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Summary

Alizarin complexone (AC), alizarin Red S (ARS) and various other anthraquinones
were evaluated for their inhibitory effects on Rous-associated virus 2 reverse tran-
scriptase (RAV-2 RT). Some 1,2-dihydroxyanthraquinones were active against this
enzyme and AC was the most potent inhibitor among these compounds [50% inhibi-
tory concentration (ICs): 3.8 pg/ml]. AC slightly inhibited Rous sarcoma virus RT
(RSV RT) and human immunodeficiency virus type 1 RT (HIV-1 RT) (ICsy: 100
pg/ml and 45 pg/ml, respectively). However, AC efficiently inhibited focus forma-
tion by Rous sarcoma virus (RSV) and cytopathogenicity of human immunodefici-
ency virus type 1 (HIV-1). Simultaneous administration of AC with RSV to newborn
chickens also delayed tumor induction by RSV,

Alizarin complexone; Reverse transcriptase; Retrovirus

Introduction

The search for antiretroviral agents has been widely carried out using retrovirus-
associated reverse transcriptase (RT). To date, various compounds such as antibiotics
(Wuetal., 1980; Okadaetal., 1986; Inouye et al., 1987b), nucleoside analogues (Chen
and Oshana, 1987; Chengetal., 1987; Clair et al., 1987), alkaloids and tannins (Sethi,
1983, 1985; Kakiuchi et al., 1985), pyrophosphate analogues (Vrang and Oberg,

Correspondence to: A. Kaji, Dept. of Microbiology, School of Medicine, University of Pennsylvania, Philadel-
phia, PA 19104-6076, U.S.A.



206

1986; Wondrak et al., 1988) and anionic dyes (Balzarini et al., 1986) have been found
to inhibit this enzyme. Among these compounds, the following have been reported to
be effective against avian myeloblastosis virus (AMV) RT: streptonigrin (Chirigos et
al., 1973), which contains a quinoline quinone moiety in the skeleton; sakyomycin A
and juglon (Inouye etal., 1987a) which belong to a family of naphthoquinones; dauno-
mycin and adriamycin {(Dhananjaya and Antony, 1987) which are anthracycline anti-
biotics. These results indicate that the compounds containing a paraquinone moiety in
the skeleton appear to be active against RT. However, anthraquinones such as natural
dyes and related compounds have not been studied extensively.

In this communication, we report that from over fifty anthraquinones tested, aliz-
arin complexone (AC) was the most potent inhibitor of Rous-associated virus 2
(RAV-2) RT. This compound exhibited antiviral activities against Rous sarcoma
virus (RSV) and human immunodeficiency virus type 1 (HIV-1).

Materials and Methods
Materials

Alizarin complexone (MW=385) and alizarin (MW=24(0) were purchased from
Katayama Chemical Industries. Alizarin Red S (MW=342) was from Wako Pure
Chemical Industries. Quinalizarin (MW=272) and purpurin (MW=256) were from
Tokyo Kasei Kogyo. RAV-2 RT was purchased from Takara Shuzo. DNA poly-
merase [ Minimal Nuclease (E. coli CM5197), Poly(rA)-pdT),_5, unlabeled deoxynu-
cleoside triphosphates and dideoxythymidine triphosphate (ddTTP) were obtained
from Pharmacia. Poly(rA)-pdTis was purchased from Boehringer Mannheim and
[’H]thymidine triphosphate was from Amersham International. The plasmid express-
ing HIV-1 RT was kindly provided by Dr Hughes (National Cancer Institute — Fred-
erick Cancer Research Facility). Foscarnet (trisodium phosphonoformate) was kindly
provided by Dr Oberg (Astra Alab AB Research and Development Laboratories Anti-
viral Chemotherapy).

Cells and viruses

Chicken embryo fibroblast (CEF) culture used in these experiments was prepared
as described previously (Vogt, 1969). MT-4 cells, a human CD4+ cell line carrying
human T-cell lymphotropic virus type 1 (Miyoshi et al., 1982) and Sup-T1 cells, a
human malignant T-lymphoid cell line (Smith et al., 1984) were used for the anti-
HIV-1 assay. MT-4 cells were kindly provided by Dr J.A. Levy (University of Cali-
fornia, San Francisco, CA) and Sup-T1 cells were kindly provided by Drs F. Gonzalez
and J.A. Hoxie (University of Pennsylvania, Philadelphia, PA). These cells were
grown in RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin and 100
pg/ml streptomycin (Gibco). HIV-1 (strain HTLV-IIIB) was prepared from culture
supernatant of H9/HTLV-IIIB cells (American Type Culture Collection, ATCC)
(Popovicetal., 1984). The virus titer of the supernatant was 10* TCIDsoon MT-4 cells.
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Enzyme assays

The reaction mixture (50 pl) for the RAV-2 RT assay contained 50 mM Tris-HCI
(pH 8.3), 50 mM KClI, 10 mM MgCl,, 3 mM dithiothreitol (DTT), 0.5 ug of poly-
(rA)pdT 215, 10 uM [*H]TTP (30 GBg/mmol) and 0.1 U of RAV-2 RT. Where indi-
cated, test compounds were added at various concentrations as described in each
experiment. The reaction mixture was incubated at 37°C for 30 min and the reaction
was stopped by cooling to 0°C followed by addition of 20 ul of 0.1 MEDTA (pH 8.0).
Incorporation of [’H]TTP into polymers was determined with the use of DE81 What-
man ion exchange filter papers as previously described (Lindell et al., 1970). Test
compounds were generally dissolved in DMSO, and the DMSO solution containing
various concentrations of each compound was added to the reaction mixture before
the addition of the enzyme. For a negative control, only DMSO was added to the reac-
tion mixture. In all cases, the final concentration of DMSO was 5% in the reaction
mixture.

HIV-1 RT assay was performed essentially according to the method previously
reported (Hizietal., 1988). HIV-1 RT was prepared with the E. coli expression system
as described by Hizi et al. (1988). RSV RT assay was performed as follows: the reac-
tion mixture (100 pl) contained 50 mM Tris-HCI (pH 8.1), 50 mM NaCl, 3 mM DTT,
5 mM MgCl,, 100 uM [’HITTP (37 GBg/mmol), 1% Triton X-100, 2 ug of poly-
(rA)dT,s and 30 pl of RSV [2.3 x 10° focus forming units (FFU)/ml]. The reaction
mixture was incubated at 37°C for 1 h. Duplicate aliquots (45 pl) of each reaction mix-
ture were spotted onto Whatman 3MM filter papers, and the trichloroacetic acid-
insoluble radioactivity was measured with a Beckman scintillation counter.

DNA polymerase assay was performed essentially according to the method
reported by Hanajima et al. (1985).

Assay of RSV focus formation and RSV production

To establish the in vitro cytotoxic effects of various test compounds against CEF
cells, the cells were seeded at 8.75 x 10* cells/0.1 ml/well into a 96-well microplate
(Coster) and incubated with various test compounds at 37°C for 6 h in a 5% CO,
atmosphere. Medium was removed and the cells were washed with PBS (phosphate
buffer saline: 10 mM Na,HPO,, 150 mM NaCl, pH 7.4). Medium, 90 pl (Ham’s F-10
supplemented with 5% FBS and 1% chicken serum) and test compounds which dis-
solved in water or DMSO (10 pl) were added to each well. At the same time, color
blank wells which contained several diluted solutions of compounds without the cells
were prepared. The microplate was incubated for 4 days at 37°C in a 5% CO, atmos-
phere. Viable CEF cells were measured by the MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] method, as previously reported (Mosmann, 1983;
Pauwels et al., 1988).

For the in vitro antiviral test against RSV, CEF cells (3.5 x 10° cells/1 ml/well) were
incubated in a 24-well microplate (Falcon) at 37°C for 6 h in a 5% CO, atmosphere.
'The cells were infected with RSV [multiplicity infection (MOI): 0.0001] for 2 hiin the
presence of test compounds. The focus assay was performed as described previously
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(Vogt, 1969). Each experimental value was obtained from the average of four sets of
data, and the experiments were repeated at least twice.

The inhibitory effect of various compounds on the production of RSV was tested
essentially as described above except for slight modifications. Briefly, CEF cells
were infected with RSV (MOI: 0.01) simultaneously with addition of test compounds.
RSV was removed from the medium 2 h postinfection (p.i.), followed by the addition
of fresh medium containing test compounds. The infected cells were exposed to test
compounds for 24 h at which time the first samples were taken for the focus assay. At
this point, the medium was changed for fresh medium without test compounds and the
cells were further incubated. The second samples for the focus assay were taken at 48
h p.i. The test compounds in the virus solution were sufficiently diluted to have no
influence on the focus assay.

Measurement of RSV-induced tumor formation

The effect of AC on RSV tumor formation was examined with SPAFAS chicken
according to the method reported by Gyles et al. (1967). One group consisted of 4
chickens (3 days old). AC was dissolved in saline and the pH was adjusted to 7.4 by
NaOH solution. Each chicken was inoculated subcutaneously (s.c.) in the wing web
with 0.1 ml of virus solution (1 x 10* FFU/ml) containing various concentrations of
AC. AC was administered s.c. consecutively for 6 days after virus inoculation. Tumor
size was measured once daily from day 1 to day 14 p.i., and the mortalities of the
chickens were recorded.

Assay of anti-HIV activities and cytotoxic activities of various compounds

The procedure for measuring anti-HIV activity in MT-4 cells has been described
(Pauwels et al., 1988).

HIV-1 solution adjusted to 20 TCIDs, well was used. Anti-HIV activities and cyto-
toxicities of the compounds with Sup-T1 cells were determined by the similar pro-
cedure for MT-4 cells at day 7 p.i.

Results
Inhibitory effects of anthraquinones on reverse transcriptase from various sources

As shownin Table 1, among over fifty anthraquinones tested, AC, ARS, quinaliza-
rin, alizarin and purpurin were effective against RAV-2 RT. Their ICs ranged from
3.8 to 17.5 pug/ml. Among these compounds, AC was the most potent inhibitor of
RAV-2 RT. These active compounds were further examined for their inhibitory
effects on HIV-1 RT, RSV RT and E. coli DNA polymerase 1. The inhibitory effects
of AC against these three enzymes were not as pronounced as their activity against
RAV-2RT. The most potent inhibitors of HIV-1 RT and RSV RT were purpurin (I1Csy:
4.7 ng/ml) and quinalizarin (ICso: 20.0 pg/ml), respectively. It is clear from Table 1



209

TABLE 1

Inhibitory effects of various compounds on reverse transcriptases and E. coli DNA polymerase 1

Compound ICsp (ug/mb)y?
RAV-2 RT HIV-1RT RSV RT DNA pol 1

ddTTP 0.14 0.04 0.97 33
Foscarnet 10.0 0.13 16.0 440
AC 3.8 45.0 100.0 230
ARS 7.0 8.5 40.0 58
Quinalizarin 7.7 9.3 20.0 27
Alizarin 12.5 19.0 >300.0 20
Purpurin 17.5 47 80.0 20

‘Effectiveness of inhibitors is expressed as concentrations causing 50% inhibition. The reverse tran-
scriptase and DNA polymerase I activities were measured as described in Materials and Methods.
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Fig. 1. Effect of delayed addition of AC in the RAV-2 RT reaction. AC (4 ng/ml) was added at the time indi-
cated by the arrows. The assay conditions are described in Materials and Methods.

that RAV-2 RT, HIV-1 RT and RSV RT had different sensitivities to the anthraqui-
nones.

Analysis of the inhibitory effects of AC

In the experiment described in Fig. 1, the effect of AC on RAV-2 RT was examined
after the reaction was initiated. It is clear from this figure that the reaction was linear
over 30 min and DNA synthesis was inhibited at all indicated times after the onset of
the reaction. This result suggests that after the enzyme has formed a complex with the
template-primer and the substrate, AC can still exert an inhibitory action.

Anti-RSV effects of anthraquinones in vitro

Inhibitory effects of AC, ARS, quinalizarin, alizarin and purpurin on CEF cell
growth and RSV focus formation were studied. As shown in Table 2, the CCs/ICs
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TABLE 2

Effects of various inhibitors on focus formation of RSV

Compound ICso" (pg/ml) CCs® (pg/ml) Ratio (CCsy/1Cso)
AZT 2.0 30.0 15.0
AC 8.5 180.0 21.2
ARS 40.0 180.0 4.5
Alizarin NE* 125.0 -
Quinalizarin NE 250.0 -
Purpurin NE 60.0 -

“See legend to Table 1.

°CCy, is defined as the inhibitor concentration causing 50% inhibition of cell growth by MTT assay, as
described in Materials and Methods.

‘No effect of test compound was shown under the condition where cytotoxic effect was not observed.

TABLE 3
Inhibition of RSV production by AC

Compound (pg/ml) Virus titer at hours postinfection (FFU*/10 pul)

0-24 h % inhibition 2448 h % inhibition
Control 148 +£4.3° 0 1190.0° 0
AZT 5.0 1.5+0.5 89.9 125+1.3 99.0
10.0 <1.0 >93.2 <1.0 >99.0
AC 156 35+2.1 76.4 185.0 + 19.0 84.5
31.3 37205 75.0 86.7 +44.6 92.7
62.5 1.0 93.2 16.8£9.3 98.6

*Focus forming units.
®Results are expressed as means + SD.

ratio indicates the effectiveness of these agents as possible antiviral drugs. AC
appears to be the most effective agent, followed by AZT. Despite some anti-RT activi-
ties, quinalizarin, alizarin and purpurin had no antiviral activities in this system. In a
separate experiment a concentration-dependent inhibition of RSV focus formation by
AC without cytotoxic effect was observed (data not shown).

Table 3 shows the inhibitory effect of AC on RSV production. In this experiment,
CEF cells were infected with RSV at an MOT1 of 0.01 in the presence of various con-
centrations of AC. The amounts of virus released into the medium at 24 hand at48 h
p.i. were determined by the focus assay as described in Materials and Methods. It can
be seen from Table 2 that at 62.5 ug/ml AC led to 93% inhibition of virus production
from 0-24 h and 99% between 24 and 48 h p.i. A strong inhibitory effect on virus pro-
duction was also observed with AZT.

To examine whether AC exerted a direct effect on virus particles or not, RSV was
incubated at 4°C for 3 h in the presence or absence of AC (31.3 pg/ml). Virus suspen-
sions were then diluted to the extent that AC did not influence focus formation as
determined in the preceding experiment. No appreciable direct effect of AC was
observed on RSV in this experiment (data not shown).



211
Delayed tumor development due to AC treatment

Antiviral activity of AC in vivo was determined with chickens infected with RSV.
It can be seen from Fig. 2 that the administration of AC delayed the development of a
tumor on the wing web. At the dosage of 200 mg/kg per day, tumor development was
delayed by as much as 6 days. Each chicken was followed until it died due to the
tumor. The mean survival time of the control group without the treatment was
14.0+1.4 days, while treatment with AC prolonged this survival time to 18.512.4
days. The same treatment with uninfected chickens did not cause any deleterious
effect.

Anti-HIV activity of AC and ARS in vitro

As shownin Table 4, AC inhibited the cytopathogenicity of HIV-1 on Sup-T1 cells.
The effect, however, was not marked, in that the maximum protection was only 37.0%
at 50 ug/ml. There was no appreciable anti-HIV activity of ARS against infected Sup-
T1 cells. AZT had a potent inhibitory effect on the cytopathogenicity of HIV-1 in Sup-
T1 cells. In the case of the MT-4 cell system, the protective effects of AC and ARS
were significant. Thus, AC inhibited HIV-1-induced cytopathogenicity by 50% at
19.0 ug/ml, and ARS did so at 47.5 ug/ml. In any case AC and ARS were much less
active than AZT. Alizarin, purpurin and quinalizarin had no effect on the cytopatho-
genicity of HIV-1 (data not shown).
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Fig. 2. Delayed tumor development in chickens due to AC treatment. AC was administered simultaneously

with virus infection at the wing web. For an additional 6 days, AC was further administered daily as

described in Materials and Methods. Tumor size was calculated by [the longest diameter of tumor (mm) +

the shortest diameter of tumor (mm))/2. P values were determined by Student’s ¢ test. *, P<0.01; =, P<0.05;

™, P<0.001. Each error bar on points was expressed as means * SE of four chickens. Dosages of AC were:
B, 0 mg/kg; 00, 3.13 mg/kg: o, 12.5 mg/kg; A, 50.0 mg/kg; %, 200 mg/kg.
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TABLE 4
Inhibitory effects of AC and ARS on cytopathogenicity (CPE) of HIV-1 in Sup-T1 cells and MT-4 cells

Compound Cells ICso" (Mg/ml) CCsy” (ng/mi) Ratio (CCso/ICsy)
AZT SUP-T1 0.475 >250 >526
MT-4 0.0014 4.8 3428.6
AC SUP-T1 e 64.5 <1
MT-4 19.0 79.0 42
ARS SUP-TI NE! 21.5 <1
MT-4 475 120.0 2.5

Data represent mean values for two to three separate experiments.

*50% Inhibitory concentration, achieving a 50% protection of Sup-T1 cells and MT-4 cells against the cyto-
pathic effect of HIV-1.

*50% Cytotoxic concentration: required to reduce the viability of normal uninfected Sup-T1 cells and MT-
4 cells by 50%.

‘At 50 pg/ml AC inhibited cytopathogenicity by 37%.

NE: No effect.
R o R
4004
Ra
o R

R,
Compound Ry Ry Ry Rs Rs Re
AC H H H CHNCHLOOH), OH OH
ARS H H H SONa OH OH
Quinalizarin OH OH H H OH OH
Alizarin H H H H OH OH
Purpurin H H OH H OH OH

Discussion

During the search for inhibitors of RAV-2 RT, it was found that anthraquinones
with hydroxy groups corresponding to Rs and Re groups were active against this
enzyme (Table 1 and Fig. 3). Most of those which did not have hydroxy groups corre-
sponding to Rs and R (for example, anthraquinone and anthrarufin) were not active
(data not shown). AC, which is the most potent inhibitor of RAV-2 RT among the
anthraquinones tested, is known to be a chelating reagent for various metal ions and its
chelating activity with cerium (III) was used for the determination of the fluoride ion
(Belcher et al., 1959; Leonard and West, 1960). However, the chelating action of AC
did not play a role in the inhibitory effect of this compound on RAV-2 RT. Thus,
inhibitory effect of AC was not influenced by increasing concentrations of Mg”" ion
up to 100 uM (data not shown).

Comparison of the inhibitory effects of active compounds on RTs from various
sources revealed interesting features. RAV-2 RT was much more sensitive to AC
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(ICs: 3.8 pg/ml) than RSV RT or HIV-1 RT (ICsy: 100 pg/ml and 45 pg/ml, respec-
tively). On the other hand, purpurin had a much higher activity on HIV-1 RT (ICs: 4.7
pg/ml) and quinalizarin was the most potent inhibitor of RSV RT (ICs: 20 ug/ml).
The fact that an inhibitory agent could influence the various RTs in a much different
manner has already been reported. For example, foscarnet inhibits HIV-1 RT sixteen
times more than AMV RT(Vrang and Oberg, 1986) and TIBO derivatives are specifi-
cally inhibitory to HIV-1 RT but not to any other retrovirus RT (Pauwels et al., 1990).
On the other hand, ddTTPis 100-fold more inhibitory to HIV-1 RT than AMV RT, and
1000-fold more inhibitory to HIV-1 RT than to Moloney murine leukemia virus RT
(White et al., 1989). These results, together with our present data, indicate that the
search for anti-HIV agents should be performed with HIV-1 RT (or HIV-2RT) and not
other retrovirus RTs.

Among the anthraquinones shown in Table 1, AC and ARS inhibited RSV focus
formation (ICse: 8.5 pg/ml and 40 pg/ml, respectively, see Table 2). However, the
inhibitory concentration of AC on focus formation was approximately one tenth of
that required to inhibit RSV RT. Thus, this inhibitory effect on focus formation might
not be entirely due to inhibition of RSV RT. As shown in Table 3, AC inhibited RSV
production at the concentration which inhibited focus formation, suggesting that the
same mechanism may operate for inhibition of focus formation as well as for inhi-
bition of RSV production. Consistent with the inhibitory action of AC on focus forma-
tion as well as virus production, AC delayed tumor induction by RSV in vivo. It should
be noted that AC only affected tumor induction. Once the tumor had appeared, daily
administration of AC did not influence the growth rate of the tumor. This is consistent
with the concept that AC interferes with the replicative cycle of RSV and not tumor
growth itself. In fact, AC had no effect if administration of this compound was delayed
to 24 h after virus inoculation (data not shown). Of the anthraquinones tested, AC was
the most potent inhibitor of HIV-1 cytopathogenicity in MT-4 cells [ICsy: 19 pug/ml
(Table 4)].

Inhibitory concentrations of AC for HIV-1 cytopathogenicity were lower than
those for HIV-1 RT, suggesting that the inhibitory action of AC on HIV-1 pathogen-
icity might not be entirely due to inhibition of RT. This notion was further supported
by the finding that some compounds, such as quinalizarin and purpurin, had no effect
on RSV focus formation while they had some inhibitory effects on RSV RT (Tables 1
and 2). Recently, a dimeric anthraquinone (hypericin) has been reported to be an
active agent against murine leukemia viruses. The action of hypericin was ascribed to
inhibition of viral assembly (Merueloetal., 1988; Lavieetal., 1989). Itis possible that
AC may act in similar fashion to hypericin. The exact mechanism of the anti-HIV-1
action of AC remains to be elucidated.

Although the anti-HIV activity of AC is much less pronounced than that of AZT, it
appears possible that chemical modifications of this compound may lead to more
active and more specific inhibitors of HIV. In addition, the anti-HIV potency of the
compounds may vary according to the nature of the target cells used. In fact, several
target cells of HIV have been used by various laboratories for the screening of anti-
HIV agents.

Anti-HIV activity of AZT varies to a great extent depending on the target cells [i.e.,
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MT-4 and ATH-8 (Herdewijn et al., 1987)]. Despite the wide clinical use of AZT, it
has a number of shortcomings. In particular, it causes bone marrow toxicity which
makes the long-term use of this drug rather difficult (Richman et al., 1987). Further-
more, long-term use of AZT also leads to the emergence of AZT-resistant HIV strains
(Larder et al., 1989). Therefore, new anti-HIV agents with a completely different
mode of action from AZT would seem desirable. Our findings suggest that AC may be
a lead compound from which potentially more potent and selective anti-HIV agents
could be derived. Studies with various AC derivatives for their effectiveness against
HIV-1 are in progress.

Shortly after this paper was completed, a paper describing similar effects of alizarin
complexone with a different system appeared: Schinazi et al. (1990). Anthraquinones
as a new class of antiviral agents against human immunodeficiency virus. Antiviral
Res. 13,265-272.
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