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Flavonoids have been recognized as the active ingredients of many medicinal plant extracts due to interactions with
proteins via phenolic groups and low toxicity. Here, we report the investigation of the flavonoid core as a potential new
scaffold for the development of opioid receptor ligands. Biological results suggest that stereochemistry of the C2 and
C3 positions is important for antagonist activity and selectivity. Our results also suggest that the actigpsrafum

perforatummay be mediated in part by opioid receptors.

At present, effective pharmacotherapies have yet to be developedResults and Discussion

for cocaine and methamphetamine dependence. A large body of

evidence in animal models indicates thateceptors (and their

endogenous opioid peptide ligands, e.g., the dynorphins) modulate

the effects of these CNS stimulaitsThe « receptor/dynorphin
system is thought to be part of the brain’s counter-regulatory

response to enhanced dopaminergic activity, which is thought to

be a major initial event underlying drug-induced reinforcement and
abuse potential. In particular,antagonists attenuate the reinstate-
ment of extinguished drug-taking behavior (a model of relapse).

Among the first nonpeptide antagonists identified were those
derived from the nonselective antagonist naltrexdjeijch as nor-
BNI (nor-binaltorphimine2a) and GNTI (8-guanidinonaltrindole,
2b) (Chart 1)*° While 2a has been extensively used to study
opioid receptors, its pharmacological properties are not optimal,
and it exhibits a much longer than expected half-life in Vivo.
Further study 1! of its structure-activity relationships identified
2b as ax antagonist?13 Compound2b has increased potency in
vivo compared ta2a, but unfortunately also has a slow onset of
action and a long half-life in vivé?

Recently, Thomas et al. identified several navepioid receptor
antagonists from several classes of opidfd$® «-Selective an-
tagonists were identified from the 4-phenylpiperidine and the
5-phenylmorphan classes of opioids. In particular, IDTIR{3-
hydroxyN-(19)-1-[(3R 4R)-4-(3-hydroxyphenyl)-3,4-dimethyl-1-pi-
peridinylJmethyl-2-methylpropyl-1,2,3,4-tetrahydro-3-isoquinolin-
ecarboxamide3d) was shown to be a more potenantagonist than
2al6Biological studies have shown thaiblocksk-agonist-induced
antinociception in mice and squirrel monkey and antagonizes
x-agonist-induced diuresis in rasA more recent study illustrated
that 3 is effective in decreasing withdrawal signs in rodents,
indicating3 may find some application in the treatment of opiate
abuse?® Furthemore 3 significantly reduced foot-shock-induced

reinstatement of cocaine responding in rats and decreased immobil-

Recent work has indicated thetypericum perforatuni. (St.
John’s Wort) may possess antiaddictive properties. For example,
extracts ofH. perforatumhave been shown to attenuate alcohol
self-administration in different strains of alcohol-preferring Fats.
Endogenous opioids play a key role in the rewarding properties of
alcohol, and opioid receptor antagonists, suchlasare used
clinically to treat alcohol abus¥:2> Interestingly,H. perforatum
extracts have also been shown to act synergistically with opioid
receptor antagonists to attenuate ethanol intake if%atsis further
supports the idea that the attenuation of alcohol self-administration
caused by extracts &f. perforatumis likely due to effects on opioid
receptors. Extracts dfl. perforatuminhibit bladder contractility
in the rat in part through interaction with opioid receptdrs,
indicating thatH. perforatumcould be a novel treatment for urinary
incontinence. Extracts dfi. perforatumhave also been evaluated
for their anti-inflammatory and analgesic properties in rod€nts
and found to be effective in a carrageenan-induced edema model
of inflammation and formalin-induced pain model for nociception.
These effects are also mediated in part by opioid receptdfs.
Furthermore, in vitro receptor screens have indicated that extracts
of H. perforatum inhibited binding of fH]naloxone and
[®H]deltorphin to opioid receptors:3>Furthermore, amentoflavone
(4), a biflavone present in extracts df perforatum competed for
binding to opioid receptor®.

Additional screening showed thdt had significantd opioid
receptor affinity Ki = 36 nM) in vitro 36 However, it was not known
whether4 was an agonist or an antagonistabpioid receptors. A
recent report has shown théis able to pass the blood brain barrier
by passive diffusion in vitr8 so it is possible that some of the
CNS effects oH. perforatumare the result of its interaction with
opioid receptors.

As a first step toward identifying opioid receptor ligandsHn

ity and increased swimming time in the forced swim stress test Perforatum studies were initiated to determine whethehad

similar to the antidepressant desipramirtdowever, like other
antagonists mentioned abov@has a slow onset and extremely
long duration of actioi!

One approach to circumventing the problems of slow onset an
long duration of action seen withantagonists is to identify novel

structural scaffolds for chemical development. Here, we describe

the identification of flavonoids as a novel structural scaffold for
opioid receptor ligands.

* To whom correspondence should be addressed. Tel: (319) 335-6920.

Fax: (319) 335-8766. E-mail: thomas-prisinzano@uiowa.edu.
* University of lowa.
U Research Triangle Institute.

10.1021/np070194x CCC: $37.00

activity at opioid receptors. Amentoflavone was characterized for
intrinsic and antagonist activity at the humanu, andé opioid
receptors using the3JS]GTP/S functional binding assay as

d described previousl§E Up to 10uM of 4 had no intrinsic activity

at any of the opioid receptors (not shown). It was then assayed for
antagonist activity by determining the ability of a single concentra-
tion of 4 to cause a rightward shift in the concentratioesponse
curve of the opioid receptor selective agonistsAla?2,MePhé,-
Gly-olP)enkephalin  (DAMGO, u), [p-Per?,p-Perflenkephalin
(DPDPE,0 receptor), and U69,593 (receptor). Biflavonet was
inactive as an antagonist at tpeopioid receptor K. > 10 000

nM) and weakly active at thé opioid receptor K. = 6000 nM)
(Table 1). In contras# had good activity at the opioid receptor
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Chart 1. Structures of Naltrexonel), nor-BNI (2a), GNTI (2b), JDTic (3), Amentoflavone 4), Apigenin ), Hyperoside ),

7,4-Dihydroxyflavone ), and Naringening)

Table 1. Results from $#S]GTP+-S Functional Assay Carried
out in Stably Transfected CHO Cells Containing DNA for
Humany, 6, andx Receptors

Ke £ SD, nM selectivity

compd u o] K ulk  Olk
4 >10 000 6000+ 960 490+ 150 >20 12
5 4104+ 30 970+ 300 410+ 90 1.0 2.4
6 390+ 20 9070+ 3350 340+ 100 1.1 27
7 480+ 160 2090+ 690 1610+£800 0.30 1.3
8 23004+ 1800 3680+ 80 1700+ 910 1.4 2.2
9 590+ 280 34904+ 1230 550+ 20 1.1 6.3
10 >10 000 >10 000 >10 000 ND ND
11 3070+ 700 382042170 3280+250 0.93 1.2
12 >10 000 1180+ 250 320+ 20 >31 3.7
13 2400+ 500 1770+ 130 3600+ 1100 0.67 0.49
15 3020+ 620 2170+480 5810+110 0.52 0.37
16 210+ 70 950+ 180 220+ 4 095 43
17 1500+ 600 1700+ 500 1900+ 100 0.79 0.89
18 300+ 30 19904+ 880 250+ 150 1.2 8.0
naltrexone 3.6t 1.5 60.7£ 106 4.6+15 0.78 13
nor-BNRR 26+ 7 29+ 8 0.05+0.02 520 580
JDTic® 25+4 76+ 3 0.02+ 0.01 1250 3800

aData from ref 53.

with aKe of 490+ 150 nM. Figure 1 shows that amentoflavone at
1000 nM caused nearly a 4-fold shift in the U69,593 concentration
response curve. Moreovet,was more than 10-fold selective for
thex over thed opioid receptor. This is the first report of a flavonoid

with « antagonist activity and opens a new structural scaffold for "’ 150+
the development of opioid antagonists. This also adds evidence thae

the actions ofH. perforatummay be mediated in part by opioid
receptors.

Efforts were then begun to investigate structural modifications

to the core structure @f. Removal of one of the flavone ring creates
apigenin b). Up to 10uM, 5 had no intrinsic activity at any of the

antagonist Ke = 410 nM vsK. = 490 nM). This indicates the
second flavone moiety is not required foantagonism. Moreover,
this modification increased activity 6-fold &treceptorsiKe = 970
nM vs Ke = 6000 nM) and a: receptors K = 410 nM vsK, >

10 000 nM) compared td. Replacement of the second flavone
moiety with a F-p-galactose sugar affords hyperosid®. (This
compound is also found in extractstaf perforatum and a previous
study showed tha6 is active in the forced swim stress té%t.
Addition of a 3-p-galactose sugar had little effect on activityat
and « receptors but increased selectivity 9-fold overeceptors
(Ke = 9070 nM vsKe = 970 nM). The removal of the 5-hydroxyl
group from5 creates 7,/4dihydroxyflavone {). This change had
little effect on activity atu receptors Ke = 480 nM vsK, = 410
nM) compared td. However, activity ab) receptors was reduced
2-fold (Ke = 2090 nM vsK, = 970 nM), and activity ak receptors

Human Kappa Opioid Receptor: [35S]GTPyS Binding

3001
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opioid receptors. It was then assayed for antagonist activity as Figure 1. Representative data frorfP]|GTP/S assay at opioid

described above. Apigenin was roughly equipotentitas ax

receptors.
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Chart 2. Structures of 4Hydroxyflavanone 9), Hesperetin 10), Taxifolin (11), (+)-Catechin 12), (—)-Catechin 13), (—)-Epicatechin
(14), (+)-Epicatechin 15), (—)-Catechin Gallate1(), (—)-Epicatechin Gallatel(7), and ()-Epigallocatechin18)
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was reduced 4-fold{e = 1610 nM vsKe = 410 nM). This indicates
that the 5-hydroxyl group is more important for activity at
receptors. Reduction of the alkeneSrtreates racemic naringenin
(8). This change decreased activity 6-foldiaeceptorsi{. = 2300
nM vs Ke = 410 nM) and 4-fold at botld receptors K. = 3680
nM vs Ke = 970 nM) andk receptorsi{e = 1700 nM vsK. = 410
nM). The removal of the 3- and 5-hydroxyl groups &freates
4'-hydroxyflavanone q) (Chart 2). This change increased activity
4-fold atu receptors e = 590 nM vsK, = 2300 nM) and 3-fold
atk receptorsK. = 550 nM vsK, = 1700 nM) but had little effect
on activity ato receptors Ke = 3490 nM vsK, = 3680 nM)
compared to8. These results would indicate that the 3- and

()11
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opioid receptor but was active at theopioid receptor K. = 1180
nM). In contrast,12 had good antagonist activity at tkeopioid
receptor with &, of 320 nM. ()-Catechin 13) was less active at
« receptors K. = 3600 nM vsK, = 320 nM) andd receptors Ke
= 1770 nM vsK, = 1180 nM) compared t@2. However,13 had
increased activity gt receptors e = 2400 nM vsK, > 10 000
nM). (—)-Epicatechin {4) was less active at receptors and
receptors compared th2 (data not shown). Furthermoret)-
epicatechin15) was found to have the same activityateceptors
(Ke = 3020 nM vsKe = 2400 nM),« receptors i = 5810 nM vs
Ke = 3600 nM), ando receptors K = 2170 nM vsKe = 1770
nM) compared tal3. However,15 is more potent at: receptors

5-hydroxy groups are not necessary for activity at opioid receptors. (Ke = 3020 nM vsK, > 10 000 nM) and less potent areceptors

Addition of a 3-hydroxy group and methylation of thé-Aydroxyl

of 8 affords hesperetinlQ). These changes, however, were not
tolerated and antagonist activity at 6, and « receptors was
abolished Ke > 10000 nM). This would suggest that thé- 4
hydroxyl group is essential for antagonist activity at opioid
receptors. Addition of 3- and-Biydroxy groups t® creates racemic
taxifolin (11). These changes had little effect on activity (at
receptors Ke = 3070 nM vsK, = 2300 nM) andd receptors Ke

= 3820 nM vsK, = 3680 nM) but decreased activity 2-fold at
receptorsi. = 3280 nM vsKe = 1700 nM) compared t8. It was

(Ke = 5810 nM vsK, = 320 nM) than12 This would indicate
that the configuration of the 3-hydroxyl group influences selectivity.

On the basis of the above results, we sought to explore an
additional structural modification to—)-catechin {3) and )-
epicatechin 14). The addition of a trihydroxybenzoyl group or
galloyl group to13 and 14 affords ()-catechin gallate16) and
(—)-epicatechin gallatel(7), respectively. This was based in part
on a previous report that indicated catechi@-8allate had affinity
for the opiate receptor (Kg= 36 nM)#° Up to 10uM, 16 and17

unclear whether this reduction in activity was the result of the Nad nointrinsic activity at any of the opioid receptors){Catechin

addition of the 3-hydroxyl or the'dydroxyl group. To further
address this issue, we evaluated several additional flavonoids.
Removal of the 4-keto group frofil creates a flavan-3-ol, or a

gallate (L6) is greater than 47-fold more active ;atreceptors Ke
=210 nM vsKg > 10 000 nM) tharl3. Moreover,16is also more
potent atc receptors (approximately 16-folée = 220 nM vsK,

catechin. Given that there are two asymmetric centers, there are= 3600 nM) andj receptors (2-foldKe = 950 nM vsKe = 1770

four possible stereocisomerst)-catechin 12), (—)-catechin 13),
(—)-epicatechin 14), and (+)-epicatechin 15). Catechinsl2—15

nM). A change in the C2 stereochemistry 16 (17) decreased
activity 7-fold atu receptorsi. = 1500 nM vsK, = 210 nM) and

were readily available and were evaluated for opioid receptor 2-fold ato receptors e = 1700 nM vsK, = 950 nM) compared

activity to give insight as to the role of stereochemistry on activity.

With the exception ofL3, which had weak partial agonist activity
(Emax= 18% of U69,593)12—15 had no intrinsic activity at opioid
receptors.{)-Catechin 12) was inactive as an antagonist at the

to 15. This change also decreased activity 9-fold atceptors Ke

= 1900 nM vsK, = 220 nM). These results indicate that the
addition of a galloyl group to the 3-hydroxyl group may increase
activity at opioid receptors. However, it is unclear whether the
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gallate group is essential for activity or if other structural modifica-
tions to this group will also lead to increased activity.

One final modification studied was the addition of a hydroxyl
group to the 2-position catechol ring of-)-epicatechin 14) to
afford (—)-epigallocatechin¥8), a flavonoid found in green tea.

A previous report indicated th&8 had modest affinity for the opiate
receptor’® Up to 10uM, 18 had no intrinsic activity at any of the
opioid receptors. Howevet8 had antagonist activity at receptors
(Ke = 300 nM) ando receptors K. = 1990 nM). To our delight,
18also had antagonist activity areceptorsi{c. = 250 nM) similar
to 16.

In conclusion, several flavonoids have been evaluated for opioid
receptor activity. We have shown that amentoflavodg 4nd
hyperoside €), flavonoids present inH. perforatum have «
antagonist activity in vitro. In addition, preliminary SAR investiga-
tions have identified that the stereochemistry of the C2 and C3
positions is important for antagonist activity and selectivity. Further
exploration of these findings is underway and will be reported in
due course.

Experimental Section

General Experimental ProceduresUnless otherwise indicated, all
compounds were purchased from ChromaDex (Irvine, CA) or Sigma
(St. Louis, MO). Their identity was verified byH and**C NMR and
melting point and is in agreement with previously published ¢fafa.
DAMGO, DPDPE, and U69,593 were obtained via the Research
Technology Branch, NIDA, and were prepared by Multiple Peptide
Systems (San Diego, CA)®B]GTP+-S was obtained from Perkin-
Elmer Inc. (Boston, MA), and GTR-S and GDP were obtained from
Sigma Chemical Company (St. Louis, MO).

Intrinsic Activity at Human Opioid Receptors. Test compounds
were first assayed at 1M for intrinsic activity (agonist or inverse
agonist) using the’§S]GTP+-S binding assay and CHO cell membrane
homogenates that express the hum@R, #OR, ordOR. The subtype
selective agonistofAla?2, MePhé,Gly-olF)enkephalin (DAMGOuOR),
(p-Per?,p-Pert)enkephalin (DPDPEJOR), or U69,593 KOR) were
run as positive controls as appropriate. The CHO membranes were
incubated in duplicate in 1.4 mL polypropylene tubes (Matrix Tech-
nologies, Hudson, NH) with positive control or test compound, 0.1
nM [35S]GTP+-S, and 1uM GDP in 50 mM HEPES buffer (pH 7.4)
at room temperature for 1 h, after which bound radioligand was
separated from free via rapid vacuum filtration over GF-B filters with
a Brandel Scientific (Gaithersburg, MD) 96-well harvester. Bound
radioactivity was determined using a TopCount 12-detector instrument
(Packard Instruments) using standard scintillation counting techniques.
The data were normalized to samples containing vehicle (basal binding).
Any compound with intrinsic activity had its Eg(agonist) or IGo
(inverse agonist) determined using an 8-point concentratiesponse
curve, and the results were compared to a concentrat&sponse curve
of the appropriate subtype-selective agonist assayed in parallel.
Compounds without intrinsic activity were assayed for antagonist
activity.

Apparent Affinity ( Ke) at Human Opioid Receptors The ability
of a single concentration of test compound to shift the agonist-close
response curve to the right was used to determineKitsAssay
conditions were identical to those for the determination of intrinsic
activity except that the final GDP concentration wasu. Agonist
concentratior-response curves were run in the presence or absence of
a single concentration of test compound, and theyE&lues determined
from a three-parameter logistic curve fit to the data with Prism (version
4.0, GraphPad Software, Inc., San Diego, CA). Faevalues were
calculated using the formulde = [L)/[( A'/A) — 1)], where [L] is the
concentration of antagonist ad and A are the agonist E4 values
in the presence or absence of antagonist, respectively.
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