
I. Introduction

Type 2 diabetes (T2D) is a metabolic disorder characterized

by the impaired regulation of blood sugar (glucose) levels.

Currently, diabetes is approaching epidemic proportions.

According to the World Health Organization (WHO), the

total number of patients with diabetes is projected to rise

above 350 million in 2030.1 Type 2 diabetes is a multi-

systemic disease that affects metabolism, primarily of car-

bohydrates. This is associated with the blocking of inter-

action of the hormone insulin with tissues, resulting in that

the body is unable to use insulin properly for glucose

metabolism (insulin resistance). An increase in blood glu-

cose levels leads to the development of nephropathy, retin-

opathy, atherosclerosis and cardiovascular diseases.

Currently, oral drugs used in the treatment of T2D

include insulin sensitizers, which increase the sensitivity of

the body to insulin (for example, biguanides, thiazolidine-

diones, glitazones), insulin secretagogues, which trigger

insulin secretion in the body [for example, glucagon-like

peptide 1 (GLP-1) receptor agonists, dipeptidyl peptidase-4

(DPP-4) inhibitors, sulfonylureas] a-glucosidase inhibitors,

which retard the cleavage of oligosaccharides to glucose.

According to the data from IMS Health,2 all these com-

pounds, except for sulfonylurea-based drugs, are included

in the list of drugs most sold in the U.S. market in recent

years.

The choice and use of a particular drug for the treatment

of diabetes depend on the patient's condition and the degree

of development of the diabetic state. Any drug has both

advantages and drawbacks, sometimes very serious, which
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cause side effects. This gives impetus to the research aimed

at searching for and synthesizing new effective low-toxic

hypoglycemic compounds and investigating their proper-

ties.

The synthesis of multi-target drugs (MTD) (also called

multifunctional compounds) is a new important area in the

design of effective drugs. Such compounds possess several

types of activity and their multifunctionality is provided by

interactions with two or more molecular targets. The benefit

of MTD is that they enable polytherapy of the disease using

one active substance rather than a mixture of several

components. The drawbacks of compositions of several

drugs are a high probability of adverse effects and inter-

actions of the drugs with each other, their different bio-

availability and pharmacokinetics, etc. Investigations of the

properties of one chemical compound and the selection of

treatment strategies using this compound substantially

simplify the task.

The number of diseases treatable with multifunctional

compounds gradually increases. These are neurodegenera-

tive diseases (Alzheimer's and Parkinson's diseases),3, 4

migraine,5 immune system disorders.6 Multi-target drugs

promising for the treatment of malaria and tuberculosis,7

cardioprotective agents,8 anti-inflammatory and other med-

ications are available. Approaches to the design of dual-

action antibiotics are considered in the review.9

The structural features of some types of hypoglycemic

compounds (for example, thiazolidinediones or DPP-4

inhibitors), as well as their properties and mechanisms of

action are well known. Data on peroxisome proliferator-

activated receptor gamma (PPARg) agonists,10, 11 DPP-4

inhibitors 12, 13 and GLP-1R agonists 14 are covered in a

number of reviews. Such compounds are most commonly

used and popular antidiabetic drugs. Numerous publica-

tions are devoted to the search for models and the develop-

ment of in vivo and in vitro methods for investigating

hypoglycemic properties of new derivatives.15 ± 21 The

present review deals with the structural features of com-

pounds exhibiting hypoglycemic activity and acting on

different molecular targets. Attempts are made to find

regular structural features of these compounds for the

purpose of designing promising antidiabetic drugs, the

activity of which is associated with the simultaneous action

on several known targets.

II. Drug targets in the management of diabetes

Most of biological targets and their use in diabetes therapy

are considered in the review by Verspohl.22 This Section

summarizes the most popular targets, which have attracted

attention of synthetic chemists employed in medicinal

chemistry.

II.1. Peroxisome proliferator-activated receptors gamma
Peroxisome proliferator-activated receptors are a group of

nuclear receptor proteins that function as transcription

factors. They are activated by small lipophilic ligands that

bind to the receptors and induce or suppress the tran-

scription of numerous different genes, thus exerting consid-

erable influence on cellular functions. The receptors PPARg
play an essential role in the regulation of glucose, lipid and

cholesterol metabolism, thus making them attractive targets

for drug design against diabetes, dyslipidemia and other

components of metabolic syndrome.

In addition to PPARg, two other subtypes of perox-

isome proliferator-activated receptors were identified: alpha

(PPARa) and beta/delta (PPARb/d). The PPARa subtype is

found in liver, kidneys, adipose tissue and skin. This

subtype is a molecular target mainly for fibrates that are

used for the correction of lipid metabolism. The PPARb/d
subtype is the least studied family of these receptors. It is

assumed that these receptors play an essential regulatory

role in fatty acid catabolism, energy metabolism and reverse

cholesterol transport.23 The PPARg subtype has received

the most attention due to the ability of these receptors to

improve insulin sensitivity of tissues when insulin is in the

activated state, i.e., upon exposure to antagonists. It was

conclusively demonstrated that thiazolidinedione (TZD)

derivatives are PPARg agonists. The commercial drugs

Rosiglitazone (1) and Pioglitazone (2) are examples of

these compounds. Nevertheless, despite high hypoglycemic

activity, these drugs have a number of adverse effects, such

as a significant body weight gain, peripheral edema and an

increased risk of cardiovascular events.

Structures 1, 2

Rosiglitazone is often used as a reference sample in the

experimental determination of activity of new PPARg
agonists and hypoglycemic compounds. The activating

ability of new derivatives is usually evaluated taking the

activation level of the receptor by Rosiglitazone (or another

full agonist) as 100%, and the activity of other compounds

is calculated with respect to this value. The concentration of

the compound producing 50% of the maximal activation of

the receptor (EC50) is the experimental parameter that is

employed to compare the activities. The ligand affinity for

the receptor is assessed using a competitive test, in which the

compound to be tested is replaced with tritium-labelled

Rosiglitazone. This test provides an estimate of either the

concentration at which 50% of Rosiglitazone molecules are

replaced by the ligand (IC50) or the constant characterizing

the replacement

Ki = IC50/{1+([L]/Kd)}

where [L] is the concentration of the ligand and Kd is the

dissociation constant of the ligand ± receptor complex.

Depending on the estimated value, the compounds are

assigned to full or partial agonists or to selective receptor

modulators. Full agonists are compounds that activate the

receptor at the same level as or even stronger than Rosigli-

tazone. The advantage of these agonists is that they can be

used in low concentrations; however, their side effects will

be strong. Partial agonists are weak PPARg activators that

show the same activation profile as full agonists but have

lower maximum activity.10
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Selective PPARg modulators (SPPARgM) are com-

pounds capable of inducing a particular agonist or antago-

nist response of the receptor depending on the cellular

environment. These are ligands that induce the specific

effect of the receptor in a way different from that of full

agonists.24, 25

There are quite a number of reviews, in which the

PPARg family is considered as targets for the treatment of

many diseases. For instance, the possibilities of using

PPARg agonists for the treatment of not only diabetes but

also inflammatory diseases are discussed by Pershadsingh.26

The review 27 describes the discovery of thiazolidinediones

as antidiabetic drugs, covers the data on characterization of

PPAR families and their ligands and considers approaches

to the drug design based on these compounds. The review 10

is devoted to the role of all types of PPAR as targets for the

treatment of metabolic syndrome. Ramachandran et al.11

summarize the data on chemical compounds acting as

PPARg agonists, dual PPARb/g agonists and PPARb/g, d
pan-agonists. The reviews 28 ± 31 present the data on selective

PPARg modulators, describe a possible mechanism of their

action and give examples of active compounds and results

of biological assays.

II.2. Glucagon-like peptide-1 receptor agonists and
dipeptidyl peptidase IV inhibitors
Glucagon-like peptide-1 (GLP-1) is an incretin hormone

released in response to food intake. This hormone plays an

essential role in glucose homeostasis because it induces the

b-cells of the pancreas to release insulin. The receptor for

GLP-1 is called GLP-1R and it is activated by this peptide.

The characteristic feature of GLP-1 is a very short lifetime

in the body because this peptide is rapidly degraded by

dipeptidyl peptidase 4. For this reason, drugs mimicking the

action of the peptide, i.e., drugs activating the GLP-1

receptor, or agents inhibiting the enzyme DPP-4 are used

for the treatment of diabetes. The GLP-1R agonists that are

currently used in the medical practice have a serious draw-

back, namely, being polypeptide compounds, they should

be injected subcutaneously. Examples include Exenatide (3)

and Liraglutide (4).

Structures 3, 4

Currently, an extensive search for low-molecular-mass

GLP-1R agonists is performed, and certain advances have

been made. However, there are a few compounds possessing

activity at a required level, and no commercial low-molec-

ular-mass agents were approved for the medical use. The

recent review 14 systematically considers the data on low-

molecular-mass GLP-1R agonists.

Meanwhile, quite a number of DPP-4 inhibitors were

synthesized. Let us mention Sitagliptin (5) and Vildagliptin

(6) as commercial drugs, which are used either individually

or in combination with other hypoglycemic agents. The

schemes of the synthesis of popular DPP-4 inhibitors,

including these compounds, are presented in the review.32

Structures 5, 6

Data on synthetic DPP-4 inhibitors are summarized in

numerous publications. For instance, inhibitors reported in

the patent literature covering the 2006 ± 2011 period are

described in the review;12 approaches to the development of

popular commercial drugs are summarized by Gwaltney;33

drugs containing a sulfonyl group were analyzed by Chen et

al.;34 Peters 13 systematically considered the data on cyano-

pyrrolidines that belong to one of the promising classes of

hypoglycemic compounds. The meta-analysis of the data on

the efficacy of DPP-4 inhibitors has been accomplished.35

II.3. Sodium-dependent glucose cotransporter 2 inhibitors
and glucokinase activators
The inhibition of sodium-dependent glucose cotransporters

2 (SGLT2) is a promising rapidly evolving approach to the

treatment of diabetes. The SGLT family comprises two

representatives, SGLT1 and SGLT2, which are expressed

mainly in kidneys and are involved in glucose reabsorption.

The SGLT2 cotransporter subtype is involved in the trans-

port of 90%± 98% of glucose excreted through the kidneys.

Therefore, the regulation of this cotransporter is an impor-

tant mechanism of maintenance of blood glucose lev-

els:36 ± 38 the inhibition of SGLT2 leads to a decrease in

glucose reabsorption in the kidneys and its excretion

through urine and, as a consequence, to a reduction in

blood plasma glucose levels. Most of known SGLT2 inhib-

itors are aryl derivatives of glucosides; however, promising

agents belonging to other classes are also known.39 Let us

mention the commercial drugs Dapagliflozin (7), Empagli-

flozin (8) and Ipragliflozin (9). The approach to the syn-

thesis of such compounds is described by Larson.40

Glucokinase 4 is a hexokinase isozyme that is present

in pancreatic cells and hepatocytes and that catalyzes the

phosphorylation of six-carbon sugars. Glucokinase

causes a rapid uptake of glucose from the blood in the

liver. The transport of glucose into hepatocytes is accom-

plished by the transporters GLUT 2, the activity of which

is not regulated by insulin levels.41 In patients with type 2

diabetes, the glucokinase activity decreases by at least

50%.42 The analysis and structural classification of glu-

cokinase activators covered by patents during the

2008 ± 2010 period are given in the review.43 Piragliatin

(10) serves as an example.
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III. Main approaches to the design of multi-target
drugs

Multi-target agents are characterized and classified accord-

ing to the method of design in the review.44 Synthetic MTD

are divided into two types: hybrid and chimeric. Com-

pounds of the former type are constructed from two or

more pharmacophores with different activities connected by

linkers. Compounds of the latter type are designed by

merging or fusing several pharmacophores through the

overlap of their common moieties.

An example of hybrid MTD is compound 11, which was

prepared by combining moieties of two antimalarial

agents Ð artemisinin and quinine.45 The activity of hybrid

11 against the microorganisms Plasmodium falsciparum was

higher than the activities of its components taken separately

as well as an equimolar mixture. Capela et al.46 conjugated

artemisinin to peptidyl vinyl sulfones and synthesized com-

pounds of general formula 12, which also exhibited anti-

malarial activity.

The synthesis of the drug Ladostigil (13) used for the

treatment of Alzheimer's disease is an example of the design

of chimeric MTD. This compound was constructed by

combining moieties of two agents Ð the acetylcholinester-

ase inhibitor Rivastigmine (14) and the monoamine oxidase

B inhibitor Rasagiline (15) (Scheme 1).47 Compound 13

retained the inhibitory properties of the precursors against

both enzymes and acquired neuroprotective properties.

A similar approach was applied by Li et al.48 to

synthesize urea derivatives acting as glucokinase activators

and PPARg agonists. In particular, chimeric compounds

included the 2-phenyloxypropanoic acid moiety connected

to the nitrogen-containing heteroaromatic ring and charac-

teristic of fibrates (dual PPARa/g agonists). Compounds 16

and 17 can serve as examples.

Structures 16, 17
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A series of chimeric MTD of general formula 20

(Scheme 2) were prepared in further research performed by

Lu et al.49 based on the structures of glucokinase activator

18 and the PPARg agonist MK-767 (19). These compounds

contain the benzamide group common to both precursors,

the alkylaryl moiety acting as a glucokinase-activating

pharmacophore, the thiazolidinedione ring characteristic

of PPARg agonists and a nitrogen-containing heterocycle.

In vitro experiments showed high activity of the resulting

compounds, which confirms the potential of this approach

to the design of potent hypoglycemic agents.

Based on the analysis of the literature data, Zhang et

al.50 found the structural similarity between glucokinase

(GK) activator 21 and glycogen phosphorylase (GP) inhib-

itor 22 containing the tetrasubstituted benzamide aromatic

ring and the hetarylthio moiety. Compound 22 was found to

exhibit moderate glucokinase-activating activity, thus pro-

viding the possibility of designing dual-action drugs based

on this compound. A series of related derivatives, for

example, compounds 23 ± 25, were synthesized. These com-

pounds exhibited dual activity and hold promise for further

investigations. The possible binding modes of these com-

pounds to the enzymes were explored by molecular docking

simulation, and the activity of these compounds against the

mentioned targets was experimentally confirmed.

Structures 21 ± 25

Later, the search for the optimal structure of a hybrid

molecule that would combine the properties of GK activa-

tors and GP imhibitors was accomplished.51 For this

purpose, model calculations were performed and the sim-

ilarity between GK and GP, as well as the structural

similarity between the known ligands of these enzymes

were analyzed. It was concluded that the ligand molecule

should be Y-shaped and at least two branches should be

Ar =
NH2 CN

S

N
, ,

OMe

F

, ,

N

N

Me

S

NH2F

O

N
Ar

H

21 ± 25

(21) (22) (23) (24) (25)

n

S

N

Me

N

O

H2N

S

N
N

N

Me

H

18

F3C

N

O

N

S

O

OMeO

H

H
19 (MK-767)

H

Het
N

O

H
N

S

O

O

20 (n= 0±2)

N

Me

O
N

Me

N

N
,,,

N N

S

N

S
,,

Het =

N N

AlkO2C

,,

Scheme 2

Cl NH

N

O N

OH

OH

H

26

GP inhibitors GK activators

H

N

O

BnO

N

NHCl

OH

O

27

H

N

S

N

OMe

N

O

O

O

S

Me

N

N
28

H
N

O

O

O

S
Me

N

S

29

H

N

O

BnO

N

NH

X

R

Het

H

30

H

Het

O

N

NH

X

R

31

30, 31: R = Cl, OMe; X =N, CH;

Het is thiazol-2-yl, 5-methoxycarbonylthiazol-2-yl,

4-ethoxycarbonylthiazol-2-yl, 2-Py (Py is pyridyl)

Scheme 3

A.D.Rogachev, S.O.Kuranov, N.F.Salakhutdinov Russ. Chem. Rev., 2016, 85 (12) 1313 ± 1337 1317



hydrophobic. Zhang et al.51 suggested that the indole ring

will provide the most efficient interaction with the enzyme

GP and that the 2-aminohetaryl moiety can serve as a GK-

activating pharmacophore.

Relying on the analysis of the results and based on the

structures of several known ligands for GP (inhibitors 26,

27) and GK (activators 28, 29), Zhang et al.51 proposed

structures 26 and 27 (Scheme 3) as the basis for the design

of dual-action drugs. Derivatives 30 and 31 were synthe-

sized by linking the 2-aminoheteroaryl substituent to the

indole (X=CH) or benzothiazole (X=S) moiety through

a spacer. According to a similar principle, the structure of

hybrid molecules of general formula 36 (Scheme 4) was

proposed based on a combination of the structures of GP

inhibitors (32, 33) and GK activators (34, 35).

Therefore, taking into account the multiplicity of factors

that cause disturbance of glucose homeostasis in the human

body and induce the development of T2D, as well as

examples of MTD, we believe that the design of multifunc-

tional drugs is a promising approach to the treatment of this

disease. The development of new hypoglycemic MTD

implies the analysis of the structures of the available agents

with a known mechanism of action in order to determine the

structural similarity or specific features of the chemical

structures.

IV. Sulfonyl group-containing compounds

Antidiabetic compounds containing a sulfonyl group are

summarized in the review.34 The review focuses on sulfona-

mides and sulfones that are associated with 10 molecular

targets, the action on which is critical for the regulation of

glucose and insulin metabolism.

Sulfonylurea derivatives represent the first class of

antidiabetic drugs approved for the medical use. These

compounds are insulin secretagogues, which increase insulin

secretion from the pancreas. It was found that the sulfonyl-

ureas Glimepiride (37) and Glibenclamide (38) specifically

activate PPARg, induce adipocyte differentiation, i.e., they

can act as regulators of not only sulfonylurea receptors but

also of PPARg. The activation level of PPARg by com-

pounds 37 and 38 is 16% and 25%, respectively, of that for

Rosiglitazone. Consequently, these compounds are partial

agonists or modulators of this receptor.52

When searching for antidiabetic PPARg agonists con-

taining a sulfonylurea moiety, we found a patent 53 that

describes a series of sulfonyl derivatives of cyclohexylurea.

The authors of the patent stated that these compounds are

full or partial agonists or antagonists of PPARg; however,
they did not report any results of biological assays. Most of

the compounds which are described in the patent 53 and

which are agonists or modulators of PPARg belong to

sulfonamides.

The drug INT131 (39) is a selective PPARg modulator.

It shows a weak stimulation of adipocyte differentiation,

enhances glucose tolerance in Zucker ( fa/fa) rats and

reduces the basal insulin level. The maximal efficacy of

this drug is comparable to that of Rosiglitazone. Mean-

GP inhibitors

Cl

Cl

N

O

NH

O
H

32

GK activators

N

O

O

N

N

S
H

34

R1 =

Cl

Cl

N

N

O

O
H

Cl

Cl

N

NH2

O

HN

O
Cl

Cl

, , ,

N

O
Cl

Cl
O

N

O

MeO2S
H

Cl

Cl

N

O

H
, , ;

S

N

Cl

Cl

O

HN

O

Bn

NMe2

H
33

H

35

N

O

O

N

N

S

Bui

36

R1

O

N
Het

H

Ring

N
R2 (R2 =Me, Cl, CO2Alk, CH2CO2H at different positions)

Ring =

F

, ; Het =
N

S

R2
,

Scheme 4

H

O

MeN

O

N

Me

Et

O

S
O

NN

O
H H

37 (Glimepiride)

H

H H

O

N

O

N
S

O

N

OOMe

Cl 38 (Glibenclamide)

40 (T2384)

S

Cl

HN
S

Cl

CF3

N

SCl

O O

Cl

O

Cl

HN
S

N

Cl

Cl

OO

39 (INT131)

Structures 37 ± 40

1318 A.D.Rogachev, S.O.Kuranov, N.F.Salakhutdinov Russ. Chem. Rev., 2016, 85 (12) 1313 ± 1337



while, compound 39 has much less effect, as compared with

other drugs, on heart and lung weights, body weight gain,

the volume expansion and the plasma volume. Phase I and

II clinical trials demonstrated that this compound is well-

tolerated without any serious adverse events, and its anti-

diabetic activity is similar to that of thiazolidinedione

agents.54 ± 56

The compound T2384 (40) exhibited a similar action and

proved to be a selective PPARg ligand.57 The crystallo-

graphic study showed that this agent can bind to the

receptor in two different modes primarily via hydrophobic

contacts, thus being distinct from full agonists. The affinity

of the compound T2384 for the receptor was similar to that

of Rosiglitazone, but its activating ability was approxi-

mately four times lower. Compound 40 inhibited the trans-

activation of PPARg and the conversion of preadipocytes

into adipocytes induced by Rosiglitazone. In experiments in

KKAy mice, this compound demonstrated antidiabetic

activity comparable to that of Rosiglitazone. Thus, it

caused a dose-dependent decrease in plasma glucose levels.

Besides, the drug T2384 antagonized the side effects induced

by the Rosiglitazone treatment. At all the doses used, it did

not cause a body weight gain and anemia. More impor-

tantly, the combined use of T2384 and Rosiglitazone

decreased these side effects.

Compounds 41 and 42 were selected using the virtual

screening performed by Lu et al.58 These sulfonamides

represent a new class of PPARg ligands and demonstrate

high selectivity to this receptor. Compound 41, which had

the best in vitro activity, was selected for further investiga-

tions. In the assay of adipogenic activity, this compound

showed weaker activity compared to Rosiglitazone. The

administration of compound 41 to KKAy mice led to a

35.7% reduction in glucose level. X-ray diffraction studies

demonstrated that compounds 41 and 42 bind to the

receptor without the formation of hydrogen bonds, which

accounts for a low activation level.

Structures 41 ± 45

The Ar7SO2NH7 Het5 moiety, where Het5 is a five-

membered heterocycle, common to compounds 41 and 42 is

present in derivatives 43 ± 45. The latter are inhibitors of the

enzyme 11-b-hydroxysteroid dehydrogenase type 1 (11-b-
HSD1), which catalyzes the conversion of cortisone to

cortisol.59, 60 The relation of this enzyme to T2D was

shown in experiments in transgenic mouse models.61, 62

The selective inhibition of 11-b-HSD1 holds promise in the

treatment of this disease.63, 64

A new class of PPARg agonists, which are neither

thiazolidinediones nor carboxylic acids, has been des-

cribed.65, 66 Compound 46 was selected based on the analy-

sis of the relationship between the structures of the

compounds (the presence and the nature of substituents

and functional groups) and the activity. This compound

demonstrated high selectivity to the receptor, good meta-

bolic stability and low cytotoxicity.

Much more compounds containing a sulfonyl group

were studied as DPP-4 inhibitors or agents with a different

mechanism of hypoglycemic effect. Compound 47 is an

example of sulfones acting as PPARg ligands.67 It is highly

probable that the agonist activity of this compound against

PPARg is associated with the presence of the TZD moiety;

however, analogues of this compound lacking the methyl-

sulfonyl group demonstrated lower bioavailability and(or)

ability to activate this receptor.

It should be noted that compound 47 contains the

Ar7SO2Me moiety, which may be present in compounds

with a different mechanism of hypoglycemic effect. Thus,

the introduction of the methanesulfonyl group into benzi-

midazole derivative 48 improved the selectivity of the

resulting compound to the Ca channel.68 Glucokinase-

activating compounds 49 and 50 (Ref. 69) also contain the
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R1 = F, R2 = H (42)
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MeSO27Ar7 OAr moiety, which is present in PPARg
agonist 47.

Hopkins et al.70 synthesized a series of indole derivatives

51 containing a sulfonyl group. They found that N-sulfonyl-

2-indole carboxamides are ligands for PPARg. The study of

the structure ± activity relationship (SAR) showed that, in

order to ensure the maximal binding to the receptor, the

substituent R2 should be aromatic, the substituent R3

should be the benzyl group substituted at the meta position

and the heteroaromatic indole ring should be unsubstituted;

otherwise, the complete loss of activity takes place.

The most potent compound in this series contains

the following substituents: R1=H, R2=3-F3CC6H4,

R3=3-BnOC6H4CH2.

Structures 51

Sulfonyl groups are present also in small-molecule

GLP-1R agonists, for example in quinoxaline derivative

52, compound 53 and sulfoxide 54.14

Structures 52 ± 54

V. Agents based on 3-phenylpropanoic acid

Quite a number of PPARg ligands were synthesized based

on 3-phenylpropanoic acid. Most of these compounds

contain substituents at position 2 of propanoic acid. Achiral

aminomethyl dihydrocinnamates synthesized by Warshaw-

sky et al.71 are examples of compounds without these

substituents. Based on the results of in vitro experiments,

several derivatives were chosen as selective PPARg ligands

and tested in vivo [in db/db mice and ZDF (Zucker diabetic

fatty) rats]. All compounds demonstrated good hypoglyce-

mic and hypolipidemic properties, analogues 55 ± 57 being

most potent.

Ohashi et al.72 synthesized a series of optical isomers of

2-benzyl-substituted phenylpropanoic acid as selective

PPARg agonists starting from PPAR pan-agonist 58 (sym-

bol b indicates the R substituent located above the plane).

The R isomer of the most potent compound 59 was found to

be more active than the S isomer. In further investigations,

this research team synthesized cyclohexylmethyl [(R)-60,

(S)-60] and phenethyl derivatives [(R)-61, (S)-61].73 An

analysis of their biological activity showed that a substitu-

ent at position 2 has a critical effect on the ability of the

agent to activate PPARg. The R isomer appeared to be

more active in a pair of cyclohexylmethyl derivatives 60, as

well as in the case of benzyl derivative 59, whereas the S

isomer of phenethyl analogue 61 was more potent.

Structures 58 ± 61

Many PPARg agonists based on 3-phenylpropanoic acid

contain alkoxy substituents at position 2. MartõÂ n et al.74

synthesized 2-alkoxy-3-phenylpropanoic acid derivatives,

some of which proved to be selective PPARg agonists.

Compound 62 demonstrated the best activity in ZDF rats.

This compound normalized plasma glucose levels as effec-

tively as Rosiglitazone, but the effective dose of this com-

pound was four times lower.

The promising agents PAR-1622 (63) and PAM-1616

(64), which are 2-ethoxy derivatives of phenylpropanoic

acid, were synthesized and characterized.75 ± 77 The com-

pound PAR-1622 (63) is a partial PPARg agonist. The oral

administration of this agent to db/db mice caused a sub-

stantial decrease in glucose level [the effective dose produc-

ing 30% inhibition (ED30) was 1.0 mg kg71 per day].

Studies of the effect on the plasma volume in ICR mice

showed that this compound did not cause hemodilution

(volume expansion). The compound PAM-1616 (64) signifi-

cantly improved hyperglycemia in db/db mice with little side

effects.

Structures 62 ± 64
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Sauerberg et al.78 synthesized dimeric PPARg ligands,

which retained the agonist activity of the starting com-

pounds against this receptor. According to the results of

this study, the level of agonist activity of the ligands and

their selectivity strongly depend on the structure. For

compound 65, this value is 119% (EC50=

0.08 mmol litre71) of the activation level of the receptor by

Rosiglitazone. The activity of compound 66, which proved

to be a selective PPARg agonist, is 56% with EC50=

15 mmol litre71. This corresponds to the range of values

for partial agonists or modulators of the receptor.

It should be noted that, as opposed to compounds

62 ± 64 with the S configuration of the chiral centre at

position 2, the C(2) atom of the phenylpropanoic moiety

in dimeric derivatives 65 and 66 has the R configuration.

Taking into account these data and the activity of com-

pounds 59 ± 62, it can be concluded that the type of the

substituent rather than the configuration of the chiral centre

plays a more essential role in the manifestation of activity.

The synthesis of a series of PPARg ligands containing

the 4,4-dimethyl-1,2,3,4-tetrahydroquinoline ring as a

peripheral moiety was described by Parmenon et al.79, 80 In

this series, compounds 67 and 68 demonstrated the highest

activity and proved to be partial PPARg agonists.

Structures 67, 68

It should be noted that compound 67 did not bind to the

receptor in in vitro experiments (Ki= 10 000 nmol litre71)

but activated the latter (EC50=195 nmol litre71, 74% of

the Rosiglitazone activation level). 2-Amino derivative 68

demonstrated high selectivity and affinity for PPARg and

was assigned to partial agonists of the receptor. Since the

aim of the study was to find dual PPARa/g agonists, in vivo

experiments with compounds 67 and 68 were not per-

formed. The form, in which these compounds were synthe-

sized and tested (either as racemates or mixtures enriched in

one of the optical isomers), was not reported.

A series of 2-amino derivatives of 3-phenylpropanoic

acid are described in the patent.81 It was found that these

compounds are PPARg agonists. Analogues 69 and 70

reduced glucose levels in ZLR (Zucker lean rats) rats. A

series of derivatives possessing antidiabetic properties were

synthesized from on L-tyrosine.82 In this series, compound

71 proved to be most potent in rats [Zucker ( fa/fa) line].

This compound caused a 40% and 24% reduction in plasma

glucose and triglyceride levels, respectively, the high-density

lipoprotein level being increased by 31%. The values of

EC50 and Ki for this compound are 4.7 and

6.9 nmol litre71, respectively.

Structures 69 ± 71

The following regular features are evident from the

analysis of the structure ± activity relationship for 3-phenyl-

propanoic acid derivatives. First, all synthetic compounds

having agonist activity against PPARg can be represented

by the structure shown in Fig. 1. This structure was

reported by Parmenon et al.79 and it is almost fully

consistent with the scheme described in the review.11 Sec-

ond, in order to ensure the linear structure of the molecule,

both linkers should be located in para positions of the

aromatic ring. Third, in all cases where the 3-phenylpropa-

necarboxyl moiety contains a substituent at position 2, the

C(2) atom has the S configuration. Apparently, this is true

only for substituents with a small volume because, as it was

shown for compounds 60 and 61, the substituent has a

critical effect on the activity of the compound.

In the literature, there are examples of the use of

2-amino-3-phenylpropanoic acid for the synthesis of a series

of DPP-4 inhibitors containing a heterocyclic moiety

R1 =Me, R2 =MeCO2 (67); R1 = H, R2 = 4-BzC6H4NH (68)
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attached to the carboxy group to form an amide bond.

These are cyanopyrrolidines 72 and 73, the drug Denaglip-

tin (74) and compound 75 suggested as the substitution for

the drug Sitagliptin.83 ± 85

Structures 72 ± 75

The free fatty acid receptor 1 (FFA1) belonging to G

protein-coupled receptors (GPCR) is an important target

for drugs that regulate blood glucose levels. It was sug-

gested that the activation of this receptor stimulates insulin

secretion depending on the blood glucose level,86 ± 88 and

selective FFA1 agonists can serve as effective hypoglycemic

agents.

Negoro et al.89 described the search for the optimal

structure of a selective FFA1 agonist. After preliminary

experiments, benzyloxyphenylpropanoic acid was selected

as the basis. After the structure optimization, the authors

obtained compound 76, which exhibited agonist activity in

in vitro and in vivo experiments. Further modifications of

this compound gave structure 77, in which the b position of

the acid aliphatic chain is involved in the heterocycle fused

to the aromatic core.

The design of new FFA1 receptor agonists has attracted

attention of many research groups. Numerous compounds

of this type were synthesized, many of which are currently

under preclinical investigations. The structures of some

agonists and the data on their efficacy, for example for

compounds 78 ± 86, are considered in the review.90
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Defossa and Wagner 90 suggested general formulae 87

and 88 to describe pharmacophoric groups of FFA1 ago-

nists (Fig. 2). Low-molecular-mass substituents (R1 in for-

mula 87) or cyclic moieties annulated with the aromatic ring

(see structure 88) can serve as linkers between the carboxy

group and the aromatic ring. In the presence of such

substituents, the configuration of the chiral centre has a

considerable effect on the activity because the optical

isomers exhibit different activities. The second aromatic

moiety is a substituted monocyclic or bicyclic aryl (biaryl)

group. The nature of the substituent R2 may vary in a broad

range. This region of the molecule can be modified to

optimize the physicochemical properties, such as the polar-

ity of the molecule, solubility and so on. A comparison of

the structures of known PPARg and FFA1 agonists shows

their considerable similarity. This fact attests to a high

probability of dual action for hypoglycemic agents of the

phenylpropanoic acid series.

VI. Compounds containing the indane ring and
their heteroanalogues

It should be noted that most of compounds described in this

section are PPARg ligands, act as full or partial agonists for

this receptor or have a modulatory effect on the receptor. A

number of examples of compounds containing the indane

ring and exhibiting hypoglycemic activity are given above.

Some of these derivatives are FFA1 receptor agonists,

DPP-4 inhibitors, glycogen phosphorylase inhibitors and

so on.

VI.1. Compounds with aromatic substituents
There are a few derivatives containing the indane ring, the

hypoglycemic properties of which were investigated. In

most cases, the interactions of these compounds with

PPARg were studied in order to choose the most active

and potent agents. Felts et al. 91 synthesized a series of

PPARg agonists based on nonsteroidal anti-inflammatory

drugs. An example is compound 90 synthesized based on the

drug Sulindac (89). This compound exhibited pronounced

agonist activity towards this receptor (EC50=

0.1 mmol litre71).

Ahn et al. 92 were the first to found that indenones can

act as PPARg agonists. This research team synthesized a

series of compounds, which proved to be full agonists of this

receptor. Compound 91 was the most potent in this series

(EC50=50 nmol litre71, 113% of the Rosiglitazone activa-

tion level). X-ray diffraction studies demonstrated that this

compound binds to the receptor via a mechanism different

from that of Rosiglitazone.

The investigation of the effect of substituents on the

activity of compounds showed that indenones exhibit a

cytotoxic effect, whereas indene N-oxides lack this prop-

erty. Ahn et al. 93 studied the structure ± activity relationship

for a series of indene N-oxide derivatives and found that the

methyl group at the N-oxide moiety, the benzylpropoxy

group in the benzene ring, the phenyl moiety at position 3 of

indene and the ethoxycarbonyl function at position 2 are

optimal substituents.

Further investigations showed that the morpholino-

ethoxy group, which increases water solubility and overall

bioavailability of the drug, is most suitable as a substituent

in the benzene ring of indene. As a result, Ahn et al. 93

synthesized the compound KR-62980 (92) (EC50=

15 nmol litre71, 30% of the Rosiglitazone activation level)

as a promising antidiabetic agent. In order to perform the

exhaustive analysis of the structure ± activity relationship,

the authors synthesized its geometric isomer 93, which

exhibited lower activity (EC50= 40 nmol litre71).

Structures 92, 93

Kim et al.94 investigated the antidiabetic properties of

the drug KR-62980 (92) and demonstrated that this com-

pound is a selective PPARg modulator. In 3T3-L1 adipo-

cytes, it induced the uptake of deoxyglucose labelled with

tritium in proportion to the insulin level. The benefits of

this compound are that it exhibited a weak adipogenic effect

and had good bioavailability and biostability. The admin-

istration of KR-62980 to C57BL/6J mice for 14 days

decreased the plasma glucose level with little side effects

typical of Rosiglitazone (body weight gain, cardiac hyper-

trophy and hepatotoxicity).
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It should be emphasized that all the compounds

described above contain either a free or esterified carboxy

group. The position of this group in the molecule is such

that these compounds can be considered as 3-phenylpropa-

noic acid derivatives containing rigidly fixed substituents in

the a and b positions.

An analysis of the structures of PPARg agonists 89 ± 93

shows their similarity with general formula 88 proposed for

FAA1 receptor agonists. These compounds are 3-phenyl-

propanoic acid derivatives containing cyclic moieties annu-

lated to the aromatic ring. Therefore, it is likely that indane

derivatives containing a carboxy group belong to dual-

action agents and are promising for the design of multi-

target hypoglycemic drugs.

VI.2. Indane analogues containing one heteroatom in the
five-membered ring
In a series of studies 95 ± 99 performed at the Merck,

approaches to the search for and development of a promis-

ing indole-based antidiabetic drug are described. First,

researchers synthesized a series of 3-benzyl-2-methylindoles,

some of which proved to be selective PPARg modulators.

Compound 94 was shown to be the most promising agent.

However, it was found that in the body, this compound is

debenzylated to form inactive metabolites. Further modifi-

cations produced compound 95 possessing good activity;

however, preclinical experiments demonstrated that the

application of this compound causes undesirable side

effects.

Structures 94 ± 97

More recently, Acton III et al.98 proposed the optimal

structure of the agent (compound 96, MK-0533). This

compound exhibited hypoglycemic activity in in vivo experi-

ments comparable to that of Rosiglitazone and Pioglita-

zone, while the application of MK-0533 did not cause

cardiac hypertrophy, did not stimulate brown adipose tissue

growth, caused an insignificant plasma volume expansion

and did not increase the extracellular fluid volume.

The selective SPPARgM5 modulator (97) is another

promising indole-based hypoglycemic drug.99 This com-

pound caused a 39% decrease in glucose levels and a 37%

reduction in insulin levels in db/db mice. The oral admin-

istration of compound 97 to Zucker (fa/fa) rats demon-

strated an antidiabetic effect (a decrease in plasma insulin,

triglyceride and free fatty acid levels) at a dose of

2 mg kg71. This compound did not increase the extracellu-

lar fluid volume, did not induce cardiac hypertrophy and

caused an insignificant increase in the cell cytoplasm

(13%± 17%).

As can be seen from the formulae, compounds 94 ± 97

have very similar structures. Acton III et al.98 summarized

the data on the relationship between the structure and the

agonist activity of indole derivatives against PPARg and

presented these data by the formula (Fig. 3). It can be seen

that even an insignificant change in the structure of the

substituents can lead to a change in the activity against

PPAR, in particular, against its g subtype.

Examples of indole derivatives containing the 4-(tert-

butyl)phenyl substituent and acting as PPARg agonists are

available in the literature. A series of PPARg modulators

are included in the patent.100 Although the synthesis of 68

compounds was described, the results of biological assays

were reported only for six of them. The latter derivatives

substantially decreased glucose levels in ZDF rats. The

optimal synthesis pathway for compound 98

(GSK376501A), which is included in this patent, was

described by Bullock et al.101 However, the data on activity

of this compound are not presented in the patent.100 The

change in the positions of the 4-(tert-butyl)phenyl group

and the second aromatic substituent does not lead to the

loss of activity of indole derivatives. For instance, com-

pound 99, which was assigned 102, 103 to partial PPARg
agonists (EC50= 13 nmol litre71, Ki= 12 nmol litre71,

31% of the Rosiglitazone activation level), exhibited good

antidiabetic properties. This compound caused a 54%

decrease in the blood plasma glucose level in mice (db/db

line) compared to the control (Rosiglitazone) with lower

body weight gain.
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The compound nTZDpa (100) belonging to a new type

of PPARg ligands, was synthesized.102, 104 This compound

partially activated PPARg (EC50= 57 nmol litre71,

IC50=12 nmol litre71, 25% of the Rosiglitazone activa-

tion level) with the simultaneous inhibition of Rosiglitazone

in the case of their combined use. The treatment of animals

(C57BL/6J mice fed a high-fat diet) with nTZDpa amelio-

rated hyperglycemia and hyperinsulinemia with an insignif-

icant body weight gain and adipose tissue inflammation.

Besides, the treatment with this agent was not accompanied

by the development of cardiac hypertrophy.

A comparison of the structures of nTZDpa (100) and

compound 94 shows that the phenylthio substituent in the

former compound is bound to the indole C(3) atom. How-

ever, further investigations of compound 94 were not

performed due primarily to its low resistance to metabolism

accompanied by the removal of the benzyl group. In the

case of the compound nTZDpa, the loss of the PhS moiety

does not apparently take place.

It was shown 105, 106 that the antihypertensive drug

Telmisartan (101) partially activates PPARg. High-carbo-

hydrate high-fat diet-fed animals treated with Telmisartan

had a *10% lower body weight gain with a significant

decrease in glucose and triglyceride levels compared to the

control group. The administration of this compound to

KKAy mice did not lead to a decrease in the glucose level

but substantially reduced insulin, triglyceride and free fatty

acid levels.

A series of new selective PPARg modulators were

synthesized based on Telmisartan (101). In the series of

derivatives prepared by Lamotte et al.,107 compound 102

proved to be most potent. This compound had a new

binding mode to the receptor and was as effective as full

agonists of this receptor in reducing glucose and triglyceride

levels in in vivo experiments with less side effects. The values

of EC50, Ki and the activation level relative to Rosiglitazone

were 0.8 nmol litre71, 8 nmol litre71 and 31%, respec-

tively.

Cyanopyrrolidines containing the indole moiety have

been patented.108 These compounds exhibited inhibitory

activity against DPP-4. Compound 103 proved to be most

potent.

The method for the synthesis of the benzimdazole

derivative FK614 (104) and biological testing of this com-

pound have been described.109 ± 112 The compound FK61 is

a selective PPARg ligand with specific transactivation

properties, which are dependent on the environment of co-

activators. The administration of the compound FK614 to

db/db mice led to a significant reduction in the blood plasma

glucose level (ED50= 1.3 mg kg71 comparable to the treat-

ment with Rosiglitazone) and triglyceride level. This com-

pound caused a decrease in glucose and insulin levels in ob/

ob mice and improved glucose tolerance to sequential

glucose loading. At the working doses at which PPARg
was activated and the antidiabetic effect was achieved, the

drug FK614 (104) did not cause side effects and was safer

than Rosiglitazone. The treatment of ZDF rats with this

compound led to the improvement of impaired glucose

tolerance and reduction in insulin resistance in peripheral

tissues and the liver in a dose-dependent manner. The

administration of FK614 to dogs with alloxan-induced

diabetes mellitus improved glucose uptake by cells due to

an increase in insulin sensitivity.

Structure 104

Liu et al.113 synthesized a series of benzimidazolone

carboxylic acids and oxazolidinediones. It was shown that

the replacement of the indole moiety with the benzimidazo-

lone group leads to a considerable increase in the selectivity

to PPARg. The benzisoxazole moieties were found to be

most preferred as substituents. For example, compound 105

proved to be a selective PPARg modulator (EC50=

360 nmol litre71, IC50= 83.1 nmol litre71, 85% of the

104 (FK614)
Cl

Me

OO

n-C5H11
S

O

N

NN
H

Cl

Me

N

N

Me

Prn
N

N HO2C

101 (Telmisartan)

N

Me

Me

OEt

HO2C

102

103

N

NC
Me

O

N
N

Me
H

N

CO2H

But

OMe
O

OMe
O

98 (GSK376501A)

99

N

O

CO2H

But

CF3

100 (nTZDpa)

N

S

CO2H

Cl

Cl

Structures 98 ± 103

A.D.Rogachev, S.O.Kuranov, N.F.Salakhutdinov Russ. Chem. Rev., 2016, 85 (12) 1313 ± 1337 1325



Rosiglitazone activation level). This compound exhibited

antidiabetic properties comparable to those of Rosiglita-

zone in db/db mice and Zucker (fa/fa) rats with less side

effects (fluid retention in the body, cardiac hypertrophy).

Structure 105

A series of 1,3-dicarbonyl compounds containing 2(3H)-

benzazolonic heterocycles were synthesized and character-

ized.114, 115 6-Acyl-2(3H)-benzothiazolone derivatives with

the 1,3-dicarbonyl group as the peripheral substituent were

shown to be the most potent PPARg agonists. In this series,

monomethyl ester 106 (S26948) exhibited the highest

PPARg-activating ability and selectivity to PPARg in in

vitro experiments. This compound reduced blood glucose

and triglyceride levels in mice (ob/ob line).

Structure 106

The detailed studies in animals (ob/ob and db/db mice,

ZDF rats) showed that compound 106 exhibits pronounced

antidiabetic properties without body weight gain or stim-

ulation of adipogenesis. Moreover, this compound effec-

tively corrected dyslipidemia and manifestations of

atherosclerosis. However, the mechanism of these effects is

unknown. Nevertheless, it should be noted that compound

106 contains the 3-phenylpropanoic acid moiety with a

substituent in the para position of the aromatic ring. As it

was shown in the preceding Section, this moiety is consid-

ered as a pharmacophore for ligands of the FFA1 receptor.

This fact attests to a high probability of the hypoglycemic

effect of compound 106 via at least two mechanisms.

Let us analyze the structural similarities between the

compounds described in Sections VI.1 and VI.2 and anti-

diabetic agents with a radically different mechanism of

action. Thus, the compound FK614 (104) contains the

n-pentylsulfonamide moiety, which is present in the struc-

ture of compound 46.65, 66 Note also that the PPARg
ligands Ð the compounds FK614 (104) and INT131 (39) Ð

contain the 2,4-dichlorophenyl group characteristic of many

DPP-4 inhibitors (see, for example, compounds 107 ±

112);116 the PPARg agonist Ð the compound T2384 (40) Ð

bears the 2-chloro-4-trifluoromethylphenyl moiety similar

in the nature to the 2,4-dichlorophenyl group.

Structures 107 ± 112

The presence of the 2,4-dichlorophenyl substituent in

these compounds promoted a 10 000-fold increase in their

inhibitory activity against DPP-4 compared to analogues

containing no chlorine atoms. The X-ray diffraction study

provided an explanation for the enhancement of activity.

According to results of X-ray diffraction, the dichloro-

phenyl moiety occupies very well the S1 pocket of the

enzyme DPP-4.117 It cannot be ruled out that the com-

pounds INT131 (39), FK614 (104), etc. can simultaneously

act as PPARg agonists and DPP-4 inhibitors.

Compound 105 contains the oxazolidinedione ring as a

pharmacophore. A series of agents including this hetero-

cycle as the basis are described below (see Section VIII). It

was demonstrated that oxazolidinediones can be more

active than their thiazolidine analogues. The agent S26948

(106) contains the 3-phenylpropanoic acid moiety with the

MeOC(O) substituent at position 2 characteristic of a series

of compounds considered above. Structure 106 corresponds

to the general pattern of the PPARg agonist shown in

Fig. 3.

A general consideration of `six-membered+ five-mem-

bered rings' (6+5) type compounds demonstrates that in

most of these compounds, aromatic substituents are bound

to the 6+5 core by one linker (either a carbon atom or a

heteroatom). Apparently, this is the optimal distance allow-

ing the substituent and the core to be close to each other

and simultaneously enabling the rotation of the substituent

with respect to the core, due to which the substituent can

adopt a configuration favourable for the binding to the

receptor.

Some benzimidazole derivatives exhibit a hypoglycemic

effect with a different mechanism of action. Thus, com-

pounds 113 and 114 are glucokinase activators.118, 119 Com-

pounds 115 and 116 are inhibitors of protein tyrosine

phosphatase (PTP-1B), which is one of the most attractive

targets for the treatment of T2D.120, 121 The 2-thio-substi-

tuted benzimidazole derivative NNC 92-1687 (117) acts as
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an antagonist of glucagon Ð the enzyme that causes the

release of glycogen and stimulates gluconeogenesis.122

Structures 113 ± 117

Therefore, numerous promising hypoglycemic agents

with a different mechanism of action were synthesized

based on indane, indole, benzimidazole and other 6+5-

type heterocyclic compounds. These are not only full or

partial agonists or selective modulators of PPARg but also

DPP-4 and glycogen phosphorylase inhibitors and activa-

tors of glucokinase and the FFA1 receptor. Apparently, the

indane moiety and its heteroanalogues are not pharmaco-

phores, which selectively interact with a particular receptor;

however, their presence makes it possible to control the

interaction of the agent with the biological target. Most

likely, the arrangement of the substituents with respect to

the 6+5 core does not play a key role in the activity of the

compounds but it may be crucial for metabolic stability.

Further investigations aimed at synthesizing new indole

derivatives and related bicyclic compounds may lead to the

design of compounds having a pronounced activity with

small side effects.

VII. Quinoline, isoquinoline and benzoxazine
derivatives

Lin et al.123 modified the known dual PPARa/g agonist and

synthesized a series of 1,2,3,4-tetrahydroquinoline deriva-

tives as selective PPARg agonists. Compounds 118 (5-iso-

mer) and 119 (6-isomer) proved to be the most potent

agents.

Henry et al.124 synthesized a series of new tetrahydro-

isoquinolines, studied their activity against PPARg and

investigated antidiabetic properties. In this series, com-

pound 120 proved to be a highly selective PPARg ligand

and was chosen for in vivo experiments. The administration

of this compound to db/db mice at a dose of 30 mg kg71 per

day led to a reduction in the glucose level on the average by

41%. For ZDF rats, the minimum effective dose was

0.19� 0.09 mg kg71.

Tetrahydroisoquinoline derivative 121 exhibited the

properties of a selective PPARg agonist (EC50=

0.03 mmol litre71, 98% of the Rosiglitazone activation

level).125 Besides, this compound proved to be a PTP-1B

inhibitor (IC50=1.18 mmol litre71). In a long-term experi-

ment (14 days) in KKAy mice, this compound demonstrated

the dose-dependent hypoglycemic effect; ED50 was

4.3 mg kg71 per day. It was found that the administration

of compound 121 to SD (Sprague Dawley) rats had no

effect on the hematocrit value and red blood cell count as

opposed to Rosiglitazone. Taking into account that the

action of full PPARg agonists is usually accompanied by the

development of serious side effects, Otake et al.125 con-

cluded that the safer action of compound 121 was appa-

rently attributed to its interactions with several targets.

Burgermeister et al.126 synthesized the isoquinoline

PA-082 derivative (122). This compound activated the

receptor with 40% efficacy compared with Rosiglitazone

(EC50=260 nmol litre71) and was characterized as a

potential selective PPARg modulator.

The rational design of benzoxazinone-based antidiabetic

agents is described in patents and publications.127 ± 131 These

studies resulted in the synthesis of new agonists, antagonists

and modulators of PPARg. The general structural formula

123 reflects the structure of the most potent compounds

disclosed in the patent 129 (the activity was evaluated based

on the ability of the compound to cause the expression of

the aP2 gene involved in lipid metabolism and energy

balance). In the cited patent, it was shown that methyl

esters of appropriate acids are not active.

Rybczynski et al.130 found that the introduction of a

substituent into the benzoxazine moiety leads to a decrease
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in the activity and that the ortho position of the carboxy-

methyl group in the benzene ring is the optimal one.

Derivatives of this series were found to have a hypoglycemic

effect, good bioavailability and metabolic stability in db/db

mice.

Rybczynski et al.131 demonstrated that compounds with

a long aliphatic chain are most potent, substituted chains

being preferred. The fluorine atom and the carbonyl and

oxime groups proved to be appropriate substituents,

whereas the carboxy or amide groups cause a decrease in

the activity of the derivatives. It was also found that the

configuration of the chiral centre plays an important role in

the activity. Thus, the R isomers were shown to be most

potent. The administration of the most promising com-

pounds 124 and 125 to mice (db/db line) led to a dose-

dependent decrease in plasma glucose levels.

An analysis of the structure ± activity relationship for

the compounds considered in this Section demonstrates that

it is very difficult to reveal molecular structural features and

characteristic signs, which could indicate that these com-

pounds belong to PPARg ligands. Among the above struc-

tures, let us mention compounds 118, 119 and 122 (see also

Refs 127 ± 131) containing bulky substituents only in the

heterocycle and derivatives 120 and 121, in which a bulky

lipophilic moiety is attached to the aromatic heterocycle.

Substituents are also quite diverse: linear saturated and

unsaturated hydrocarbon chains, moieties with one or

several aromatic rings and so on.

The literature data provide evidence that there are

numerous hypoglycemic compounds that contain two annu-

lated six-membered rings (6+6) and heteroatom(s) in one of

the rings and that act on different molecular targets. For

instance, the structures of GLP-1R agonists Ð quinoxalines

52 and 126 ± 128 Ð are described in the review.14 Com-

pounds 52 and 126 contain small substituents in the qui-

noxaline moiety, whereas the substituents in the

heterocyclic core of analogues 127 and 128 are rather bulky.

Structures 126 ± 128

A large number of DPP-4 inhibitors based on quinoline

and isoquinoline are included in the reviews.68, 132 Examples

are tetrahydroisoquinoline derivatives (129), xanthine

derivatives (130), drug Linagliptin 131 and a series of

quinolines and isoquinolines 132 ± 135.

Iino et al.133 described a series of quinazoline derivatives

as glucokinase activators. Sulfophenyloxy derivative 136

proved to be the most promising compound in this series.

Consequently, heterocyclic compounds based on benza-

zines or their hydrogenated analogues hold promise as the

starting compounds for the synthesis of potent hypoglyce-

mic agents. It would be expected that slight modifications of

the structures of these compound will lead to a change in the

mechanism of hypoglycemic action (i.e., the target for these

126

N
N

S

Me

CF3

SN

N

Cl

Cl

127 N

S

OH
Cl

Cl

NN

N N

Me

N
Me

SN

N

N

N S
N

O

CF3
128

H

4

R= F(CH2)6, HO(CH2)7, etc.

N

O O

O

CO2H

MeX 124, 125

X= CH2 (124), O (125)

N

O O

O

R

CO2H

123

Structures 123 ± 125

N

N

Me

N

N

O

O

Me

N

N

Me

N

NH2

131 (Linagliptin)

N

N

O

N

NH2

CF3

F

130

N

MeO

O
CN

N

129

H

N

NH2

OMe

CO2Et

MeO

132

136

O

F

S OO

N

N

HN

Me MeN

N

N

O

NH2

Bui

133

N

NH2

Bui

Cl

134
N NH2

NH2Cl

Cl

135

Structures 129 ± 136

1328 A.D.Rogachev, S.O.Kuranov, N.F.Salakhutdinov Russ. Chem. Rev., 2016, 85 (12) 1313 ± 1337



agents). These compounds might be multi-target drugs. In

our opinion, investigations of the activity of known PPARg
agonists towards DPP-4 and GLP-1R is a useful and

important problem (and, on the contrary, it is interesting

to establish whether the known DPP-4 inhibitors and GLP-

1R agonists are PPARg agonists). To the best of our

knowledge, such examples are lacking in the literature.

VIII. Compounds containing the thiazolidinedione
moiety or its bioisosteres

The history of the development of hypoglycemic drugs

based on thiazolidinediones is described in detail in the

review.27 The company Takeda Pharmaceuticals began

research on the design of effective TZD-based antidiabetic

drugs more than 20 years ago. It was found that the

compound AL-294 (137), which was initially developed as

a hypolipidemic agent, decreases blood sugar levels.134

Further modifications of the structure of this compound in

order to increase its efficacy and selectivity involved the

bioisosteric replacement of the carboxy group with a hetero-

cycle. This led to the discovery of the first unique TZD-

based drug Ð AL-321 (138).135

Structures 137, 138

It was suggested that the compound prepared by the

replacement of the carboxy group with the TZD moiety

interacts with a new, previously unknown target involved in

glucose metabolism. The optimization of the structure of

this compound and the synthesis of other TZD-containing

analogues resulted in the design of commercial drugs,

including Rosiglitazone as the most popular and commonly

used medication.136 Compound 1 is the active ingredient of

several drugs, some of which are included in top 100 drugs

in the U.S. market. Nevertheless, despite the popularity and

high activity, thiazolidinediones have a number of serious

adverse effects. For instance, the drug Troglitazone was

withdrawn from the market soon after the introduction

because of numerous reports of hepatotoxicity during the

clinical use. Edema, body weight gain and cardiovascular

risk factors are other side effects caused by the treatment

with TZD.

The PPARg receptor, which plays a key role in adipo-

genesis, adipocyte differentiation, lipid and glucose homeo-

stasis, insulin resistance and so on, is a validated target for

thiazolidinediones.137, 138 Due to the close relationship and

the direct effect of PPARg on the development of metabolic

syndrome, an important task is to search for agonists of this

receptor free of side effects in the body. Recently, it was

found that thiazolidinediones are also FFA1 receptor ago-

nist ligands,139 their activating effect on the receptor is

much longer-term compared with the known FFA1 ligands

Ð lauric acid and the compound GW9508X (78). This

observation suggests that derivatives containing the thiazo-

lidinedione moiety or its bioisosteres can be assigned to

multifunctional agents.

Ligands for PPARg are considered in a number of

reviews (see, for example, reviews 10, 27, 28). Most of the

ligands based on thiazolidinedione have the following

structure: an aromatic ring containing a substituent at the

para position is linked to the heterocyclic TZD moiety

through a methylene group or a=CH bond. Meanwhile,

ligands that have a different structure are also available.

For instance, sulfonyl-containing TZD, in which a hetero-

cyclic moiety is attached to the aromatic ring without a

linker (see compound 47), have been reported.67

Madhavan et al.140 synthesized the hybrid molecule

PMT13 (139), which combines the pyrimidinone and thia-

zolidinedione moieties, and studied its hypoglycemic prop-

erties. It was found that the efficacy of this compound is

equivalent to that of Rosiglitazone. The administration of

PMT13 to db/db mice led to a more pronounced reduction

in blood plasma glucose and triglyceride levels compared to

Rosiglitazone and Pioglitazone. The treatment of Wistar

rats with this compound did not cause side effects.

Structures 139 ± 141

a-Lipoic acid-based compound 140 activated PPARg
but it reduced only plasma triglyceride levels in Zucker

( fa/fa) rats, while the plasma glucose level remained

unchanged.141 Chittiboyina et al.141 attributed the absence

of the hypoglycemic effect of this drug to the fact that

mutations in fa/fa animals lead to a decrease in the affinity

of lipoic acid-based ligands. These authors suggested that

the hypoglycemic effect should be studied in high-fat diet-

fed animals.

The compound NC-2100 (141) containing the TZD

moiety attached to two fused aromatic rings (quinoline

core) 142 is also inconsistent with the general structural

pattern of TZD agonists for PPARg. Investigations of the

properties of compound 141 showed that the latter activates

both PPARg and PPARa in CV-1 line cells. Nevertheless,

only the g-subtype of the PPA receptor was activated in

KKAy mice with EC50 10 ± 30 times higher compared to the
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this compound to KKAy mice even at low doses led to a

decrease in blood glucose levels in the animals. Besides, this

drug caused an insignificant body weight gain and adipose

tissue accumulation. This behaviour may indicate that the

hypoglycemic effect of the agent NC-2100 (141) is associ-

ated not only with agonist properties with respect to PPARg
but also with its interaction with other biological targets.

A very interesting and, in our opinion, promising

approach to the search for new antidiabetic agents was

proposed in the studies,143, 144 in which derivatives of

2-phenyl-substituted cinnamic acid were synthesized and

their hypoglycemic properties were evaluated. It was found

that compounds having a double bond in the E configura-

tion are the most potent agents in this series, whereas Z

isomers or their analogues with the reduced double bond

exhibit much lower activity, if at all.

The thiazolidinedione heterocycle was attached to the

salt of 2-(4-hydroxyphenyl)cinnamic acid 142, which exhib-

ited weak hypoglycemic properties. Despite low in vitro

activity, the resulting compound CLX-0921 (143) had a

significant hypoglycemic effect in ob/ob mice, a decrease in

plasma triglyceride and fatty acid levels being observed. The

hypoglycemic effect of CLX-0921 was confirmed in experi-

ments in ZDF rats and db/db mice. In all experiments in

animals, no body weight gain was observed, except for ZDF

rats, in which the weight gain was 13%.

Structures 142, 143

A similar approach to the synthesis of hypoglycemic

compounds was employed by Shukla et al.145 This research

group prepared a series of coumarin derivatives containing

TZD and its bioisosteres, such as the oxazolidinedione and

imidazolidinedione moieties. In in vivo experiments (Wistar

male rats with Streptozotocin-induced diabetes), the deriv-

atives containing the oxazolidinedione moiety proved to be

more effective than those containing the thiazolidinedione

or imidazolidinedione moiety. In the series of the synthe-

sized compounds, compounds 144 and 145 were found to be

most potent. This study is a good illustration of the rational

design of new drugs through the attachment of a known

pharmacophore to a natural moiety.

Structures 144, 145

Momose et al.146 found that oxazolidinedione deriva-

tives can be more active than the corresponding TZD. Two

new classes of thiazolidine-2,4-diones and oxazolidine-2,4-

diones containing the o-(azolylalkoxyphenyl)alkyl substitu-
ent at position 5 were synthesized and their hypoglycemic

properties were evaluated. In this series, compound 146 was

the most interesting and potent. Both stereoisomers of this

compound were synthesized. Further investigations demon-

strated that epimer (R)-(+)-146 has a stronger hypoglyce-

mic effect in KKAy mice (ED25=0.56 mg kg71 per day

versus more than 1.5 mg kg71 per day for the S isomer) and

Wistar rats (ED25=0.05 and 0.362 mg kg71 per day). The

authors of the cited study attributed the antidiabetic prop-

erties of this compound to its ability to activate PPARg. In
all experiments, the isomer (R)-(+)-146 was more active

than Pioglitazone used as the standard.

Despite the fact that similar results were obtained in

other studies,145, 146 it should be noted that there are

significant differences between the structure of compound

146 and the structures of oxazolidinedione derivatives 144

and 145. First, the heterocycle contains a tertiary carbon

atom giving rise to a chiral centre. Second, the oxazolidine-

dione moiety of compound 146 is linked to the aromatic

core by a bridge of three CH2 groups, whereas most of TZD

agents contain a CH2 or=CH group as a linker.

Structures 146
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the thiazolidinedione drugs Troglitazone and Pioglitazone,

but the administration of this drug did not cause a body

weight gain. The hypoglycemic effect was observed 7 days

after the administration of the agent was stopped, whereas

the action of the reference drugs Rosiglitazone and Trogli-

tazone ceased much faster.

It was demonstrated that PPARg agonists can be syn-

thesized based on rhodanine.149 ± 151 The 5-benzylidene

moiety was shown to be required for the binding of this

class of compounds to the receptor. The presence of simple

substituents (OMe, OEt, 2-carboxyfuryl, aminocarbonylme-

thoxy) in this moiety has no effect on the activity of the

compound but the introduction of the arylalkyl group gives

rise to the activating ability and increases the affinity for the

receptor. The ability of the drug to bind to the receptor is

also influenced by the length of the chain containing the

carboxy group. It was found that the trimethylene chain is

the group of choice. The authors studied the binding

mechanism of rhodanine derivatives to the receptor and

demonstrated that electrostatic interactions of the carboxy-

ethyl group play an important role in this process, whereas

the function of the rhodanine heterocycle in the binding to

PPARg is somewhat different from that of the thiazolidine-

dione moiety. A series of derivatives were synthesized and

the most potent and promising compound SP1818 (148) was

characterized. This compound was found to be a selective

partial receptor agonist; the activation level was 70%

(EC50* 1 mmol litre71) of the Rosiglitazone activation

level. Experimens in 3T3-L1 cells demonstrated that the

agent SP 1818 significantly stimulates glucose metabolism

in adipose tissue. Park et al.151 also believed that this

compound interacts with a receptor site different from that

for Rosiglitazone and more weakly stimulates adipocyte

differentiation, resulting is less side effects (in particular,

lower body weight gain).

Therefore, thiazolidinediones, the pharmacological

action of which is accompanied by effects that are not

typical of selective PPARg agonists (reduction in glucose

levels in the absence of body weight gain, low activity

against PPARg with a pronounced hypoglycemic effect

and so on) have been reported. It is quite probable that

the overall hypoglycemic effect of some compounds

described in this section, which have low affinity for

PPARg, is associated with the interaction with the FFA1

receptor or other targets. This fact should be taken into

account in the design of new thiazolidinedione-based anti-

diabetic drugs.

IX. Miscellaneous compounds

Thor et al.152 synthesized a series of salts of 5-substituted

2-benzoylaminobenzoic acids acting as both dual PPARa/g
agonists and selective PPARg agonists. Compounds

149 ± 152 proved to be the most potent PPARg agonists. It

was shown that these compounds interact with the active

site different from that for Rosiglitazone. These compounds

contain the 2,4-dichlorophenyl moiety, which is present in

many DPP-4 inhibitors.

Pyrimidine derivatives 153 and 154 (Refs 153 and 154,

respectively) are PPARg agonists structurally similar to

DPP-4 inhibitors. Thieme et al.153 demonstrated that com-

pound 153 belongs to selective PPARg modulators; the

activation level of PPARg is 45% with EC50=

4.5 mmol litre71. It was found that the binding mode of

compound 154 to the receptor is different from that of full

agonists. This compound exhibited an excellent hypoglyce-

mic effect in db/db mice but it caused a body weight gain as

the side effect comparable to that of Rosiglitazone.

Structures 153, 154

Compounds 153 and 154 are structurally similar to

aminomethylpyrimidine DPP-4 inhibitors 155 ± 157 consid-

ered in the review.132 The main feature of these compounds

is the presence of the aminomethyl function adjacent to the

amino group in the pyrimidine ring. Although the amino-

methyl substituent is absent in compounds 153 and 154,

their hypoglycemic effect is associated not only with the

agonist activity against PPARg but also with the inhibitory

activity against DPP-4.

Structures 155 ± 157

An extensive series of diaminopyrimidines, for example

compounds 158 ± 166, which are ghrelin receptor antago-

nists, were synthesized.155 ± 157 The polypeptide ghrelin and

its receptor play a key role in glucose homeostasis, and the

use of receptor antagonists holds promise for the treatment

of type 2 diabetes.158, 159
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Takeda researchers 160 synthesized a series of 5-(4-

alkoxyarylalkyl)-1H-tetrazole derivatives and demonstrated

that these compounds have high hypoglycemic activity.

Compound 167 proved to be the most potent agent. It

activated PPARg at low doses and reduced plasma glucose

and triglycride levels in KKAy mice (ED25=0.084 and

0.13 mg kg71 per day, respectively) and Wistar Fatty rats

(ED25=0.0873 and 0.0277 mg kg71 per day, respectively).

In further studies, this research team synthesized oxy-

iminoacetic acid derivatives.161, 162 Relying on the structure

of compound 168, which exhibited a good antidiabetic

effect in KKAy mice, the authors analyzed the structure ±

activity relationship and found that the insertion of a

carbon chain between the imine nitrogen atom and the

carboxy group leads to a considerable enhancement of the

activity against PPARg. The administration of the resulting

compound 169 (TAK-559) to KKAy mice substantially

reduced plasma glucose and triglyceride levels without

body weight gain. Besides, this compound had good bio-

availability after oral administration.

A comparison of the structures of compounds 167 ± 169

shows that all these compounds fit within the general

formula of PPARg ligands. These molecules have a lipo-

philic aromatic tail, an aromatic core in the centre with the

1,4-arrangement of the substituents and a polar head group.

Compound 169 contains a butanoic acid with an imine

substituent at the C(3) atom as a polar head group. This

group can be considered as an analogue of FFA1-activating

3-phenylpropanoic acids described above. Apparently,

other effective hypoglycemic drugs will be prepared by

means of further modifications of this compound.

The synthesis of a series of imidazole derivatives as

selective PPARg agonists is included in the patent.163

According to the results of biological assays, all compounds

were inactive against PPARa; imidazoles 170 ± 174 proved

to be the most potent selective PPARg agonists.

Structures 170 ± 176

Choi et al.164 characterized the compound SP3415 (175)

as a partial PPARg agonist. This pyrazole derivative has

high affinity for the receptor, but its agonist properties are

rather weak. In the case of the combined action with

Rosiglitazone, the agent SP3415 inactivates the agonist

effect of the former. The structurally similar compound is

described in the patent,165 the authors of which synthesized

malonyl-coenzyme A decarboxylase (MCD) inhibitors. This

enzyme plays a key role in lipid and glucose metabolism and

its inhibition provides an approach to the treatment of

diabetes and obesity.166 Among the compounds which are

listed in this patent and are considered as potent MCD

inhibitors, let us mention pyrazole 176 containing two aryl

moieties and the carboxy function as substituents.

The compound Fmoc-L-leucine 177 (Fmoc is 9-fluore-

nylmethoxycarbonyl) is one of the first selective PPARg
modulators.167 It was found that two molecules of this

ligand are required for the binding to one receptor mole-

cule. This compound is a weak activator but it is a strong

insulin sensitizer and has a weak adipogenic effect com-

pared to thiazolidinediones. We found no structures analo-

gous to compounds 177 among DPP-4 inhibitors and

170 ± 174 175 (SP3415) 176
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GLP-1R agonists; however, examples of the synthesis of

Fmoc derivatives of amino acids as PPAR agonists (com-

pound 178) and anti-inflammatory agents are available in

the literature.168, 169

Halofenate (179) is a known drug with an alternative

treatment. Clinical trials of a racemic mixture of this drug as

a hypolipidemic and hypouricemic agent demonstrated that

this drug significantly decreases glucose and insulin levels in

patients with diabetes but not in patients with normal

glucose levels. Allen et al.170 found that this compound is

a selective PPARg modulator. It rapidly decreases glucose

and insulin levels in ob/ob mice. The long-term administra-

tion (28 days) of this compound to insulin-resistant rats

enhances insulin sensitivity comparable to Rosiglitazone,

but it does not cause body weight gain in animals. The

compound MBX-102 (180) is an optically active (7)-isomer

of Halofenate and has all properties inherent in the latter.

Compound 180 is presently under clinical trials both as an

antidiabetic agent and a drug for the treatment of gout.171

Structures 179, 180

Liberato et al.172 determined the crystal structure of the

PPARg domain that binds to the receptor ligand and found

that the ligand-binding pocket can be occupied by medium-

chain fatty acids. The authors confirmed that C8:0 ±C10:0

acids bind to the PPARg domain in an in vitro experiment

and demonstrated that these acids are low-potent partial

receptor agonists.

A series of analogues of lysophosphatidic acid, which

are LPA3 receptor ligands, were synthesized in order to

determine the structure ± activity relationship. It was found

that some of these compounds (for example, thiophosphates

181 ± 183) act as PPARg agonists and also as activators that

are only slightly less effictive than Rosiglitazone.173 ± 175

Structures 181 ± 183

Several antidiabetic agents were proposed based on

natural compounds. For example, the lactones seimatopo-

lide A (184) and seimatopolide B (185) isolated from the

extract of the plant Seimatosporium discosioides proved to

be PPARg agonists.176 The EC50 values for these com-

pounds are 1.15 and 11.05 mmol litre71, respectively.

Structures 184, 185

Bhalla et al.177 demonstrated that N-acetylfarnezidecys-

teine (AFC, 186) is either a full or partial PPARg agonist.

The administration of AFC to mice with diabetes induced

by feeding high-fat diet led to a substantial decrease in

glucose level. In this case, the body weight gain in animals

was 5.8%, whereas the body weight gain in mice treated

with Rosiglitazone was 14%.

The carotenoid astaxanthin (ASX, 187) binds to PPARg
in a dose-dependent manner, but it does not cause activa-

tion of the reporter gene under the control of PPARg,
although it inhibited the PPARg-dependent expression

induced by Rosiglitazone. The compound ASX did not

stimulate 3T3-L1 cell differentiation but inhibited the dif-

ferentiation induced by Rosiglitazone. Therefore, it was

concluded that ASX is a PPARg modulator, the action of

which depends on the cellular microenvironment.

The structures of compounds 181 ± 187, which are

PPARg ligands, and the character of their hypoglycemic

effect that differs from that of Rosiglitazone suggest that

these compounds can act as activators of the FFA1 receptor

or exhibit a hypoglycemic effect but with a different

mechanism.

* * *

An analysis of the literature data shows that many hypo-

glycemic compounds that act on different biological targets

contain similar or even identical structural moieties respon-

sible for biological activity. Taking into account the fact

that the agent can interact simultaneously with several

targets, the search for new hypoglycemic drugs should not

be limited to testing the activity of compounds for one of

the targets. Apparently, the affinity of the molecules for

other targets should be at least calculated, if it is possible. In

our opinion, the screening in in vitro experiments is the

approach of choice.

*
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Type 2 diabetes is a disease associated with the complex

impairment of glucose metabolism and causing many com-

plications. Therefore, the synthesis of multifunctional

agents seems to be a promising approach to the rational

design of new effective drugs for the treatment of this

disease. The synthesis of compounds containing a combina-

tion of different pharmacophores, such as the thiazolidine-

dione ring, the cyanopyrrolidine moiety, etc., should be

mentioned as one of approaches that holds promise for the

development of multi-target drugs. The introduction of

known pharmacophores into natural compounds, which

have particular hypoglycemic properties, has also a poten-

tial for the development of antidiabetic drugs.
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