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Abstract—Twenty phenolic compounds, representatives of proanthocyanidins and gallic acid/hexa-
hydroxyldiphenic acid esters of glucose, have been assessed for their ability to inhibit binding of specific
radioligands to 16 receptors. The receptors utilized were «1-, a2- and f-adrenoceptors, adenosine 1, dopamine
1 and 2, muscarinic, Ca’* channel, sulphonylureas, SHT1, SHTIA, SHT2, histamine 1, benzodiazepine, opiate
and Na™/K*ATPase. These phenolic compounds failed to inhibit ligands binding to 10 of the receptors under
the test conditions. The most susceptible receptors to phenolic binding were f-adrenergic, SHT1 and opiate.
Some of the compounds tested showed selectivity for a single or for two receptors. The inhibition of binding
of radioligands to receptors by the phenolic compounds cannot be explained solely in terms of phenolic—protein
binding. The results indicate that the removal of tannins from plant extracts prior to screening for receptor
activities may result in missing biologically active compounds with specificity of action. Copyright © 1997

Elsevier Science Ltd

INTRODUCTION

Tannins (polyphenols) are well known for their ability
to react with proteins as they precipitate albumin,
gelatin and other proteins from aqueous solutions and
are used to convert animal hide into leather by cross
linking collagen molecules [1]. Many herbs which are
used for medicinal purposes contain astringent (i.e.
binding properties) tannins which are regarded as
their active principles. Such herbs are recommended
for a wide range of treatments including inflam-
mation, liver injury, kidney problems, arteriosclerosis,
hypertension, stomach disorders, nervous and hor-
monal problems, and inhibition of active oxygen, such
as inhibition of lipid peroxidation and lipoxygenase,
xanthine oxidase and monoamine oxidase [1-3]. Com-
monly, such herbs are recommended as diuretics, anti-
diarrhoeals and haemostatics. Examples of herbs con-
taining tannins include Geranium thunbergii aerial
parts and Paeonia lactiflora roots which are widely
used in eastern medicine and the leaves of Crataegus
species and Rubus idaeus which are used in western
herbal medicine. Of current interest there is a ‘green
tea’ which is highly regarded in eastern cultures, alleg-
edly for its antioxidant, antitumour, radioprotective
and antimutagenic activities of tannins [4, 5]. In a
recent report of a cross sectional study of 1371
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Japanese men of 40 years or older, it has been pro-
posed that green tea acts protectively against car-
diovascular diseases and disorders of the liver [6].
However, these natural products are not necessarily
harmless and there are literature reports of oeso-
phageal cancer being linked to ingestion of herbal teas
containing tannins [7].

Vegetable tannins are water-soluble phenolic com-
pounds having molecular weights between 500 and
3000 which have in addition to the usual phenolic
properties the ability to precipitate proteins. The pre-
cipitation of gelatin is not entirely a reliable property
to characterize tannins which must be sufficiently large
to cross link collagen chains in skin so as to tan hide
into leather. Phenolic compounds with M, below 500
are generally unable to cross link collagen whereas
phenols with M, above 3000 are unable to penetrate
collagen fibres. Nevertheless, it is the phenolic group
which binds to protein and lower molecular weight
phenols may bind without necessarily causing pre-
cipitation from aqueous solutions.

Tannins fall into two groups the proanthocyanidins
(also known as condensed tannins) and polyesters of
gallic acid or hexahydroxydiphenic acids (the hydro-
lysable tannins). The proanthocyanidins are typical of
such plants as hawthorn and rhubarb whereas the
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Table 1. Chemical structures and molecular weights of 20 phenolic compounds assessed for their ability to inhibit binding
specific radioligands to 16 receptor preparations

Compound (abbreviation) M, Chemical structure

Catechin (CA) 290 1. R1=R2=H

Gallocatechin (GC) 306 2. Rl =R2=0H

Catechin 3-0O-gallate (CG) 442 3. Rl=H;R2=G

Epiafzelechin (EAF) 274 4. R1=R2=R3=H

Epicatechin (EC) 290 5. Rl =R3=H;R2=0H
Epigallocatechin (EGC) 306 6. Rl =R2=0OH;R3=H
Epigallocatechin 3-O-gallate (EGCG) 458 7. RI=R2=0H;R3=G
Procyanidin B-2 (PB-2) 578 8. 3o 3 it 4-8
Procyanidin B-3 (PB-3) 578 9. 3, 3 e, 4-§ o erient

Procyanidin B-4 (PB-4) 578 10, 3ema, 3700001 48 cerient
f-2,4-Di-O-galloyl-p-glucose (2DGG) 484 11. R1=R3=R5=H,R2=R4 =G
f-1,2,6-Tri-O-galloyl-p-glucose 2TGG) 636 12. R1=R2=R5=G,R3=R4=H
f-1,3,6-Tri-O-galloyl-p-glucose 3TGG) 636 13. R1=R3=R5=G,R2=R4=H
f-1,2,4,6-Tetra-O-galloyl-p-glucose (4TGG) 788 14. RI=R2=R4=R5=G,R3=H
$-1.2,3,4,6-Penta-O-galloyl-D-glucose (PGG) 940 15. R1=R2=R3=R4=R5=G
Tellimagrandin 1 (IHHDP) 786 16. R1=H,R2=R3=G,R4=R5=G-G
Pedunculagin 2HHDP) 784 17. RI =H,R2-R3=R4R5=G-G
Davidiin (Dav) 938 18. RI—R5=G-G,R2=R3=R4=G
Geraniin (Ger) 934 19.

Rugosin-D (RD) 1874 20.

galloyl and hexahydroxyldiphenoyl esters are found
in rosehip, oak and geranium. The ability of phenols
and polyphenols to bind with protein and to inhibit a
small number of enzymes such as f-glucosidase is
known but there is no detailed report of the effects
which such compounds have at the receptor level.

RESULTS AND DISCUSSION

Twenty phenolic natural products (Table 1) rep-
resenting the two molecular types found in tannins,
i.e. the proanthocyanidin flavan-3-ol monomers (1-7)
and dimers (8-10), and the galloyl/hexahydroxy-
phenic acid esters of glucose (11-20), have been
assessed for their ability to inhibit binding of specific
radioligands to 16 different receptor preparations.
Phenols (1-20) were tested at 10~> M concentrations
and the methodology used is described in the Exper-
imental. The results are presented in Table 2.

Phenolic compounds bind to protein and tannins,
and in particular are well known for their strong pro-
tein binding activities, thus it might well have been
anticipated that there would be no significant differ-
ences in the abilities of compounds 1-20 to inhibit
binding of radioligands to receptors. Surprisingly, all
of these phenolic compounds at 107> M con-
centrations failed to significantly inhibit binding of
specific radioligands (3+. Table 2) to 10 of the 16
receptors under the test conditions utilized. The inhi-
bition of ligand binding to receptor was less than 60%
for the following receptors, a1-adrenoceptor, SHTI1A,
SHT?2, adenosine 1, benzodiazepine, Ca®* channel,
sulphonylureas, muscarinic, histamine 1 and Na*/K*
ATPase. Indeed, for the majority of these 10 recep-

tors, inhibition of ligand binding due to phenols 1-20
was generally less than 40% (+/+, Table 2) and
frequently even negative. Those receptors which pro-
ved to be most susceptible to competitive binding by
the phenolic compounds (1-20) were the f-adreno-
ceptor (5 compounds > 3+), SHT1 (4 compounds
> 3+) and opiate (5 compounds > 3+)

Under the test conditions, the phenols 1-20 were
mainly inactive (3+) as competitors to binding of
radioligands to the majority of the 16 receptors having
activity against only one or two receptors (Table 2).
Those compounds with activities of more than 60%
inhibition of ligand binding ( > 3+ ) are summarized
in Table 3. Of the 16 active compounds, 12 (4-6, 8,
9, 11, 12, 15, 17-20) were assessed as being active
selectively against a single receptor including «2, f-
adrenoceptor, SHTI, opiate and dopamine | recep-
tors; four compounds (3, 10, 14, 17) were able to bind
two receptors (Table 2). The remaining four com-
pounds (1, 2, 7, 16) were judged as being relatively
inactive in that they failed to inhibit binding of specific
radioligands to any of the 16 receptors (less than 60%,
Table 2).

Polyphenol complexation to protein is mainly
through hydrogen bond and hydrophobic inter-
actions. In general, the extent of binding is related to
molecular weight of polyphenols and this has been
demonstrated for galloyl esters by several different
methods including precipitation of haemoglobin from
aqueous solution [1]. In order of increasing molecular
weight the four tannins, f$-1,2,6-tri-O-galloyl-p-glu-
cose (12), pf-1,23,6-tetra-O-galloyl-D-glucose, f3-
1,2,3,4,5-penta-0-galloyl-p-glucose (15) and rugosin
(20) showed increasing ability to precipitate hae-
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Table 2. Inhibition of radioligand binding to 16 receptors by phenolic compounds (1-20) at 10~° M concentration*
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* Compounds were tested at 107° M in 1% aqueous MeOH,
inhibition of 61-80%; 2+ inhibition of 41-60%: +: inhibition of 21-40%; +: inhibition of 1-20%; -

50 pl aliquots tested; 44 : inhibition of 81-100%; 3+:
no inhibition.

Inhibition % is based on means of two separate determinations in which each sample was triplicated.

moglobin from aqueous solution [1]. The results pre-
sented in Table 3 do not substantiate this molecular
weight relationship at the receptor level, neither for
the galloyl/hexahydroxydiphenic acid esters (8-20) nor
for the flavan-3-ols (1-7).

For flaven-3-ols, it was observed that esterification
with gallic acid at C-3-enhanced binding to caffeine
[1]. In the present investigation it has been dem-
onstrated that the C-3 galloyl ester CG (3) had higher
binding activity on 5HTI, opiate and dopamine 1
receptors more strongly than that of compound with
C-30H (e.g. 1, Table 2). Similarly, it was noted that
the C-3 galloy] ester EGCG (7) inhibited binding of
radioligands to opiate and dopamine 1 receptors more
than did EGC (6). However, the converse has been
observed for both sets of these compounds since CA
(1) inhibited binding of radioligand to f-adrenoceptor
moie than did CG (3) and EGC (6) inhibited binding
of ligands to SHT1 and dopamine 2 receptors more
strongly than did EGCG (7). It appeared that there

Table 3. Phenolic compounds (10 ° M) with more than 60%
inhibition of binding (3 +, 4+ ) in radioligand receptor bind-
ing assays*

Receptor Active compoundst

PB-4
4TGG, PB-4, RD
EAF, EC, 2TGG, 3TGG, 2HHDP

al-Adrenoceptor
a2-Adrenoceptor
B-Adrenoceptor

Dopamine 1 CG, Ger

Dopamine 2 4TGG

SHTI EGC, PB-2, PB-3, PB-4

Opiate CG, 2DGG, 3TGG, PGG, Dav

* Data taken from Table 2; T for abbreviations, see Table
1.

was no simple correlation between mono-, di- and tri-
hydroxy substituents in the B rings of monomeric
flavan-3-ols as exemplified by EAF (4) and EC (5)
with strong inhibition of ligand binding to f-adre-
noceptor in contrast to EGC (6), whereas the reverse
applied when the SHT 1 receptor results were con-
sidered (Table 2).

The dimeric procyanidins B-2 (8), B-3 (9) and B-4
(10) were equally effective as strong inhibitors of bind-
ing (>80%, 44 ) of radioligand to the SHT1 receptor
under the test conditions used. This finding indicated
that the configurational difference at C-3 and C-3" of
the hydroxyl groups and the C-4 to C-8 linkage did not
play any important role for this particular receptor.
However, procyanidin B-4 (10) showed specificity in
binding to the «l-adrenoceptor (3+) in contrast to
compounds 8 and 9 which had only weak inhibition
of binding activity.

DGG (11) with two galloyl ester functions exhibited
strong inhibition of binding of radioligand to the opi-
ate receptor ( > 60%, 3+). moderate activity (2+)
for inhibition of binding to the SHT1 receptor with
only weak or no activity for the remaining 14 recep-
tors. In contrast, 2TGG (12) and 3TGG (13), both
with 3-galloyl ester functions, showed no inhibition
of binding to the SHT1 receptor. However, both com-
pounds 12 and 13 showed inhibition of radioligand
binding to the f-adrenoceptor (3+ ) and to the opiate
receptor (2+, 3+, respectively). Whilst 4TGG (14)
and PGG (15) with 4 and 5 galloyl ester functions,
respectively, failed to inhibit binding to the f-adre-
noceptor (+, +, respectively) but were effective at the
x-2-adrenoceptor (34, 2+, respectively). 4TGG (14)
was the most active of the 20 phenols tested in its
ability to inhibit binding to the dopamine 2 receptor
(Table 2).
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Surprisingly, IHHDP (16) failed to inhibit ligand-
receptor binding for 15 (< +) of the 16 receptors
(only 2+ to opiate receptor). These findings contrast
with the structurally closely related compound
2HHDP (17) which markedly inhibited ligand binding
to the fi-adrenoceptor. Again this finding contrasts
with anticipated results which are based on protein—
tannin binding studies where hexahydroxydiphenic
acid moieties bind less strongly than correspondingly

substituted digalloyl moieties [1]. Davidiin (18) is
closely related to PGG (15), both being pen-
tasubstituted glucose, the former possessing a 1,5-
hexahydroxy-diphenoic acid moiety and latter 1,5-
digalloyl ester groups. No significant differences in
their receptor binding activities could be attributed to
these chemical differences as compounds (15) and (16)
were broadly similar in their actions (Table 2).
Geraniin (19) has similar structure to davidiin (18)
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differing in one important respect, namely the pres-
ence of a dehydrohexahydroxy-diphenic acid moiety
in (19). The activity of (19) differs from that of (18) in
that the former was not able to inhibit, to the same
extent, binding of ligands to the f-adrenoceptor or
opiate receptor (Table 2). However, geraniin (19), in
contrast to davidiin (18), was able to inhibit ligand
binding to the dopamine 1 receptor. Rugosin D (20)
was the highest molecular weight compound (M,
1874) tested and it exhibited strong inhibition of
ligand binding to only the a2-adrenoceptor. In con-
trast to davidiin (18), rugosin D (20) showed only
weak ability to inhibit ligand binding to the opiate
receptor (Table 2).

The ICs, values of four selected phenolic com-
pounds against three of the 16 receptors are shown in
Table 4. These results again illustrate the difficulties
encountered in attempting to assess the ability of phe-
nolic compounds to inhibit binding of radioligands to
receptors. CG (3) showed weaker activity with an ICs,
value of 36 nM in the test with the opiate receptor.
This result contrasted with the 3+ activity given in
Table 2 and with the IC,, value of 1.0 nM for the
control compound naloxone (Table 4). PB-3 (9) had
an ICy, value of 0.13 nM for the SHT1 receptor show-
ing greater potency than the radioligand SHT which
had an 1C, value of 2.0 nM; it was assessed as 4+ in
its activities shown in Table 2. PB-4 (10} and rugosin
D (20) have ICs, values of 2.13 and 8.40 nM, respec-
tively, for the a2-adrenoceptor showing weaker
activity in comparison to the specific ligand UK 14304
which had an ICs, value of 0.06 nM. Compounds 10
and 20 were rated as 34 in the comparison of activi-
ties which are given in Table 2.

Radioligand-receptor binding assays play an
important role in the screening programmes of the
pharmaceutical industry for novel drug entities. Many
thousands of natural products and plant extracts are
subjected to radioligand-receptor binding assay
screens in the search for novel drug entities with selec-
tive action. The aim is to discover compounds which
act at specific receptors and which show no activity
for related subsets or related receptors. Because of
their ability to bind with protein, tannins are fre-
quently removed from extract prior to screening pro-
cedures by the addition of polyvinyl pyrrolidine 8].

Table 4. IC4, values* of selected phenolic compounds and
ligands for specific receptors

Compound Receptort ICy (nM)+S.E.M.
CG(3) Opiate 36+0.03
PB-3(9) SHT1 0.13+0.01
PB-4 (10) a2-Adrenoceptor 2.13+0.018
RD (20) «2-Adrenoceptor 8.48+0.05

*The 1Cs, values are the means of six determinations.

1+ The IC, values of positive control compounds were
naloxaone 1.0 nM for opiate receptor; SHT 2.0 nM for SHT1
receptor; UK 14304 0.06 nM for «2-adrenoceptor.
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Such an approach, although justifiable from the indus-
trial viewpoint, may well result in the failure to detect
biologically active tannins. It is known that tannins
and smaller phenolic compounds have a wide range
of biological actions including antitumour, antiviral,
anti-HIV, antimutagenic, antioxidant, antihyper-
sensitive, lipid cholesterol lowering [1, 4, 6, 9-11}
and anticonvulsant [12]. Whereas, certain tannins
such as acetonylderaniin were found to reverse the fall
in arterial blood pressure in conscious hypertensive
rats induced by hexamethonium [13]. Some studies
indicated that enzymes can be inhibited by tannins
selectively [14, 15]. Three classes of chemically defined
tannins, gallotannins, ellagitannins and condensed
tannins were examined for the inhibitory activities
against poly (ADP-ribose) glycohydrolase [16]. The
results demonstrated that ellagitannins showed higher
inhibitory activities than that of gallotannins and con-
densed tannins were not appreciably inhibitory. Ong
et al. [17] also reported the similar finding that tannic
acid (a hydrolysable tannin) selectively inhibited insu-
lin-stimulated lipogenesis. However, its monomer,
gallic acid, did not show such activity. In a binding
assay, it was observed that the specific binding of
insulin to its receptor was not inhibited by tannic acid
in the concentration range 0-200 uM, whereas insulin-
stimulated autophosphorylation of the insulin recep-
tor and receptor-associated tyrosine kinase phos-
phorylation of RR-SRC peptide were inhibited by
tannic acid at concentration as low as 25 uM.

The present study has revealed that for 20 phenolic
compounds which were assessed for their ability to
inhibit binding of specific radioligands to 16 receptors,
that there is a wide range of differing activities. Fur-
thermore, some compounds, under the test conditions
utilized, have the ability to inhibit ligand binding to
specific receptors. Hence, the removal of tannins from
plant extracts prior to screening would result in miss-
ing biologically active compounds and possibly new
drug entities. This had to be balanced against the large
number of ‘false-positive’ results which will be thrown
up by common phenolic plant constituents in indus-
trial screening programmes. In addition to the needs
of industry, there is also the need to investigate in
more detail the active principles of medicinal plants
which are taken orally as complex mixtures of plant
constituents in herbal medicines. Our findings show
that some phenolic compounds including tannins, do
show specific activities at the receptor level and that
these cannot be explained solely in terms of protein
binding. Tannin—protein interactions are influenced
by characteristics of the tannin (including size, struc-
ture) and of protein (including size, amino acid com-
position) and conditions of reaction (pH, tempera-
ture, solvent, time) [18). The pH dependence of protein
precipitation by condensed tannins suggests that the
phenolic hydroxyl acts as a hydrogen bond donor and
the carbonyl peptide bond serves as the hydrogen
bond acceptor. Hydrogen bonding is augmented by
hydrophillic interactions between non-polar domains
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of certain proteins and the non polar regions of tannin
molecules [18]. It is known that tannin—protein inter-
actions are characterized by some specificity [18, 19]
and in tannin/glycoprotein complexation the oli-
gosaccharide present in glycosylated proline-rich pro-
teins enhance both the affinity and the selectivity of
binding [20]. Further investigations are required in
order to reveal the specificity of tannin—receptor inter-
actions.

EXPERIMENTAL

Phenolic compounds tested. Compounds (1-8) and
(12-20) were isolated by one of us (Y.C.) during Ph.D.
studies under the direction of Professor E Haslam,
University of Sheffield [21]. Compounds (9-11) were
isolated from Croton lechleri [22].

Radioligand receptor binding assays. The receptors
utilised and ligands are tabulated in Table 5. The
general procedure is as follows. Each test compound
(50 ul, concentration of 107°M) and required [*H]J-
ligand (50 pl at specified concentration given in Table
5) were mixed with homogenate containing required
receptor (400 ul, final protein concentration of 0.5
mg/ml). The mixture was incubated for a specified
time at a specified temperature (Table 5) and then
filtered on a pressure reduced Brandel Cell Harvester
(Brandel, Gaithorsberg, MD) using GF/B filters. The
filters covered with samples were punched into vials
and soaked in scintillation solution for at least 1 hr
before counting. The scintillation counters (LS-6000
TA, Beckman Ltd) gave sample counts in DPM.

Analysis of ligand-receptor binding data. Non-spec-
ific binding was estimated in the presence of a high
concentration of a receptor specific non-radioactive
compound (Table S, NSB). The amount of ligand
specifically bound was determined by subtracting the
amount of ligand non-specifically bound from the
total amount of radioactivity bound in the absence of
any compound and expressed as a percentage of the
total binding.

REFERENCES

1. Haslam, E., in Chemistry and Pharmacology of

Natural Products, Vol. 1, eds J. D. Phillipson, D.
C. Ayres and H. Baxter. Cambridge University
Press, Cambridge, 1989.

2. Okuda, T., Yoshida, T. and Hatono, T., Basic
Life Science, 1992, 59, 539.

3.

4.

11.

12.

13.

14.

15.

20.

21.

22.

447

Hong, C. Y., Wang, C. P., Huang, S. S. and Hsu,
F. L., J. Pharm. Pharmacol., 1995, 47, 138.

Zhu, M. and Xiao, P., Phytotherapy Research,
1991, 5, 239.

. Uchida, S., Ozaki, M., Suzuki, K. and Shikita,

M., Life Science, 1992, 50, 147.

. Imao, K. and Nakachi, K., British Medical Jour-

nal, 1995, 310, 693.

. Morton, J. F., Journal of Economic Botany, 1978,

32, 111.

. Sampson, J. H., Phillipson, J. D., Bowery, N.

G., O’Neill, M. J., Houston, J. G., Tait, R. M.,
Farthing, J. E. and Lewis, J. A., J. Pharm. Phar-
macol., 1994, 46S, 1061.

. Fujiki, H., Yoshizawa, S., Horiuchi, T., Sugan-

uma, M., Yatsunami, J., Nishiwaki, S., Okabe,
S.. Nishiwaki-Matsushima, R., Okuda, T. and
Sugimura, T., Preventative Medicine, 1992, 21,
503.

. Nakashima, H., Murakami, T., Yamamoto, N.,

Sakagami, H., Tanuma, S., Hatano, T., Yoshida,
T. and Okuda, T., Antiviral Research, 1992, 18,
91.

Weaver, J. L., Pine, P. S., Dutschman, G., Cheng,
Y.C., Lee, K. H. and Aszalos, A., Biochem. Phar-
macol., 1992, 43, 2479.

Kabuto, H., Yokoi, I. and Mori, A., Neurochem.
Res., 1992, 17, 585.

Hsu, F. L., Lu, F. H. and Cheng, J. T.. Planta
Medica, 1994, 60, 297.

Tebib, K., Rouanet, J. M. and Bescancon, P.,
Enzyme Protein, 1994, 48, 51.

Polya, G. M., Wang, B. H. and Foo, L. Y., Phy-
tochemistry, 1995, 38, 307.

. Tsai. Y. J., Abe, H., Maruta, H., Hatano, T.,

Nishina, H., Sakagami, H., Okuda, T. and
Tanuma, S., Biochem. Int., 1991, 24, 889.

. Ong, K. K., Khoo, H. E. and Das. N. P., Exper-

ientia, 1995, 51, 577.

. Hagerman, A. E.. in Chemistry and Significance

of Condensed Tannins, ed., R. W. Hemingway and
J. J. Karchesy. Plenum Press, New York, 1989.

. Hagerman, A. E. and Butler, L. G., J. Biol. Chem.,

1981, 256, 4494.

Asquith, T. N., Uhlig, J., Mehansho, H., Putman,
L., Carlson, D. M. and Butler, L. G., Journal of
Agricultural Food Chemistry, 1987, 35, 331.

Cai, Y., The complexation of polyphenols with
cyclodextrins, peptides and proteins, Ph.D. thesis,
University of Sheffield, 1989.

Cai, Y., Evans, F. J., Roberts, M. F., Phillipson,
J. D., Zenk, M. H. and Gleba, Y. Y., Phy-
tochemistry, 1991, 30, 2033.



