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Recent Advances in Anti-inflammatory Synthetic Flavonoids as Potential Drugs
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Abstracts — Flavonoids are well-known anti-inflammatory agents that exert their effects via a variety of
mechanisms including antioxidative action, inhibition of eicosanoid metabolizing enzymes and regulation of the
expression of proinflammatory molecules. In this review, synthetic approaches to obtain more useful flavonoid
derivatives are summarized. Human clinical trials of flavonoid therapy are discussed. Through continual
investigation to identify more potent and comparable flavonoids, new anti-inflammatory flavonoid therapy will be
successfully launched, especially for the treatment of chronic inflammatory disorders.
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Introduction

Flavonoids are natural plant constituents that have
various biological and pharmacological activities (Havsteen,
1983). The flavonoid family includes chalcone, flavan-3-
ol, flavanone, flavone, flavonol and various biflavonoids
(Fig. 1). Some of these compounds exert anti-inflammatory
activity in vitro and in vivo (Gabor, 1986; Middleton et
al., 2000). Generally, flavonoids have multiple cellular
mechanisms of action that lead to anti-inflammation. In
addition to their well-known anti-oxidative action, some
flavonoids exert inhibitory activity against eicosanoid and
nitric oxide (NO) metabolism. For example, some com-
pounds inhibit phospholipase A,s (PLA,), cyclooxy-
genases (COX), lipoxygenases (LOX) and nitric oxide
synthases (NOS). Some flavonoids also inhibit other
proinflammatory enzymes such as matrix metalloproteinases
(MMP). Furthermore, certain flavonoids, especially flavones,
down-regulate the expression of many proinflammatory
molecules. Specifically, these flavonoids inhibit the
expression of the inducible forms of COX and NOS,
interleukins, TNF-o and adhesion molecules in
inflammatory cells and tissues. Many flavonoids and
biflavonoids affect multiple points in the aforementioned
pathways, which suggest that they are anti-inflammatory
agents with multiple action mechanisms (Kim et al.,
2004a). The typical natural flavonoids that have been
isolated from plant extracts include catechins, wogonin,
quercetin, kaempferol and myricetin.
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Many flavonoid derivatives were examined for their
anti-inflammatory activity in a variety of animal models
of inflammation. Some derivatives showed strong activity,
while other derivatives showed only weak activity.
However, it seems to be clear that flavonoids, in general,
do not show activity high enough for a clinical trial when
administered orally. The main problem may be the
bioavailability. As many researchers found, most flavonoids
show low bioavailability and rapid metabolism to inactive
compounds when administered orally. To overcome this
situation and to examine the drug potential, many
varieties of flavonoids have been synthesized and their
pharmacological activities were evaluated.

Development of anti-inflammatory agents from
synthetic flavonoid libraries

The synthetic flavonoids with various pharmacological
activities — Although there have been many ftrials
conducted to synthesize the flavonoid libraries, this is not
a comprehensive review covering all published work.
Rather, selected papers showing significant progress were
summarized here.

Many flavonoid derivatives have been synthesized for
anti-inflammatory purposes as well as for other uses such
as antiviral activity, antiplatelet aggregation and anticancer
use. For instance, the effects of various synthetic and
natural flavonoids on sialidase inhibitory activity were
examined. The derivatives, mostly C-5, -6, -7 and -8-
substituted flavones with hydroxyl, methoxyl, acetyl,
benzyl, prenyl or glucose, more or less inhibited sialidase.
The most active one was 4',5,7-trihydroxy-8-glucurony-
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Fig. 1. Classes of naturally-occurring flavonoids.

Iflavone, suggesting its potential use for antiviral agent
(Nagai et al., 1989). In addition, many flavans and
isoflavans having CN or amidino substituent (F1) (Fig. 2)
were synthesized and their antirhinovirus activity was
evaluated (Conti ef al., 1990).

It should be noted that the lipophilic flavonoid, 3-[2(E)-
phytyl mercaptylmethylene-4'-fluoro-5,7-dihydroxyflavone]
(F2), was synthesized and found to possess 15-times
higher antioxidative activity than vitamin E (Beck ef al.,
1990). Additionally, di-fert-butylhydroxylated flavones
(F3) were prepared and found to have strong antioxidative
activity (Lebeau et al., 2000). Recently, 3-alkyl-3'4',5,7-
tetrahydroxyflavones were prepared and their inhibitory
action against oxidative damage to low density lipoprotein
(LDL), RBCs and keratinocytes were compared (Filipe et
al., 2009). The activities varied depending on the length
of the alkyl chain, and some of these compounds strongly
protected against toxic oxidative effects in human
keratinocytes. These compounds may be used for topical
anti-inflammatory agents in dermatological drugs, as well
as for cosmetic preparations.

It is well-known that some flavonoids show antiplatelet
action, probably by inhibiting COX and/or cAMP-
phosphodiesterase (PDE). Ertan et al. (1991) synthesized
the interesting derivatives of flavone. They prepared 20

benzodioxane derivatives of flavone including N-[3-
diethylamino]-1-propyl]-2,3-dihydro-64-oxo4H-1-benzopyran-
2-yl)-1,4-benzodioxin-2-carboxamide (F4). Some of these
derivatives potently inhibited platelet aggregation, with
the ethoxycarbonyl derivative of 4',5'-benzodioxane having
the most potent activity. Specifically, its 1Cs, values for
human platelet aggregation induced by ADP, collagen and
thrombin were 1, 2 and 24 uM, respectively. Furthermore,
several 2'-O-aminopropanol flavone derivatives (F5) were
synthesized, and these compounds also showed antiplatelet
effects (Chung et al., 2001).

There have been several synthetic approaches to
identify anticancer flavonoids since some flavonoids are
known to potently inhibit protein kinase C (PKC) or
protein tyrosine kinase (PTK). In this respect, the new
synthetic procedures for various flavones were established
and the derivatives such as 5,7-dihydroxy or 5,7-
dimethoxy-3'"-nitro-4'-chloroflavones (F6) were prepared.
Some of these compounds showed cytotoxic effects and
PTK inhibitory activity as expected (Cunningham et al.,
1992). Generally, flavonoids having nitrogen-containing
side chain are known to possess the increased anticancer
activity. For example, flavopiridol [(cis)-5,7-dihydroxyphenyl-
8-[4-(3-hydroxy-1-methyl)piperidinyl]-4H-1-benzopyran-
4-one hydrochloride hemihydrate] (L868276) having C-8-
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cyclic ring of nitrogen atom (F7) showed anticancer
activity and cyclin-dependent kinase (CDK) inhibitory
action (Losiewicz et al., 1994). This compound has been
carried out on human clinical trial (Phase 1 and 2). In
addition, C-8 nitrogen-containing flavonoids were recently
synthesized and they were found to be CDKl/cyclin B
inhibitory (Liu et al., 2007). Specifically, flavopiridol-
mimicking chalcones and flavones having C-8 nitrogen-
containing molecules such as dimethylamino and
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piperidinyl group (F8) showed potent inhibitory activities
on CDK1/cyclin B, suggesting they may have anticancer
activities. Moreover, B-ring substituted 5,6,7-trimethoxy-
flavones (F9) were synthesized and some of them showed
anticancer activity in vitro (Liao and Hu, 2004). In
particular, 5,6,7-trimethoxy-4'-aminoflavone potently inhibited
Hep G2 cell growth. Recently, 5-hydroxy-3',6,7,8-
tetramethoxy-3'-aminoflavones/flavonols were prepared,
some of which, including 3-chloro-3'-amino-4',6,7,8-
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Fig. 2. The representative synthetic flavonoid derivatives mentioned in this study.
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tetramethoxy-5-hydroxyflavone showed cytotoxic effects
(Quintin et al., 2009).

It is also known that some flavonoids possess
tranquilizing activity. In this respect, many halogen- and
nitro-substituted flavone derivatives were synthesized and
their anxiolytic activity was evaluated. Among the derivatives,
6,3'-dibromo- and 6-nitro-3'-bromoflavones (F10) showed
potent activity (Viola et al., 2000). The synthetic
derivatives having other biological activities were also
demonstrated. 6-Hydroxyflavone derivatives and N-
containing flavonoids (F11) were synthesized and found
to have oa-glucosidase inhibitory (Gao and Kawabata,
2005). Moreover, persulfated flavonoids were synthesized
and some of them inhibited factor Xa (Gunnarsson et dal.,
2005). Interestingly, 3',4'-substituted-7,8-benzoflavanones
and 3,4-substituted-2',3'-benzochalcones (F12) were syn-
thesized and benzoflavanones were found to be potent
aromatase inhibitors (Yahiaoui et al., 2008). In addition,
the sulfonated chalcones (F13) were prepared and they
were found to comprise a new class of voltage-dependent
K" channel blocker (Yarishkin ef al., 2008).

As summarized above, various flavonoid derivatives
were prepared and their biological activities were
evaluated. However, only a few compounds are being
evaluated in clinical trials for anticancer drugs such as
flavopiridol.

Anti-inflammatory synthetic flavonoids — Many efforts
have also been carried out to develop anti-inflammatory
flavonoids. For example, 3',4'-dihydroxy-C-5,6,7- and C-
5,7,8-substituted flavones with alkoxy groups at C-5 or C-
6 were initially prepared and their inhibitory activities
against 5-LOX were evaluated. The results of these
studies revealed that 5- or 6-substitution of these
compounds with an alkoxy group having 5— 10 carbons
increased the 5-LOX inhibitory activity (Horie et al.,
1986). The derivatives were relatively specific for 5-
LOX, and they did not inhibit COX. Therefore, these
compounds are potential antiallergic agents. Some mono-
hydroxy- and monomethoxyflavones at C-5, 6 or C-7
were also synthesized (Hirano ef al., 1989), and these
compounds were generally capable of inhibiting T-cell-
dependent lymphocyte proliferation.

3-Phenylflavone derivatives (F14) were synthesized
and found to have antihypertensive activity (Wu et dal.,
1987). Based on these initial findings, some 2-alkyl-7-O-
substituted isoflavones were synthesized, but their anti-
inflammatory activities were not strong in rat CGN-
induced paw edema (Wu et al., 1992). Nonetheless, it is
worth to mention that among the derivatives, 2-furyl-7-O-
aminoalkylisoflavone (F15) has a unique structure.
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Synthetic flavonoids having cyclic substituents with
hetero-atom may possess interesting biological activity.
However, in this case, this compound only showed weak
anti-inflammatory  activity. Similarly, several 7-O-
alkylated biochanin A (isoflavone) derivatives were prepared
and their anti-inflammatory activities were examined by
mouse ear edema assay, but their activities were not
strong (Lee et al., 1994).

Chalcones also possess anti-inflammatory activity.
Various hydroxy- and methoxy-substituted chalcones
were synthesized and several derivatives containing 2',5'-
dihydroxyl group showed COX inhibitory activity (Lin et
al., 1997). Some novel chalcones were also found to
possess anti-inflammatory activity. For instance, synthetic
chalcones and their congeners, including 3,4,5,3'4',5'-
hexamethoxychalcone (F16), down-regulated iNOS and
COX-2 expression at micromolar concentrations (Herencia
et al., 1999).

Flavonoid-like molecules were also synthesized and
their activities were examined. Interestingly, 2,3-diaryl-
benzopyrene derivatives were prepared. Flavonoids with
4'-methylsulfonyl and 2-phenyl substitutions (F17) were
found to have potent COX-2 inhibitory activity (Joo ef al.,
2003). Among these compounds, 6-fluoro derivative (F18)
showed potent anti-inflammatory activity and antiarthritic
activity against A-carrageenan (CGN)-induced paw edema
and adjuvant-induced arthritis (AIA) in rats. Among
chrysin derivatives synthesized, 5,7-diacetylflavone (F19)
inhibited COX-2 (Cho et al., 2004). Additionally, Huang
et al. (2005) synthesized the B-ring halogenated analogues
of baicalein and found that compounds with 2'- or 4'-
chloro substituents had higher NO inhibitory activity in
RAW 264.7 cells. Recently, many flavonoid derivatives
were prepared and their inhibitory activities against 12-
and 15-LOXs were evaluated (Vasquez-Martinez et al.,
2007). The groups of 3'.4'-substituted-6,7-dihydroxyiso-
flavones, -isoflavanones and 3',4'-substituted-7,8-dihydroxyiso-
flavones (F20) inhibited human 12-LOX and 15-LOX.

To identify the optimum structures of anti-inflamma-
tory flavonoid molecules, our group synthesized various
types of flavones containing hydroxyl, methoxyl, halogen
and nitro substituents. Some of these compounds have
been found to have the capacity to inhibit proinflam-
matory enzymes and regulate the proinflammatory
expression of molecules such as PLA,, COX-2 and iNOS
(Dao et al., 2003a and 2003b; Dao et al., 2004; Jang et
al., 2005; Park et al., 2005). Particularly, some derivatives
having 5,7-dihydroxyl groups with 6,8-substituted
moieties or 3'.4'-dichloro substitution showed potent
inhibitory activity against PGE, production from LPS-
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treated macrophages. Their potencies were comparable
with that of wogonin, which is the most potent natural
flavone. The examples are 5,7-dihydroxy-6,8-dimethyl-
sulfurylflavone (S-wogonin), 2'4",7-trimethoxyflavone (TMF)
and 3',4'-dichloro-7-methoxyflavone (DCMF) (F21). From
the cellular mechanism study, TMF was revealed as a
PLA, inhibitor, inhibiting arachidonate release from
lipopolysaccharide (LPS)-treated RAW 264.7 cells. ICs
value for PGE, inhibition was 0.6 uM. This compound
neither inhibits COX-2 nor suppresses COX-2 induction
(Han ef al., 2005).

The inhibitory activities of various synthetic flavone
derivatives against iNOS-catalyzed NO production were
examined using the LPS-treated macrophages, RAW
264.7. The results of these studies revealed that 3',4',5,7-
hydroxyl groups were found to be favorable as in luteolin
(Kim et al., 2004b). Moreover, luteolin and wogonin
strongly inhibited iNOS-mediated NO production, mainly
via the down-regulation of iNOS. In addition, 41 chalcone
derivatives were synthesized and their iNOS inhibitory
activities were evaluated in LPS-treated RAW 264.7 cells.
Among these derivatives, 2'-methoxy-3,4-dichlorochal-
cone and 2'-hydroxy-3-bromo-6’-methoxychalcone were

Table 1. Human clinical trials of flavonoids
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found to inhibit iNOS-mediated NO production at 1 - 10
1M, and these effects occurred partly via the suppression
of iNOS induction. Further evaluation of the mechanism
of these chalcone derivatives revealed that they down-
regulated iNOS primarily by inhibiting nuclear factor-kB
(NF-kB) activation in LPS-treated RAW cells (Kim et al.,
2007).

Anti-inflammatory flavonoids: Human clinical
trials

Varieties of natural and synthetic flavonoid derivatives
were evaluated for their anti-inflammatory activity in
vitro and in vivo. There have been some pharmacokinetic
studies of flavonoid ingestion as a dietary food or
supplement. Although many clinical trials have been
carried out for anti-cancer flavonoid therapy, only a few
clinical investigations have been carried out for anti-
inflammatory flavonoid drugs. Table 1 summarizes the
clinical effects of pure flavonoid compounds that have
been demonstrated to date, but only a few pharmaco-
kinetic studies with mixture form of flavonoids are
included here.

Compounds Dose Results References
. . Pharmacokinetic study
Quercetin 100 mg (i.v.), 4000 mg (p.o.) (low bioavailability by p.0.) Gugler et al. (1975)
Quercetin 60 - 1700 mg/m” (i.v.) Phase I trial (renal toxicity), lymphocyte g/ 1 (1996)

Quercetin ingestion

Quercetin, naringenin,
hesperetin diet

High quercetin diet

Genistein
Scutellarin

Tea catechin
Quercetin

Quercetin

Quercetin ingestion

Quercetin (as a form of juice)
ol-Glucosylhesperidin

Quercetin, epicatechin

Quercetin
Flavocoxid

30-300 mg
60 mg

7.4 mg x 3/day (7 days)
(inhalation)

500 mg x 3/day
365 x 2 mg/day (28 days)

1000 mg/day (6 weeks)

15 mg/day (4 weeks)
3000 mg/day (3 months)

200 mg

150 mg/day (6 weeks)
500 x 2 mg/day (1 month)

tyrosine kinase inhibited

No effect on heart disease Conquer et al. (1998)

Lowered asthma incidence Knekt et al. (2002)

No effect on COX-2 expression
of lymphocytes

Phase I trial (safe)

Pharmacokinetic study

Ullmann et al. (2005)
Chen et al. (2006)

Reduced MRSA in sputum (no side effect) Yamada ez al. (2006)

Pharmacokinetic study Moon et al. (2008)

Lowering blood pressure in hypertensive

subjects Edwards et al. (2007)

No effect on exercise-induced oxidative
stress and inflammation

No effect
Effective on RA

Augmentation of NO status
(improving endothelial function)

McAnulty et al. (2008)

Boots et al. (2008)
Kometani et al. (2008)

Loke et al. (2008)

Lowering systolic blood pressure Egert et al. (2009)

Effective to manage OA Levy et al. (2009)

All compounds were orally administered unless otherwise specified. MRSA: methicillin-resistant Staphylococcus aureus

de Pascual-Teresa et al. (2004)
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These clinical investigations suggest that anti-inflam-
matory therapy with conventional flavonoids may be
possible, but difficult. The following studies may show
some promise for anti-inflammatory flavonoid therapy
especially on chronic inflammatory diseases. Against
human rheumatoid arthritis, a-glucosylhesperidin showed
some effectiveness (Kometani ez al., 2008). And the oral
administration of flavocoxid (90% baicalein + catechins)
showed improvement for the signs and symptoms of
osteoarthritis (OA) of the knee (Levy et al., 2009). More
phase II and III clinical trials may be needed to prove
effectiveness of anti-inflammatory flavonoid therapy.

On the other hand, other pharmacological activities
were observed in clinical trials. For example, quercetin,
naringenin and hesperetin diets lowered the incidence of
asthma (Knekt e al., 2002) and oral quercetin lowered
blood pressure (Edwards er al., 2007). A reduction in
systolic blood pressure in response to quercetin was also
observed in overweight subjects in a study recently
conducted by Egert et al. (2009). Furthermore, tea
catechins administered by inhalation were found to reduce
the occurrence of methicillin-resistance Staphylococcus
aureus (MRSA) in sputum (Yamada ef al., 2006). In
addition, isoflavones showed effectiveness on several
forms of cancer and postmenopausal syndrome.

Perspectives

Although there has been some success in the use of
flavonoids in anticancer and postmenopausal treatment in
clinical trials, successful anti-inflammatory therapy using
flavonoids have been rare to date. In fact, many
flavonoids having various chemical structures were
examined in vivo and found to have potencies that were
not strong enough to justify clinical trials. Along with the
continual search for more potent flavonoids from plants,
the following alternatives may be pursued. One approach
is the synthesis of more comparable flavonoids with new
and meaningful substituent (s) as summarized above.
Another approach is formulation studies designed to
improve the oral bioavailability and/or metabolism of
flavonoids. In the latter approach, it is important to keep
in mind that i.v.-administration of quercetin showed renal
toxicity in human.
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