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Abstract

Robustaflavone, a naturally occurring biflavanoid isolated from Rhus succedanea, was found to be a potent
inhibitor of hepatitis B virus (HBV) replication in 2.2.15 cells, with an effective concentration (ECs,) of 0.25 uM, and
a selectivity index (SI, IC5,/ECy) of 153. Robustaflavone hexaacetate inhibited HBV replication with an ECy, of 0.73
#M, but exhibited no cytotoxicity at concentrations up to 1000 xM. Combinations of robustaflavone with penciclovir
and lamivudine displayed synergistic anti-HBV activity, having the most pronounced effects when the combination
ratios were similar to the ratio of ECs, potencies. Thus, a 1:1 combination of robustaflavone and penciclovir exhibited
an ECs, of 0.11 xM and an SI of 684, while a 10:1 combination of robustaflavone and lamivudine exhibited an ECy,
of 0.054 uM and an SI of 894. Statistical analyses of the combination data using the Combostat® program confirmed
that robustaflavone exhibited synergism with both penciclovir and lamivudine. © 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction (Hoofnagle, 1990). Approximately 300 million
persons are chronically infected with HBV world-

Hepatitis B virus (HBV) represents one of the wide, with over 1 million of those in the USA.

most serious health problems in the world today The Centers for Disease Control estimates that
over 300000 new cases of acute HBV infection

* Corresponding author. Tel.: +1 630 2571500; fax: + 1 occur in the USA each year, resulting in 4000
630 2571505. deaths due to cirrhosis and 1000 due to hepatocel-
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lular carcinoma (Aach, 1988). The highest inci-
dence of HBV infection occurs in the Far East
and sub-Saharan Africa, where approximately
20% of the population are chronically infected
Martin and Friedman, 1992). Infection with HBV
can be prevented through the use of several ex-
tremely effective recombinant vaccines (Maynard
et al., 1989). These vaccines are highly immuno-
genic, inducing antibodies in approximately 90%
of recipients (Dusheiko, 1994). Despite the
availability of these vaccines, HBV infection re-
mains the most significant viral pathogen infecting
man, particularly in underdeveloped countries.

The only treatment currently approved by the
Food and Drug Administration for treatment of
HBYV infection is interferon-« (IFN-o) (Hoofnagle
and Lau, 1997). Unfortunately, IFN-« treatment
suffers from poor response rates, usually less than
50% for selected chronic HBV infections. In re-
cent years there has been considerable effort to
identify ‘small-molecule’ antiviral agents for the
treatment of HBV infection, primarily synthetic
nucleoside analogs (Martin and Friedman, 1992,
Dusheiko, 1994, Regenstein, 1994, Hoofnagle and
Lau, 1997).

Lamivudine (3TC), approved for treatment of
HIV infection, is currently being evaluated as a
treatment for HBV. A recent study of 40 HIV-
HBV-coinfected patients showed impressive de-
creases in the level of HBV replication following
treatment with 3TC over a 12-month period, with
no observable adverse effects (Benhamou et al.,
1996). Another agent under investigation is famci-
clovir, an orally active prodrug of the acyclic
guanine derivative penciclovir (Korba and Boyd,
1996). Famciclovir is approved for treatment of
herpes zoster and acute recurrent genital herpes,
and has also demonstrated promising results
against HBV infection in clinical trials with little
observable toxicity (Main et al., 1994). It is hoped
that these agents will eventually provide promis-
ing treatment options for HBV infection.

Unfortunately, monotherapy of viral infections
often results in selection for viral strains resistant
to the antiviral drug being used. Indeed, clinical
isolates of mutant HBV strains resistant to 3TC
(Ling et al., 1996, Tipples et al., 1996) and famci-
clovir (Aye et al., 1996, 1997) were identified

following monotherapy with those agents. It is
plausible that combination therapy of HBV would
provide an enhanced antiviral response, while re-
ducing the danger of resistance selection. Combi-
nations of agents have been demonstrated to be
superior to monotherapy in the treatment of HIV
(Hammer et al., 1996). Thus, the identification of
compounds that inhibit HBV, particularly com-
pounds having molecular structures differing from
those of the nucleoside analogs, is of critical im-
portance in the search for effective anti-HBV
regimens.

As part of our program to discover novel non-
nucleoside antiviral agents from natural sources,
we assayed a series of naturally occurring bifla-
vanoids, biflavanones and related semi-synthetic
derivatives for in vitro antiviral activity against
HBV. Of the analogs evaluated, only robus-
taflavone (Fig. 1) and two of its semi-synthetic
analogs exhibited significant anti-HBV activity.
Robustaflavone was isolated from the seed kernels
of Rhus succedanea, using an improved modifica-
tion (Lin et al., 1997b) of a previously described
procedure (Lin and Chen, 1974a). The structure
of robustaflavone, illustrated in Fig. 1, is com-
posed of two units of apigenin (5,7,4'-trihydrox-
yflavone), joined at the 6-position of one flavone
unit and the 3’-position of the other. The hexa-O-
acetate and hexa-O-methyl ether derivatives of
robustaflavone were prepared, and also found to
be potent inhibitors of HBV replication, but with
greatly reduced cytotoxicity. Additionally, robus-
taflavone was evaluated for in vitro anti-HBV
activity, in combination with two nucleoside an-
tiviral agents (lamivudine and penciclovir) which
are currently undergoing clinical trials for treat-
ment of chronic hepatitis. Robustaflavone acted
synergistically with both compounds, demonstrat-
ing the potential for its use as part of a combina-
tion regimen.

2. Materials and methods

Lamivudine (3TC) and penciclovir (PCV) were
purchased from Moravek Biochemical (La Brea,
CA). Robustaflavone, its hexamethyl ether and
hexaacetate (Lin and Chen, 1974a), amen-
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Fig. 1. Structures of naturally occurring biflavanoids and biflavanones, and related semi-synthetic derivatives.

toflavone (Chen et al., 1974), agathisflavone (Lin
and Chen, 1974b), hinokiflavone (Chen et al.,
1974), volkensiflavone and its hexamethyl ether
(Chen et al., 1975), rhusflavanone and its hex-
aacetate (Chen and Lin, 1976), and suc-
cedaneaflavanone and its hexaacetate (Chen and
Lin, 1975) were all purified from natural sources
or prepared as previously described in the corre-
sponding literature references. All materials
tested were pure.

2.1. Assay of anti-HBYV activity and toxicity in
2.2.15 cells

Determination of therapeutic concentrations
(ECs, and EC,,) and toxicity concentrations
(IC5,) were conducted as previously described
(Korba and Gerin, 1992). Stock solutions of test
drugs were prepared in dimethylsulfoxide. Cul-

ture medium was changed daily and analyzed
for extracellular and/or intracellular HBV DNA
after 9 days of continuous drug exposure. Extra-
cellular HBV DNA was extracted from the cul-
ture medium and analyzed by a slot blot
hybridization technique, using a 3?P-labeled
EcoRI HBV DNA fragment as previously de-
scribed (Korba and Milman, 1991), and quanti-
tated via comparison to HBV standards on a
nitrocellulose filter using an AMBIS beta scan-
ner. Toxicity was determined by measuring inhi-
bition of neutral red dye uptake following 9
days of continuous exposure. Effective concen-
tration (ECs, and EC,;) and toxicity (ICsy) val-
ues were calculated via comparison with
drug-free controls. Effective concentration values
for individual agents are the mean of six cul-
tures per concentration point. Toxicity values
are the mean of three cultures per concentration
point.
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Table 1

Anti-HBV activity of naturally occurring biflavanoids, biflavanones and related semi-synthetic derivatives

Compound EC,, EC,, SI (ICs0/ECyy)
2',3’-ddC 14 8.4 28
Lamivudine (3TC) 0.038 0.16 11200
Penciclovir (PCV) 0.19 0.92 471
Robustaflavone 0.25 (0.60) 2.2 (5.6) 153 (60)
Robustaflavone hexamethyl ether 29 28 >36
Robustaflavone hexaacetate 0.73 (3.9) 2.8 (11) >360 (163)
Amentoflavone >100 >100 ND
Agathisflavone >100 > 100 ND
Hinokiflavone >100 >100 ND
Volkensiflavone >100 >100 ND
Volkensiflavone hexamethyl ether 11 108 1.3
Rhusflavanone >100 > 100 ND
Rhusflavanone hexaacetate 7.1 62 2.8
Succedaneaflavanone >100 >100 ND
Succedaneaflavanone hexaacetate 3.5 128 1.9

Anti-HBV activity was evaluated by measurement of extracellular HBV DNA (virion DNA). Numbers in parentheses correspond
to values obtained via measurement of intracellular HBV DNA (replicative intermediates).
ND indicates that a selectivity index could not be determined because the compound did not exhibit anti-HBV activity.

2.2. Combination studies of robustaflavone, 3TC
and PCV in 2.2.15 cells

Cultures were treated with combinations of
agents as previously described (Korba, 1995).
Briefly, antiviral agents were mixed at approxi-
mately equipotent molar concentrations based on
the ECs, values. Serial dilutions of these mixtures
were then used to treat cultures as described
above along with the appropriate monotherapies.
For these studies, eight cultures were used for
each of six 3-fold dilutions. Statistical analyses
were conducted with the Combostat® software
program (Belen’kii and Schinazi, 1994).

3. Results

Of the natural products tested (Fig. 1), robus-
taflavone exhibited the most potent anti-HBV ac-
tivity, inhibiting the replication of HBV by 50%
relative to drug-free controls (ECs,) at a concen-
tration of 0.25 uM, with an in vitro selectivity
index (SI, IC5,/EC,,) of 153 (Table 1). In a com-
parison with several nucleoside antiviral agents,
the anti-HBYV activity of robustaflavone was supe-
rior to ddC (ECs, = 1.4 uM, SI =30) and similar

to penciclovir (EC5,=0.19 uM, SI=471).
Lamivudine was clearly the most active of the
agents evaluated (EC5, =0.038 M, SI = 11200).

The semi-synthetic derivatives robustaflavone
hexa-O-acetate and robustaflavone hexa-O-
methyl ether were approximately 3-fold and 10-
fold less potent with regard to anti-HBV activity,
respectively, but neither of these derivatives exhib-
ited cytotoxicity up to a concentration of 1000
uM. Volkensiflavone  hexa-O-methyl ether,
rhusflavanone hexa-O-acetate and succedaneafla-
vanone hexa-O-acetate were the only other non-
robustaflavone  analogs to inhibit HBV
replication, but all possessed unacceptable SIs
(1.3, 2.8 and 1.9, respectively). Interestingly, the
parent compounds of the latter three semi-syn-
thetic derivatives (volkensiflavone, rhusflavanone
and succedaneaflavanone) were all inactive
against HBV replication, in contrast to the rela-
tionship of robustaflavone with its hexaacetate
and hexamethyl ether derivatives. In addition to
the effect of robustaflavone and robustaflavone
hexaacetate on extracellular HBV DNA levels, the
effect on intracellular HBV DNA (replicative in-
termediate) levels was measured, again in 2.2.15
cells. As shown in parentheses in Table 1, both
robustaflavone and its hexaacetate inhibited pro-
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Table 2

Antiviral and cytotoxicity effects of robustaflavone (RF), lamivudine (3TC), penciclovir (PCV) and drug combinations in 2.2.15 cells

Drug (or combination) ECs, (uM)? ECy, (uM)? 1C5, (uM) ST (IC5,/ECs) 3TC or PCV (uM)®
RF 0.25 22 337 153 -

3TC 0.038 0.16 1790 11200 -

PCV 0.19 0.92 433 471 -

RF+3TC (30:1) 0.33 1.7 325 191 0.057

RF+3TC (10:1) 0.054 0.38 340 894 0.038

RF+3TC (3:1) 0.16 0.73 363 497 0.24

RF+PCV (10:1) 0.99 29 334 115 0.29

RF+PCV (3:1) 0.22 0.63 360 570 0.21

RF+PCV (1:1) 0.11 0.51 349 684 0.51

Single agent studies were conducted as described in Korba and Gerin (1992). Combination studies were conducted as described in

Korba (1995).

* EC, effective concentration necessary to decrease extracellular HBV DNA levels by 50% (ECs,) or 90% (EC,,) relative to drug-free

controls.

® Concentration of 3TC or PCV in combination with RF at varying ratios required to achieve inhibition of HBV replication by 90%

(ECyp).

duction of replicative intermediates to a similar
degree as for virion DNA.

Robustaflavone was evaluated in combination
with  two leading anti-HBV  candidates,
lamivudine (3TC) and penciclovir (PCV, the
bioactive form of famciclovir), to determine if
combinations of robustaflavone with either of
these drugs could potentially offer synergistic
benefits if used as part of an anti-HBV regimen.
Combinations of antiviral agents are now ac-
cepted to be superior to monotherapy in certain
instances, especially in treatment of HIV infec-
tion, because of the ability of drug combinations
to suppress the selection of resistant mutants
which accumulate following exposure to a single
agent ((Hammer et al., 1996). Indeed, clinical
isolates of HBV mutants resistant to 3TC (Ling
et al., 1996, Tipples et al., 1996) and famciclovir
(Aye et al., 1996, 1997) have been observed fol-
lowing monotherapy with these agents.

As shown in Table 2, combinations of robus-
taflavone (RF) with 3TC at differing ratios
showed varying degrees of synergism and antag-
onism. It is interesting to note that the most
effective ratio of RF to 3TC was 10:1, which
exhibited an ECs, of 0.054 uM with respect to
RF (0.0054 M with respect to 3TC). The ratio
of 10:1 correlates well with the ECs, ratio for
RF and 3TC (RF/3TC = 6.6). The concentration

of 3TC in the 10:1 combination (0.038 xM) nec-
essary to achieve 90% reduction of HBV replica-
tion was lower than that required by 3TC alone
(0.16 uM), illustrating the potential benefits of
the combination. Ratios of RF/3TC of 30:1 and
3:1 were less effective than the 10:1 combina-
tion. Combostat® analysis (Belen’kii and Schi-
nazi, 1994) of the RF/3TC combination data
indicated that, at a molar ratio of 10:1, the
combination exhibited synergism at all dilutions
(Fig. 2). The RF/3TC ratio of 30:1 exhibited
antagonism at lower drug concentrations, and
additive or mildly synergistic effects at higher
concentrations. At an RF/3TC ratio of 3:1, the
combination exhibited antagonism at all drug
concentrations.

The combinations of RF with penciclovir
(PCV) also showed a clear synergistic effect. Be-
cause RF and PCV have similar effective con-
centrations (ECs, values of 0.25 and 0.19 uM,
respectively) and cellular toxicity concentrations
(ICs, values of 337 and 433 uM, respectively),
the synergistic effects of the agents together was
much more obvious. At an RF/PCV ratio of
10:1, the SI was inferior to either drug alone. At
an RF/PCV ratio of 3:1, the SI improved to
570, higher than either drug alone, while an RF/
PCV ratio of 1:1 exhibited an even higher SI of
684. At the 1:1 combination ratio, the concen-
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Fig. 2. Fraction affected (Fa) versus confidence interval (CI) curves for combinations of robustaflavone (RF) with lamivudine (3TC)
and penciclovir (PVR) in vitro. The solid lines of the curves represent the mean 4 1.96 SD CI values. A CI of 1.0 (horizontal line)
indicates additivity. CI values greater than 1.0 indicate antagonism; values below 1.0 indicate synergism. For a rigorous discussion

of the Combostat® program, see Belen’kii and Schinazi (1994).

tration of PCV necessary to achieve 90% reduc-
tion of HBV replication was 0.51 M, nearly
2-fold less than the concentration required of
PCV alone (0.92 uM). Combostat®™ analysis of the
combination data indicated that an RF/PCV ratio
of 1:1 exhibited synergism at all concentrations
(Fig. 2). At an RF/PCV ratio of 3:1, the combina-
tion still showed a mild degree of synergism at all
concentrations except for the very lowest, while a
10:1 ratio exhibited antagonism at most concen-
trations. Again, the ratio exhibiting the greatest
synergistic effect was that which mirrored the
EC;, ratio for the two agents (RF/PCV =1.3).

4. Discussion

Robustaflavone represents a novel non-nu-
cleoside natural product possessing activity
against HBV replication. Comparison of robus-
taflavone with a series of other naturally occur-
ring biflavanoids and biflavanones, as well as
several semi-synthetic derivatives, indicated that
robustaflavone possesses unique structural fea-
tures that impart the observed antiviral activity.
Preliminary mechanism of action studies sug-
gested that robustaflavone inhibited the activity of
the HBV DNA polymerase enzyme; following
treatment of 2.2.15 cells, levels of extracellular
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and intracellular HBV DNA were dramatically
reduced, while levels of viral mRNA and viral
proteins were virtually unaffected (Lin et al.,
1997b). It was also shown previously that robus-
taflavone inhibited the activity of HIV-1 reverse
transcriptase, though weakly (Lin et al., 1997a).
However, because both the hexa-O-acetate and
hexa-O-methyl derivatives were also significantly
active against HBV, it is possible that inhibition
of other events in the viral replication cycle could
be responsible for the observed in vitro anti-HBV
activity of robustaflavone and its analogues.

Studies of robustaflavone in combination with
two other potential anti-HBV agents, lamivudine
(3TC) and penciclovir (PCV), indicated that ro-
bustaflavone acts synergistically with these two
nucleoside analogs. The most beneficial combina-
tions were those in which the molar ratios of
robustaflavone to nucleoside drug were similar to
the respective ECs, ratios. It is plausible that
robustaflavone could potentially be utilized as
part of a combination therapy to combat the
selection of drug-resistant viral strains which can
accumulate as a result of monotherapy, or as
‘rescue’ therapy for patients infected with such
mutants. Further studies of robustaflavone and its
hexaacetate derivative as potential anti-HBV
agents are continuing.
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