gliquidone

(GLURENORM), glyclopyramide (DEAMELIN—S), and the

third-generation drug glimepiride (AMARYL).ABAcan also

increase the eflicacy of glucagon-like peptide 1 receptor ago-

nists, such as Liraglutide and Exenatide, and dipeptidyl pep-

tidase IV (DPPIV) inhibitors, which prevent the metabolism

of GLP-1 (32). GLP-1 and its receptor agonists increase

insulin secretion from pancreatic beta cells through a cAMP-

dependent mechanism (32,33). Because the mechanism of

ABA action is still unknown, it is possible thatABA is acting

to potentiate a cAMP response induced by other compounds

like GLP-l rather than having a direct response on its own. In

addition, ABA diminishes pancreatic beta cell apoptosis

caused by streptozotocin (FIG. 4), representing yet another

mechanism by which ABA increases the efficacy of anti-

diabetic medications.

In previous research, it was found that ABA can act unilat-

erally to reduce adipose tissue inflammation and improve

glucose tolerance in obese mice (17, 18). The present inven-

tion teaches that ABA synergizes, rather than just adds to,

anti-diabetic drug activity, and there exists the significant

potential to combineABA with PPAR agonists or other drugs

for treating disease and disorders. By using the present ABA

combination therapy one would enhance the positive effects

of anti-diabetic drugs while limiting dosage.

Example 4

Synergism ofABA with Cardioprotective,

Lipid-Lowering and Vasodilatory Drugs

ABA lowers systolic blood pressure in ApoE-deficient

mice and increases nitric oxide production from human aorta

endothelial cells (see FIG. 1). Based on this finding, it was

recognized that ABA also should significantly enhance the

eflicacy ofcardiprotective drugs, thereby enhancing the range

ofthe effects and potentially limiting the dosage needed for a

desired effect. Among these drugs include the anti-hyperten-

sive angiotension II inhibitors, such as eprosartan (TE-

VETEN), olmesartan (BENICAR), telmisartan (MICAR-

DIS), valsartan (DIOVAN), irbesartan (AVAPRO), losartan

(COZAAR), and candesartan (ATACAND), and angiotensin

II converting enzyme inhibitors, including perindopril

(ACEON), quinapril (ACCUPRIL), trandolapril (MAVIK),

fosinopril (MONOPRIL), enalapril (VASOTEC), lisinopril

(ZESTRIL), and captopril (CAPOTEN), and any drug in

which one of these compounds is featured. Products such as

ABA, which can activate cAMP, inhibit the synthesis of

angiotensinogen, a precursor to the vasoconstrictor angio-
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tensin II. Therefore, it is recognized that ABA can signifi-

cantly boost the effectiveness of this type of drug (34).

There are a number of other drugs in the cardioprotective

family that also have significant potential for being boosted

by cotreatment with ABA. These include B-andrenergic

receptor blockers, drugs that activate guanylate cyclase,

drugs in the statin family, and drugs that activate PPAR (X

(previously mentioned). The first of those mentioned, the [3

andrenergic receptor blockers, function by inhibiting the

actions of endogenous catecholamines, such as epinephrine

and norepinephrine, which act through a cAMP-dependent

mechanism. Based on this data, the ABA-induced increase in

cAMP may interfere with catecholamine induction ofcAMP

as well, providing an enhanced benefit of these drugs or

limiting their dosage. Among these drugs are cardioselective

beta blockers, including metoprolol (TOPROL-XL,

LOPRESSOR), nebivolol (BYSTOLIC), atenolol (TEN-

ORMIN), esmolol (BREVIBLOC), betaxolol (KERLONE),

acebutolol (SECTRAL), and bisoprolol (ZEBETA), and non-

cardioselective beta blockers, including propranolol (INNO-

PRAN XL, INDERAL, INDERAL LA), nadolol (COR-

GARD), carvedilol (COREG, COREG CR), sotalol

(BETAPACE, BETAPACE AF), and timolol (BLOCAD-

REN). In addition, it was recognized that ABA can enhance

the activity of drugs that activate guanylate cyclase.

CyclicAMP is formed in under the influence ofnitric oxide

(35, 36), which it has been shown to be produced following

ABA treatment endothelial cells. Based on these findings, it

was recognize that ABA is able to synergize with drugs

belonging to the statin family, which lower cholesterol syn-

thesis by inhibiting the enzyme HMGCoA reductase. Drugs

in this category include lovastatin, simvastatin, atorvastatin,

fluvastatin, pravastatin, and rosuvastatin. The link between

ABA and statins may be linked to close interrelation between

statins and nuclear receptors, particularly PPAR y. Studies

have shown added cardiovascular benefits when the use of

statins was combined with TZDs (37), and statins have also

been shown to enhance the activity of nuclear receptors such

as PPAR (X and to increase prostaglandin production to act on

PPAR y (38, 39).

Example 5

Synergistic Eflicacy ofABA with Agonists of

Retinoid X Receptor (RXR) and Retinoic Acid

Receptor (RAR)

Research Design and Methods

A. Transfection ofABA with 9-Cis Retinoic Acid or Ret-

inoic Acid

A pCMXL-RXR or pCMXRAR expression plasmid and

a luciferase reporter plasmid were purified using Qiagen’s

Maxi kit (Valencia, Calif.). 3T3-L1 preadipocytes (American

Type Culture Collection, Manassas, Va.) were grown in

DMEM high glucose medium (Invitrogen, Carlsbad, Calif.)

containing 10% fetal bovine serum (FBS). The cells cultured

in 25 cm2 flasks were co-transfected with 0.6 ug plasmid

DNA and 1 ng ofpRL reporter control plasmid per well using

F-2 transfection reagents (Targeting Systems, Santee, Calif.)

according to the manufacturer’s protocol. After 24 hours,

transfected cells were split trypsin and seeded into 96-well

white plates at a concentration of 20,000 cells/wells. The

transfected cells were then treated with 9-cis retinoic acid (0,

10 MM; Sigma), or retinoic acid (RA, 10 MM; Sigma), with

ABA (10 MM; Sigma) Transfected cells were harvested in

reporter lysis reagent. Luciferase activity, normalized to pRL

activity in the cell extracts was determined by using the dual
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luciferase reporter assay system (Promega, Madison, Wis.) in

a Modulus 96-well plate reader (Turner Biosystems, Sunny-

vale, Calif). Relative luciferase activity (RLA) was calcu-

lated as a ratio ofthe chemiluminescence 10 seconds after the

Luciferase Assay Reagent II (Promega) was added over the

chemiluminescence 10 seconds after the Stop&Glo Reagent

(Promega).

B. Statistical Analyses

Data were analyzed as a completely randomized design. To

determine the statistical significance ofthe model, analysis of

variance (ANOVA) was performed using the general linear

model procedure of Statistical Analysis Software (SAS) as

previously described (31). A P<0.05 was considered to be

significant. When the model was significant, ANOVA was

followed by Fisher’s protected LSD multiple comparison

method.

Results and Discussion

The results show that ABA synergistically enhances the

activity of RXR and RAR ligands at 10 [1M (FIG. 3). These

results suggest that ABA can be used in combination with

drugs or nutritional compounds (e.g., vitamin A) that target

one or both of these receptors to limit drug dosage and tox-

icity. RXR (X forms heterodimers with a number of other

nuclear receptors, including the PPARs, the vitamin D recep-

tor, and RAR, and has been the focus of anticarcinogenic and

anti-diabetic research (40-42), and it has been suggested that

combination of RXR agonists with cAMP activators may

provide enhanced benefit for treating certain types of cancers

(41). Because it is fat soluble, vitamin A can cause toxicity

when taken in high doses. ABA can enhance the effect ofthe

maximum allowable dosage of retinoic acid without causing

toxicity.

Example 7

Abscisic Acid Synergizes with Rosiglitazone to

Down-Modulate Macrophage Accumulation and

Inflammation in Abdominal Adipose Tissue

Introduction

Over the past two decades the onset ofobesity in the United

States and worldwide has risen to epidemic proportions.

According to recent estimates of 33% of the US. population

is overweight and over 60% is obese [1]. This high prevalence

of obesity has led to an increase in obesity-related diseases,

including type II diabetes, cardiovascular disease, and stroke,

and, according to a recent meta-analysis, is responsible for

9.1% of all health care-related expenditures in the United

States [43]. Thus, novel approaches for preventing obesity-

related illnesses are both timely and urgently required.

It is in this regard that the isoprenoid phytohormone absci-

sic acid (ABA) shows promise as a putative therapeutic

against obesity-related inflammatory complications. ABA is

a vitamin A derivative that is effective in improving glucose

homeostasis and reducing obesity-related inflammation in

obese and overweight mice [44]. Based on its ubiquitous

presence in plants and the recent finding that it can be syn-

thesized by mammalian cells [45], it may be well-tolerated by

the human body. The studies have shown thatABA increases

the activity of the nuclear receptor peroxisome proliferato-

ractivated receptor y (PPAR y) in 3T3-L1 preadipocytes and

that its full anti-diabetic effects are dependent on the presence

of PPAR y in immune cells [44,46]. PPAR y is the molecular

target of the thiazolidinedione (TZD) class of anti-diabetic

drugs, which includes rosiglitzone maleate (AVANDIA),

pioglitazone (ACTOS) and troglitazone which was removed

from the market due to its hepatotoxicity [9,47]. Whereas
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TZD usage has been shown to be associated with significant

side effects such as excessive fluid retention, liver damage

and weight gain [48], there were no detectable side-effects in

mice fedABA at doses ranging from 100 to 800 mg/kg ofdiet

[44].

Recent studies have shown that ABA also acts as an acti-

vator ofthe cAMP/PKA second messenger system in pancre-

atic and immune cells [49, 50]. Interestingly, PKA can acti-

vate PPAR y indirectly through a phosphorylation-dependent

mechanism [51]. In light of these findings, the objective of

this study was to more closely examine the similarities

between ABA and rosiglitazone (AVANDIA) as treatments

for obesity-related inflammation and diabetes, and to inves-

tigate a potential synergistic interaction between the two

compounds in modulating glucose tolerance and inflamma-

tory macrophage accumulation in WAT. In this study obese/

diabetic db/db mice were fed high-fat diets containing 0, IS,

or 70 mg/kg rosiglitazone maleate (control, Roslo, and Roshl

respectively), each with or without racemic ABA (100

mg/kg). The results show that ABA acts similar to Roslo in

improving glucose tolerance in obese mice but also lowers

insulin levels and, unlike Ros, it does not induce weight gain

or fluid retention. Combining ABA with rosiglitazone

showed significant synergistic activity in downmodulating

macrophage accumulation in WAT and in increasing mac-

rophage PPAR y activity.

Research Design and Methods

Mice and Dietary Treatments

Twelve-fifteen week-old BKS.Cg-+Leprdb/+Leprdb/

OlaHsd (db/db) mice were housed at the animal facilities at

Virginia Polytechnic Institute and State University in a room

maintained at 75° F., with a 12: 12 h light-dark cycle starting

from 6:00 AM. All experimental procedures were approved

by the Institutional Animal Care and Use Committee ofVir-

ginia Polytechnic Institute and State University and met or

exceeded requirements ofthe Public Health Service, National

Institutes of Health and the Animal Welfare Act.

Mice (n:40) were fed one of six experimental diets: a

control high-fat diet (control), a high-fat diet containing low

dose rosiglitazone maleate (Roslo, 10 mg/kg diet), or a high-

fat diet containing a high dose of rosiglitazone maleate

(Roshl, 70 mg/kg diet), each with or without all racemicABA

(100 mg/kg, SigmaAldrich, St. Louis, Mo.) for 60 days. Mice

were weighed and fasting (12 h) blood glucose levels were

taken weekly. Blood glucose levels were assessed with an

ACCU-CHEK® Glucometer (Roche, Indianapolis, Ind.). An

intraperitoneal glucose tolerance test (IPGTT, 1 g glucose/kg

body weight) was conducted on fasted mice (12 h) for 0, 30,

90, and 180 minute time points and insulin levels were mea-

sured on day 54. On day 60 mice were sacrificed by C02

narcosis with secondary thoracotomy. Abdominal WAT,

inguinal subcutaneous WAT, and liver were then excised and

weighed. Abdominal and subcutaneous WAT were then

digested and fractionated.

Digestion of White Adipose Tissue

Abdominal and inguinal subcutaneous WAT was excised,

weighed, minced into small <10 mg pieces and placed into

digestion media (1><HBSS (Mediatech, Herndon, Va.) supple-

mented with 2.5% HEPES (Mediatech) and 10% fetal bovine

serum containing type II collagenase (0.2%, Sigma-Aldrich).

Samples were incubated in a 37° C. incubator for 30 minutes,

filtered through a 100 um nylon cell strainer to remove undi-

gested particles, and centrifuged at 4° C. at 1000><g for 10

minutes. The pellet, consisting of stromal vascular cells

(SVCs), was washed with 1><HBSS and centrifuged at 4° C. at

1000><g for 10 minutes. The supernatant was discarded and

erythrocytes were lysed by incubating the SVCs in 2 mL
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erythrocyte lysis buffer for 2 minutes before stopping the

reaction with 9 mL 1><PBS. Cells were then respun at 4° C. at

1000><g for 10 minutes, suspended in 1 ml of 1><PBS, and

counted with a Coulter Counter (Beckman Coulter, Fullerton,

Calif).

Flow Cytometry

For immunophenotyping SVCs were seeded into 96-well

plates (Costar) at 2><105 cell/well. For whole blood 10 ML of

each sample was added per well. After an initial 20 minute

incubation with FcBlock (20 flg/ml; BD Biosciences-Pharm-

ingen) to inhibit non-specific binding, cells were washed in

PBS containing 5% serum and 0.09% sodium azide (FACS

buffer) and stained with primary anti-mouse antibodies F4/80

PE-Cy5 (ebioscience, San Diego, Calif), CD1 1b Alexa-fluor

700 (ebioscience), CD4 Alexa-Flour 700 (ebioscience),

CD25 APC (BD), FoxP3 PE (ebioscience), or anti-human

CCR2PE (R&D systems, Minneapolis, Minn.) as previously

shown [52]. Flow results were computed with a BD LSR H

flow cytometer and data analyses was performed with FACS

Diva software (BD).

LPS Treatment of Stromal Vascular Cells

Isolated cells from the stromal vascular fraction (SVF) of

WAT from high-fat fed db/db mice were enumerated and

seeded into 24-well plates at 2><106 cells/well. Cells were then

treated for 6 hrs at 37° C. with LPS (100 ng/mL) in addition

to ABA (10 MM), Ros (1 uM), ABA and Ros, or vehicle alone

(DMSO). After incubation cells were harvested with RLT

lysis buffer and stored in —80° C. for RNA isolation and gene

expression analyses.

Real-Time Quantitative PCR

Total RNA was isolated from adipose tissue using the

RNeasy Lipid Mini Kit (Qiagen) and from cells using the

RNeasy Mini Kit (Qiagen) according to the manufacturer’s

instructions. Total RNA was used to generate complementary

DNA (cDNA) template using the chript cDNA Synthesis Kit

(Quanta Biosciences, Gaithersburg, Md.). The total reaction

volume was 20 ML with the reaction incubated as follows in an

M] MiniCycler: 5 minutes at 25° C., 30 minutes at 52° C., 5

minutes at 85° C., hold at 4° C. Each gene amplicon was

purified with the MiniElute PCR Purification Kit (Qiagen)

and quantitated on an agarose gel by using a DNAmass ladder

(Promega). These purified amplicons were used to optimize

real-time PCR conditions and to generate standard curves in

the real-time PCR assay. Primer concentrations and anneal-

ing temperatures were optimized for the iCycler iQ system

(Bio-Rad) for each set ofprimers using the system’s gradient

protocol. PCR efficiencies were maintained between 92 and

105% and correlation coeflicients above 0.98 for each primer

set during optimization and also during the real-time PCR of

sample DNA as previously shown [46,52,53].

Complementary DNA (cDNA) concentrations for genes of

interest were examined by real-time quantitative PCR using

an iCycler 1Q System and Sybr Green PCR master mix (Ap-

plied Biosystems, Foster City, Calif). A standard curve was

generated for each gene using 10-fold dilutions of purified

amplicons starting at 5 pg ofcDNA and used later to calculate

the starting amount of target cDNA in the unknowns. SYBR

green I is a general double-stranded DNA intercalating dye

and, therefore, may detect nonspecific products and primer/

dimers in addition to the amplicon of interest. In order to

determine the number of products synthesized during the
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real-time PCR, a melting curve analysis was performed on

each product. Real-time PCR was used to measure the start-

ing amount ofnucleic acid ofeach unknown sample ofcDNA

on the same 96-well plate. Results are presented as starting

quantity of target cDNA (picograms) per microgram of total

RNA.

Transfections and PPAR y Reporter Activity Assay

A pCMXPPAR y expression plasmid and a pTKPPRE3x

luciferase reporter plasmid driven by the PPRE-containing

Acyl-CoA oxidase promoter (kindly provided by Dr. R M.

Evans, The Salk Institute, San Diego, Calif.) were purified

using Qiagen’s Maxi kit (Valencia, Calif). 3T3-L1 pre-adi-

pocytes and RAW 264.67 macrophages were grown in 25

mm2 flasks in high glucose DMEM (Hyclone) containing

10% fetal bovine serum (FBS) until 60-70% confluence.

Cells were co-transfected in the 25 mm2 with 1.5 ug plasmid

DNAand 25 ng ofpRL reporter control using F-2 transfection

reagents (Targeting Systems, Santee, Calif.) according to the

manufacturer’s protocol. After 24 hours, transfected cells

were split from flasks with trypsin 1X (0.25%, Hyclone),

enumerated with a cell counter (Coulter Counter, Beckman

Coulter), and seeded into white, opaque 96-well plates (BD)

at a concentration of 20,000 cells/well. Cells were then

treated in replicates of 8 with vehicle (DMSO), rosiglitazone

(1 or 10 MM; Cayman Chemicals, ArmArbor, Mich.), orABA

(10 MM; Sigma) with and without 2'5' dideoxyadenosine (10

MM; Sigma) and 14-22 myristolated PKA inhibitor fragment

(PKAi, 30 MM; Sigma). Cells were placed in a 37° C. incu-

bator with 5% CO2 for 6 hours or 24 hours for 3T3-L1 and

RAW 264 .7, respectively, and were then harvested in reporter

lysis reagent. Luciferase activity, normalized to pRL activity

in the cell extracts was determined by using the Dual

Luciferase H reporter assay system (Promega, Madison,

Wis.) using a Modulus 96-well luminometer (Turner Biosys-

tems, Sunnyvale, Calif). All values were normalized to con-

trol wells to calculate relative luciferase activity.

Statistical Analyses

Data were analyzed as a completely randomized design. To

determine the statistical significance ofthe model, analysis of

variance (ANOVA) was performed using the general linear

model procedure of Statistical Analysis Software (SAS), and

probability value (P)<0.05 was considered to be significant.

When the model was significant, ANOVA was followed by

Fisher’s Protected Least Significant Difference multiple

comparison method.

Results

Effect of DietaryABA and Rosiglitazone on Obese Db/Db

Mice

Db/db mice were fed rosiglitazone at three different con-

centrations (0, 10, 70 mg/kg diet) with and withoutABA (100

mg/kg diet). Both the low- and high-dose rosiglitazone treat-

ments significantly increased the body weights of the mice

during the 60-day dietary intervention (Table 1). There was

significant edema in the interscapular region in mice fed Rosh’

that was not present in the other groups (data not shown).

At day 60 weights of abdominal visceral white adipose

tissue (Ab. WAT), inguinal subcutaneous white adipose tissue

(SCAT), and livers among the different dietary treatments

were compared. ABA and Ros)" significantly and indepen-

dently reduced Ab. WAT as percent body weight, and there

was little affect on inguinal SCAT weight. Liver weights were

significantly increased by low dose Ros (Table 1).
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TABLE 1

20

 

Effect of rosiglitazone and abscisic acid (ABA) combination treatment on

body and org_an weights.“’l”c 

 

Ab. WAT % Sc. WAT % Liver %

Initial body Final body Body Body Body

Diet weight (g) weight (g) Weight Weight Weight

No ABA

Control 42.6 I 3.2 49.6 11.8“ 7.2 I 0.616 2.4 I 0.48 6.2 I 0.51(1

Roslo 42.0 I 4.5 56.4 I 2.41" 6.7 I 0.611” 2.4 I 0.43 9.2 I 0.5117

Roshi 40.6 I 4.5 64.4 I 2.44 4.6 I 0.61(1 3.2 I 0.43 6.7 I 2.3(1

With ABA

Control 41.3 I 4.5 53.0 I 2.7“17 4.7 I 0.68(1 2.8 I 0.48 6.7 I 0.56(1

Roslo 41.1: 4.5 51.6 I 2.4“17 5.4 I 0.61“? 2.6 I 0.43 9.3 I 0.5117

Roshi 39.7 I 4.5 62.6 I 2.46d 4.5 I 0.61(1 3.5 I 0.43 6.7 I 51"

P-value for 0.94 <0.0001 0.03 0.11 <0.0001

rosiglitazone

P-value for 0.70 0.59 0.02 0.46 0.77

ABA

P-value for 0.99 0.23 0.18 0.98 0.81

interaction

 

“Organs were excised and weighed on day 60 ofexperiment.

bLeast squares means Values in a column With a pound sign are significantly different (P < 0.05).

LP-Value ofmain effects ofrosiglitgazone treatments, ABA, and rosiglitazone andABA combinations during the

60-day period. Data were analysed as a completely randomized design.

Effect ofABA and rosiglitazone on glucose tolerance and

fasting insulin

On day 42 of the dietary intervention an intraperitoneal

glucose tolerance test (IPGTT) was performed, and insulin

levels were assessed at the end of the study. All treatments,

regardless ofusing ABA, Ros or both, significantly improved

glucose tolerance relative to the control diet, though there

were no significant effects resulting from a synergism

betweenABA and rosiglitazone on glucose tolerance. Dietary

ABA supplementation significantly reduced fasting insulin

levels (P:0.04).

Effect ofABA and Rosiglitazone on Macrophage Infiltra-

tion into Adipose Tissue and Blood Immune Cells

To determine the effect ofABA and Ros on obesity-related

inflammation F4/80J'CD11b+ macrophage migration into

WAT was assessed with flow cytometry and performed gene

expression analyses. Independently theABA and Ros10 treat-

ments had little effect on macrophage infiltration into Ab.

WAT, though there was a significant reduction in ATM infil-

tration when Roslo was administered in combination with

ABA relative to the control diet (FIG. 6). ABA significantly

reducedATM infiltration in SCAT in mice fed the control and

Roslo diets. There was no added benefit in macrophage infil-

tration by adding ABA to ROS)”. Ros significantly reduced

expression ofthe M1 marker CCL17, and the combination of

ABA and Ros)“ increased numerically, but not significantly,

PPAR y mRNA levels (FIG. 6).

Given that tissue macrophages are repopulated in part by

infiltration of bone marrow-derived blood monocytes, the

effect of the ABA and Ros dietary combinations on blood

immune cells populations was also examined. It was found

that Ros significantly and dose-dependently increased blood

CCR2+CD1 1b+ monocyte levels whereas ABA mitigated the

RosZO-induced increase and increased the percentages of

blood regulatory T cells (Tregs) independently of Ros.

ABA and Rosiglitazone Effects on LPS-Treated SVCs

SVCs from high-fat fed db/db mice were isolated and

treated with LPS (100 ng/mL) with and without ABA (10

11M), rosiglitazone (1 11M), and their combination. After a 6-h

treatment period a significant increase in PPAR y expression

was observed only in SVCs treated with both ABA and Ros.
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The M1 marker CCL17 was significantly reduced and all

treatments and there were also a numerical reduction in

MCP-l (CCL2, P:0.12). Expression of the mannose recep-

tor, an M2 marker, did not significantly differ among treat-

ments (FIG. 7).

ABA-Induced PPAR y Activation is Inhibited by cAMP/

PKA Inhibition

To determine whether ABA-induced activation of PPAR y

is dependent on CAMP/PKA signaling, 3T3-L1 preadipo-

cytes were treated for 6 hrs with or without Ros (1 11M) and

ABA (10 11M), 2'5'-dideoxyadenosine (10 11M), and 14-22

myristoylated PKA inhibitor fragment (PKAi, 30 11M). Both

ABA and Ros increased PPAR y activity after the 6-hr treat-

ment, and there was an added benefit from combining the two

treatments. Addition of either the CAMP-specific or PKA-

specific inhibitor prevented only ABA-induced PPAR y acti-

vation with no effect on Ros-induced PPAR y activation (FIG.

8A).

The affect of combining ABA with Ros in RAW 264.7

macrophages was also assessed. In this cell lineABA and Ros

acted in a synergistic manner, significantly increasing PPAR

y activation (FIG. 8B).

Discussion

ABA is an endogenously produced isoprenoid phytohor-

mone which, when supplemented into the diet, has shown to

be effective in preventing obesity-related insulin resistance

and inflammation in overweight and obese mice [44]. It has

previously been demonstrated that ABA activates PPAR y in

vitro and that its full anti-diabetic effects are dependent on

presence of immune cell PPAR y [44,46]. There are also

studies which show that ABA can function through a cAMP/

PKA-dependent mechanism [49], and this system has also

been shown to positively upregulate PPAR y [51] by increas-

ing the affinity of PPAR y for endogenous and synthetic

ligands. Previous studies had shown that ABA could be used

preventively to suppress inflammation and improve glucose

tolerance [44,46]. The main objective of this study was to

assess ABA’s therapeutic efficacy against diabetes and

inflammation alone or in combination with the synthetic

PPAR y ligand rosiglitazone. In contrast to previous ABA

studies designed with a focus on prevention and that accord-
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ingly used healthy mice at the beginning of the study, this

project used mice with pre-established obesity and diabetes,

thereby examining for the first time dietary ABA’s therapeu-

tic efficacy in diabetes and inflammation.

Obese db/db mice were fed high-fat diets containing

rosig1itazone maleate (0, 15, 70 mg/kg) with and without

racemic ABA (100 mg/kg) for 60 days. In total, the body and

tissue weights showed no enhanced affect from the combined

ABA and Ros treatments. It was observed that Ros at both

doses significantly increased body weights, and excessive

fluid retention in the interscapular region was noted in both of

the groups fed Ros)". Both doses of rosig1itazone increased

liver weight, and only Ros]1 I increased inguinal SCAT weight.

The finding that Ros-treatment augments liver weight is con-

sistent with previous findings from transgenic obese mice

[54], and difference in SCAT between the two groups may

account for why there appeared to be more lipid deposition in

the Roslo livers. In contrast to the Ros treatments,ABAdid not

affect liver weight and independently decreased Ab. WAT

mass, suggesting that the decrease in Ab.WAT mass by ABA

was PPAR y-independent.

Obesity is associated with low-grade systemic inflamma-

tion, but it has only been in the past five years when it was

discovered that macrophages playa major role in its develop-

ment [55,56]. Macrophages are essential components of the

innate immune system that contribute to fighting infections

but they are also involved in the genesis of chronic diseases

such as diabetes, obesity and atherosclerosis. Obesity and

overweight are associated with macrophage infiltration into

adipose tissue [52] and a phenotypic switch from an M2

anti-inflammatory phenotype to an M1, pro-inflammatory

phenotype [57,58]. Interestingly, significantly enhanced ben-

efits were found from the ABA/Ros combination therapy in

regard to macrophage infiltration of visceral and subcutane-

ous adipose tissue. More specifically, ABA in combination

with Roslo was significantly more effective than either treat-

ment alone in reducing the accumulation of ATMs in the

visceral abdominal adipose tissue depot, suggesting a syner-

gistic effect betweenABA and Roslo. Additionally,ABAmiti-

gated an increase in adipose tissue macrophages induced by

the Roslo treatment in subcutaneous adipose tissue. In line

with these findings, a synergistic enhancement of PPAR y

activation was observed in ABA/Ros treated RAW 264.7

macrophages.

It was also found that ABA independently increases Tregs

in the blood of db/db mice. Tregs play an important role in

regulating the activation and proliferation of CD4+ lympho-

cytes, and the obesity-induced increases in circulating leptin

and interleukin-6 (1 L-6) is thought to contribute to decreased

Treg function [59]. In two models of chronic inflammation,

the obesity and experimentally-induced colitis model, it has

been shown that hepatic Tregs are decreased when compared

to healthy control mice [60]. Given the central role ofTregs as

down-regulators of inflammation, the maintenance of this

population by ABA may account, in part, for its anti-inflam-

matory effects.

To gain a better understanding of the individual and com-

bined affects ofABA and Ros, SVCs from the WAT ofhigh-

fat fed db/db mice were isolated, treated with LPS for 6 hr,

and assessed gene expression. The combination treatment,

but not ABA or Ros alone, significantly increased PPAR y

expression. TZDs have been shown to differentially increase

or decrease PPAR y expression while still enhancing PPAR y

activity [51,61]. Expression ofM1 markers were reduced by

ABA, Ros andABA/Ros treatment, suggesting that bothABA

and Ros can down-modulate M1 polarization or reduce mac-

rophage pro-inflammatory production in SVCs. PPAR y acti-
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vation is involved in the priming of monocytes towards the

alternatively activated, anti-inflammatory phenotype [62,63].

Significant changes in the M2 markermannose receptor in the

SVF were not observed, though this was perhaps due to a

limited number of monocytes in the SVF.

Bruzzone et al recently showed that ABA significantly

enhances insulin secretion in INS-1 and MIN-6 pancreatic

cells through a cAMP-dependent mechanism [49]. Wantanbe

has also linked the cAMP/PKA pathway to enhancing PPAR

y activity [51]. Here it is shown that ABA decreases fasting

insulin levels independent of TZD and also that the ABA-

induced activation of PPAR y in 3T3-L1 preadipocytes is

inhibited by both cAMP/PKA inhibitors used. These findings

suggest thatABA’ s effects on PPAR y may be initiated though

a membrane mechanism involving a G protein-coupled

receptor, increased intracellular cAMP levels and PKA acti-

vation.

In conclusion, the findings show that ABA can effectively

treat glucose tolerance and obesity-related inflammation in

mice with pre-existing obesity. Here it is also shown that its in

vivo effects differ from that ofthe TZDs and that combination

of low-dose TZD withABA may be more effective and safer

than either of the two individually in ameliorating chronic

inflammation.

It will be apparent to those skilled in the art that various

modifications and variations can be made in the practice of

the present invention without departing from the scope ofthe

invention. Other embodiments ofthe invention will be appar-

ent to those skilled in the art from consideration of the speci-

fication and practice of the invention. It is intended that the

specification and examples be considered as exemplary only,

with a true scope and spirit ofthe invention being indicated by

the following claims.
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The invention claimed is:

1. A method of enhancing the eflicacy of a thiazolidinedi-

one (TZD) in increasing peroxisome proliferator-activated

receptor y (PPARy) activity, said method comprising: admin-

istering the TZD in combination with abscisic acid.

2. The method of claim 1, wherein the TZD is rosiglita-

zone.


