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ABSTRACT

Esculetin is the main active ingredient of Corte®dhni, its chemical name is 6,7-dihydroxycoumaiiihis review
covered recent studies on the synthesis, pharmgicalbactivities and mechanism of esculetin anddgsivatives
over the past decade. With a variety of novel eticubtlerivatives being continuously synthesized,dévelopment
and clinical application of Cortex Fraxini and itsain ingredient esculetin will be more prospective.
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INTRODUCTION

Chinese herbal medicine has been widely used fatudes for the treatment of different diseasest&oFraxini is

a commonly used traditional Chinese medicine. Aditay to the Chinese medicine, there are four spedassified
under Cortex Fraxini, namellyraxinus rhynchop hylla Hancd-. chinensis Roxb.F. sz aboana Lingelstand F.
stylosa Lingelshlt has been indicated that Cortex Fraxini possemsons pharmacological effects, including
anti-pathogenic microorganism[1], anti-inflammaf@jy antitumor[3] and neuroprotection[4]. There amany
active ingredients in Cortex Fraxini. Especiallgceletin1l, esculin2, fraxin 3 and fraxetin4 found in Cortex
Fraxini been investigated as major pharmacologiaadtive ingredients
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As the main active ingredient of Cortex Fraxinic@stin has been widely used in expectorant, as#ite and other
aspects, such as anti-inflammatory effects, ardemt, antibacteria, antitumor and so on. Becauseufiple
pharmacological effects, esculetin has broad pisgfedeveloping effective drugs. The 6,7 two pHenbydroxyl
and 3,4-double bond of the structure are the vialctive sites, which could obtain novel structeseuletin
derivatives by chemical reaction. This review c@eerecent studies on the synthesis, pharmacologitaities and
mechanism of esculetin and its derivatives ovelptit decade.

1.Phar macological effects of esculetin

1.1. Anti-inflammatory effects

Experiments reveal that esculetin has anti-inflatomyaeffects. On one hand, esculetin reduces tbeegen of NO
to regulate blood vessels and eases the organsgissamage of inflammation; on the other hand,lescunhibit
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the secretion of soluble intercellular adhesion aoole (sICAM-1), which can reduce the adhesion tr@acof
leukocytes and endothelial cells to reduce themfhatory[5]. Esculetin can significantly reduce éx@ression of
MMP-1 in cartilage and levels of NO and PGE2 inayal fluid, and postpone the occurring of ostelotis[6]. In

the experiment, esculetin can protect myocardiamfrischemia reperfusion injury by reducing systemic
inflammatory responses[7].

Obesity is closely related to chronic low-grade lanfmation of adipose tissue. Esculetin exhibites
anti-inflammatory properties by inhibiting the pradion of proinflammatory cytokines in the inteiact between
adipocytes and macrophages through HO-1 expres&isouletin may have the potential to improve chroni
inflammation in obesity[8].

1.2 Inhibition the proliferation of vascular smooth muscle cell

The proliferation of vascular smooth muscle cefSiMCs) induced by injury to the intima of arterissa vital
pathogenic factors in vascular proliferative diged including atherosclerosis and restenosis. ESoukan
effectively inhibit the proliferation of r¥SMCs witro in a dose- and time- dependent manner. The machanism
may the antiproliferative effect is mediated by ibiting the activation of Ras-Raf-MEK-ERK/ MAPK and
Ras-PI3K Akt[9]. The experiment reveals that esiulblocks cell proliferation via the inhibition @fh upstream
influence of Ras and downstream events, such a&l442APK activation, Pl 3-kinase activation, immai early
gene expression, as well as NF-kappaB and AP-tatichn. It also blocks intimal hyperplasia aftefiban vascular
injury in the rat, showing the curative potential freating restenosis after arterial injury[10hother experiment
reveals that esculetin can activate PPAR and promote ABCAL and ABCGL1 expression, therelhybits the
formation of smooth muscle - derived foam cells[1Rgsides, esculetin has neuroprotective effecteerebral
ischemia/reperfusion (I/R) injury in a middle ceralartery occlusion model in mice[12]. Esculetaluces cleaved
caspase 3 level, a marker of apoptosis; and estebetrts its anti-apoptotic activity by up-regigtthe expression
of Bcl-2 and down-regulating the expression of Blaxview of its clinical use as an anticoagulandl dis safety
profile, esculetin may have a medicinal potentialthe treatment of stroke in the future.

1.3 Antioxidative effects

Free radicals and reactive oxygen species (ROSphvdre generated by ultraviolet irradiation, mayige serious
skin diseases. Esculetin is a potent agent to grotdls against ROS-mediated Abeta-damage[13ulESo shows
the strong scavenging activity against DPPH radjtd]. In the experiment, esculetin is effectivgpnotecting cells
against DNA damage induced by oxidative stress.[Bblother experiment also illustrates the esculstiows
strong scavenging activities on DPPH radical[18}e Tree radical activities are related to the cotre¢ion and
time of esculetin mixed with DPPH. The ability afasenging free radicals is positively correlatedhwiime and
concentration.

1.4 Hepatopr otective effect
Esculetin is found to possess anti-hepatotoxio/iigtand the presence of this compound in Cichorintybus and
Bougainvllra spectabillis may explain the folklotise of these plants in liver damage[17].

More and more evidence relate to free radical-geimgy agents and inflammatory processes suggests th
cumulation of reactive oxygen species can causatbgxicity. A short-chain analog of lipid hydropeide, t-butyl
hydroperoxide (t-BHP), can be metabolized to fiegical intermediates by cytochrome P-450 in hepa#sc which
conversely can initiate lipid peroxidation, affeetl integrity and lead to cell damage. Histopatigidal evaluation

of the rat livers revealed that esculetin redudedincidence of liver lesions induced by t-BHP/uing liver cell
swelling, leukocyte infiltration, and necrosis[1&sculetin may play a prevention role via reducinglative stress

in living systems.

1.5 Antidiabetes activities

Diabetes mellitus is the most common serious méditatalisorder and it is considered to be one of thest
important reason leading to death in the world bBtas also result in many diabetes complicatiooh sg harm to
the human heart, brain, kidneys, blood vesselsjeserskin and so on. Hyperglycemia-mediated oxidasitress
plays a crucial role in diabetic complications. &n the research of Prabakaran, esculetin treatenerts a
protective effect in diabetes by attenuating hylyegmia-mediated oxidative stress and antioxidammetence in
hepatic and renal tissues [19]. In the experimestuletin exerts a pronounced antihyperglycemiecefhgainst
streptozotocin-induced diabetic rats [20].

1.6 Antibacterial properties

The human pathogen Escherichia coli O157:H7 isghbto be spread by direct or indirect contact viitfected
animal or human faeces. E. coli 0157:H7 is the mostmon cause of hemorrhagic colitis, and no effedherapy
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exists for E. coli O157:H7 infection. The additiohesculetin to human faecal slurries and in vitoatinuous-flow
fermenter models simulating conditions in the huroatlon and rumen caused marked decreases in thiwaunf
an introduced strain of E. coli 0157 [21]. Anotlexperiment proved that esculetin can repress Stigaoxin
gene stx2 in E. coli 0157:H7 and weaken its virakem vivo in the nematode Caenorhabditis elega®g [

1.7 Antitumor properties

Esculetin is a phenolic compound that is found atural plant products and induces apoptosis inragwgpes of
human cancer cells. Esculetin has been shown éctsadly induce tumor apoptosis in several kindsaricers and
is considered as a promising chemotherapeutic agente promyelocytic leukemia (APL) is a type @ncer, in
which immature cells called promyelocytes proliferabnormally. Esculetin is found to inhibit thensual of
human promyelocytic leukemia cells in a concentratiependent and time-dependent manner[23-24]. rOthe
research reported that esculetin exerts its aptifprative action on cultured human monocytic leoka U937
cells[25-27]. ERK pathway is key regulators of ajogjs in response to esculetin in human leukemida7Uugells.
Another experiment proved that esculetin signiftbarsuppress the growth of oral cancer SAS cellsain
dose-dependent manner [28]. Esculetin enhances O-Rluced apoptosis primarily through upregulataDR5,
combination of esculetin and TRAIL may be a newabpeutic strategies for oral cancer

1.8 Suppressing adipogenesis

The quality of the adipose tissue is determinehigyrtumber of fat cells and it is subjected to hostetc regulation
involving cell death mechanisms. Esculetin mediaigipocyte apoptosis involves the mitochondriahpaty [29].
Esculetin decreases adipocyte number by initiaipgptotic process in 3T3-L1 adipocytes. Anothereexpent
indicated that esculetin has anti-adipogenic efféebtough modulation of PPARand C/EBR via the AMPK
signaling pathway [30].

2. Synthesis of esculetin

Cao[31] et al. studied the synthesis of escul@&in.benzoquinone, acetic anhydride and sulfurid a@re used as
the raw material to produce 1, 2, 4 - phloroglutitmiacetate intermediate and then combined withcemtrated
sulfuric acid and malic acid to synthesize aesoul&he yield reached 80. 3%. (Scheme 1)

O OCOCH; HO o. .0
H,S0, OCOCH3 HOCHCOOH H,SO4 ,Ny
+ (CH;CO),0 4 ; - = P>
CH,COOH HO 1
O OCOCH;
Scheme 1

Zhang[32] designed the synthesis ways of esculetid optimized the reaction conditions by unifactod
multifactor orthogonal experiment. The optimal t&at conditions are that the amounts of P - benzmme:
acetoacetate: concentrated sulfuric= 1: 3: 0.15faubd), at 3h and 45, the yield reached 89.2%; and the reaction
temperature is about 12@nd time is 2 h, the volume of concentrated sufagid is 10 mL, the amount of
[,2,4-benzenetriol is 5 g, the amount of malic asidbout 5.6 g, the selectivity of esculetin cordech about 80%.
(Scheme 2)

o OCOCHg3 OH
(CH3CO),0 HO(IZHCOOH HO =
o OCOCHS H CH,COOH 1
Scheme 2

Yang[33] et al. used the cyclization of 1, 2, 4-bemetriol and ethyl propionate to synthesis esitulehder
microwave irradiation and used ZnCls catalyst. The optimum reaction conditions wasefollows: n( 1, 2,
4-benzenetriol) : n ( ethyl propionate) = 1. 0 013. 5 g Zng¢l 10 min, 1057 and microwave power 400W. The
yield reached 87. 4% . (Scheme 3)

OH HO 0_0
+ He=c-coor — m
MW _

Scheme 3
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3. Synthesis and phar macological activities of esculetin derivatives

Zhang[34] et al. reported the synthesis of 6,7-tlhmeycoumarins by methylating from 6, 7- dihydroxycoumarin
with an overall yield of 74. 4%. (Scheme 4) Zhad[86al. used the same way to synthesis 6,7-dimgtdumumarin
and catalysts in the methylation progress of 6hgulioxycoumarin were investigated and chosen. Hsearch
compared the catalytic effects in the methylatiomcpss with [BMIm][BE]. [BMIm|CI. [BMIm]Br. and
[BMIm][PFg]. The results showed that the catalytic effectN&N-dialkylimidazolium-based ionic liquid is better
than PTC. Besides, using imidazolium ionic liquadscatalysts not only can increase the reactiddsyiémprove
selectivity and the reactation under the low terapee, but also the catalysts can be reused. Anotsearch[36]
reported that 6,7-dimethoxycoumarin had potenthikiitory activity against Clostridium histolyticueollagenase

(ChC).
HO:CEOJ%D Dimethylsulfate H3C0m‘3
= OH- HsCO &

HO
5

Scheme 4

Compared with traditional methods[37,38], usingisied microwave irradiation to synthesize scopnléticould
apparently shorten the reaction time, increasadhetion selectivity and the yield, and also suétdbr industrial
production. Yield increased to 73% from the tramtiil 46% [39].(Scheme 5) Morina et al.[40] synthediseveral
coumarin derivatives whose chemical structuressamélar to scopoletin. Scopoletiné showed the strongest
termiticidal activity among the compounds testadlofved by 6-methoxycoumarirl@), 6-hydroxycoumarin),
and umbelliferone).

HO o.__0O /O o.__0O HO o0.__0O
HO = MW \O = MW \O ) =

Scheme 5
0._0
—_—
HO N Rs EtOJ\/I\OEt 100°C.2hr R =
R1 Rz Yield(%)
al OCH OH 9 96
HO 00 a2 H ? OCH, 10 58
_ a3 OCHj, H 11 88
s a4 OCHj OCHj, 12 59
Scheme 6

Bull et al.[41] put forward a new method to the thwsis of the 6H-benzo[d]naphtha[l,2-b]pyran-6-dng system.
The key of this method to synthesis coumarin dériga is the application of a new benzannulatioategy (the
BHQ Reaction), which easier to make ortho-allylaridhloroacetates transforme into naphthalenevdtvies via a
cascade of reactions which involves an initial ATR@ction followed by the extrusion of GO'he isolation of the
coumarinl3in 84% after chromatography . (Scheme 7)

M MeO
Hom KoCO3 eom , N toluene
—_— —_—
HO 0~ 0 oH 0~ 0 HO 0~ “O clccocl
MeO

CC s
CuCl
(0] (0] cl 0" N0
/& DCE
Cl,C™ 0
| 13

Scheme 7

Nemoto et al. [42] successively reported using lgtitaasymmetric epoxidation of an enone as the &mp to
synthesis a series of coumarin derivatives , iriolydhe enantioselective total syntheses of (+udsn 14 and
related natural dihydropyranocoumarins (-)-prantagin 16, (+)-decursinoll7, and (+)-marmesii8 for the first
time. The new asymmetric catalyst generated froif®©LiaPr);, BINOL, and PBAs=0 in a 1:1:1 ratio epoxide in
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94% vyield and 96% ee could effectively promote lggitaasymmetric epoxidation of the enone, recrligeed the
product can give optically pure epoxide.

R4
RZWO \
CHz O H3;CCH3
CH; O o o X0 )\/U\)/u h
H3C cHj HsC
O o~ "0
(+)-decursin(14):R1=H,R,=CH3 (-)-prantschimgin(16)

(+)-decursinol angelate(15):R4=CH3,R,=H

HO X H30>/(3H3 X
HsC
(+)-decursinol(17) (+)-marmesin(18)

Chimichi et al.[43] developed a new synthetic roitecoumarinyloxyaldehydes starting from hydroxye@uins,
which a convenient procedure leading to 7-(2-oxeeglicoumarin®3a-d that could easier get target compound in
much higher yields. These compounds, intermediateke preparation of natural products includingpgevarin
and psoralens, now are available in good yieldh wisimple post-processing program, and the reppodete has
been applied to dihydroxycoumarins. (Scheme 8)

OIO(\Q/ Rs  KyCOs,acetone Ox© O COEt  NaOH,HCI,EtOH
N X
Ri Br~ CO,Et R1m

R2 R2
19a Ry=Rp=H 20a-d
19b R=H,R,=Me
19¢ Ry=Me,R,=H

19d R1=R2=Me
0._0 O._COyH SOCIl,,CHCIy 0._0O O._-COCI
R2 R2
21a-d 22a-d
Rosenmund catalyst, o) 0 0 CHO
~~
toluene,H,
RO Y
Rz
23a-d
Scheme 8

Cravotto et al.[44] developed the monoalkylationnatural dihydroxycoumarins under sonochemical dmnts.
This method led to several compounds with pharneagohl activities or precursors thereof. The phgtamgen
ferujol 24 isolated fromFerula jaeschkear{d5] for the first time. Besides, a simple methylatidncompound25
could produce the anti-virus and anti-platelet aggtion agent collinine (from Zanthoxylum schinidioh)[46], a
selective epoxidation of 7-farnesylesculefff could produce some new hopene squalene cyclasbitanb.
(Scheme 9).

In 2007, Creaven et al. [47] used two novel coumbgsed ligands, coumarin-6,7-dioxyacetic &idcdoah) and
4-methylcoumarin-6,7-dioxyacetic ackB (4-MecdoaH) to react with copper(ll) and manganese(ll) saltke
complexes carried out the antimicrobial activityasgt some microbial species, including methicitidsistant
Staphylococcus aureU®RSA), Escherichia coliand Candida albicansThe metal-free ligand27 and 28 were
effectively against all of the microbial speciesan@lexes29-32 had no apparent activity while the phen add@8ts
and 34 were active against MRSA (MIC80 = 12uM), E. Coli (MIC80 = 14.9uM) and Patonea agglumerans
(MIC80 = 12.6uM). Complex33 also had antzandidaactivity,which was (MIC80 = 22M) comparable to the
commercially antifungal agent ketoconazole (MIC8R51 M). (Scheme 10).
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Scheme 10

Hu[48] et al. reported a series of furanocoumagn\atives35. 35 may be used as membrane transfer of GLUT4
agonists and GLUT4 protein expression agonists, thatefor can be used in the therapeutic of diabate its
complications(wherein R R,, Rs, and R=independently H, alkyl, alkenyl, or phenyl; BRnd R=independently H,
alkyl, alkenyl, Ph, hydroxy, or alkoxy).
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Bhardwaj et al. [49] investigated the catalyst daidative coupling of coumarin with propenyl phenalnd alkene
substrates. This led to some novel coumarinolig88¢9 by dimerization of the two through C-O-C linkage.

s
0”0 0" R,
36 Ry=CH,OH,R,=CgHy-3-OMe-4-OH,52%
37 R1=CO,Et,R,=C¢Hs-3-OMe-4-OH,60%

38 R;=H,R,=OCOMe,61%
39 Ry=H,R,=CO,H,62%

Esculetin was found to have the ability to causerdduction of Cu(ll) to Cu(l) with formation of ESoxidation
products40,41 [50]. Castaldi et al. tested the ability of maleidaand ESC to mobilize the Cu(ll) ions accumulated
in a Ca-polygalacturonate matrix (Ca-PGA) used a®del of the root apoplasm, in aqueous phaseHA5.0 and
6.0, malic acid mobilizes about 22% and 34% ofGl¢ll) accumulated, while esculetin around 12% a&#&%. The
research of Cu (ll) -esculetin also showed thahwite formation of semiquinonic radicals, one molecof
esculetin reduces one Cu(ll) ion, and the speedfagsr in the presence of malic acid. (Scheme 11)

HO 0._0 HO 0.0
|
pH60
OH /I:j(\:/[

40
Scheme 11

Aurioll et al. reported the invention relates to)-{B-a-D-Glcp-(1-],-6-O-b-D-Glcp-(t~>-phenolic derivatives
42[51]. These new derivatives have useful applicatiorcosmetic, nutrition and pharmaceutical compasg, such
as treatment or prevention of oxidative stresscegrcardiovascular disease, bacterial infectioirg) infections,
fungal infections, UV-induced erythema, an alle@ynetabolism. Disorders, diabetes, obesity, hoaihdisorders,
bone disorders, pain, cerebrovascular diseasepodintal diseases, inflammatory or immune disarde

OH [e)
HO o)
HO Q |
HO N
O 1o
HO o)
HO Q
OH
42

Pisani [52] et al. synthesized a large group of sStlied coumarins linking through a spacer to
3-hydroxy-N,N-dimethylanilino or 3-hydroxy-N,N,N-alkyl benzaminium moieties. These coumarins derxieat
were evaluated as acetylcholinesterase (AChE) angrycholinesterase (BChE) inhibitors. The high@sThE
inhibitory potency in the 3-hydroxy-N,N-dimethyldinb series was discovered with a 6,7-dimethoxyuBssituted
coumarin derivative43. 43 had outstanding affinity (IC50=0.236 nm) and exkith remarkable AChE/BChE
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selectivity (S1>300 000).

0._0O OMe

HO\@/O\/\/\OmOMe
R 43

CONCLUSION

Numerous studies have investigated chemical syisttaa®l pharmacological activities of esculetin asduletin
derivatives. Further clinical applications of estil may be developed on the basis of these phalogical
mechanisms found both irivo and invitro.
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