
Herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2),
which are enveloped DNA viruses, have been recognized as
two causative pathogens of infectious diseases developing
mucocutaneous lesions of the mouth, face, eyes, or genitalia.
After primary infection, they can establish latency in the host
and are reactivated by the proper stimulus to cause recur-
rence. Recent progress in medical technology for organ
transplantation has increased the number of recipients who
are at a high risk of infection with or recurrence of HSV-1
and HSV-2.1) In addition, clinical and experimental studies
on infectious viral diseases suggest that HSV-1 and HSV-2
can act as cofactors in spreading human immunodeficiency
virus type 1 (HIV-1)2) and are major opportunistic agents in-
volved in the pathogenesis of acquired immunodeficiency
syndrome (AIDS), which is caused by HIV-1.3)

Acyclovir (ACV), a synthesized nucleoside analogue, has
been widely used for the treatment of HSV infections be-
cause it was shown to have remarkable efficacy and safety

with systemic administration. It acts as a prodrug that is pref-
erentially phosphorylated by viral thymidine kinase (TK) in
infected cells. Although it is a highly selective antiherpes
agent, the emergence of ACV-resistant HSV strains has been
observed in immunocompromised patients such as transplant
recipients and patients with AIDS.4) On the other hand, gan-
ciclovir (GCV), which is clinically used to treat patients in-
fected with cytomegalovirus, has also been used for cancer
gene therapy.5,6) Therefore potentiators of the viral TK could
be useful in solving such problems as the side effects of
GCV as well as the emergence of ACV-resistant HSV strains.

In the course of our search for novel antiviral molecules
from natural resources, we succeeded in the isolation of
tetracyclic diterpenes such as scopadulciol (SDC, 1), sco-
padulcic acid B (2), and scopadulin (SD, 3) as anti-HSV-1
molecules from the tropical medicinal plant Scoparia dulcis
L. (Scrophulariaceae).7—9) Among these diterpenes, SDC was
found to potentiate the anti-HSV-1 effect of ACV. The syner-
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Herpes simplex virus type 1 thymidine kinase (HSV TK) is involved in both antiherpetic therapy and cancer
gene therapy with acyclovir (ACV) and ganciclovir (GCV). Enhanced sensitivity to these drugs is advantageous
in their clinical use. In the present study, scopadulciol (SDC) and its related compounds were evaluated for their
stimulatory effect on the cytotoxicity of ACV and GCV by determination of selective toxicities against HSV TK-
expressing HeLa cells. Although SDC remarkably potenciated the cytotoxicity of ACV and GCV, the other tested
compounds showed only weak selectivity, except for compound 34.
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Table 1. Derivatives of SDC (1) Evalutated for Stimulatory Effects on the Cytotoxicity of ACV and GCV

Sample R1 R2 X Y Sample R X A B

1 CH2OH Me OBz O 15 COOH OBz H OH
2 COOH Me OBz O 16 COOH OBz OH H
4 CH2OH COOH OBz O 17 COOH OBz H OAc
5 CH2OAc Me OBz O 18 COOH OBz OAc H
6 COOMe Me OBz O 19 COOMe OBz OH H
7 COONa Me OBz O 20 COOMe OBz H OAc
8 COOH Me OBz NOH 21 COOH OBz OH H
9 COOMe Me OBz NOH 22 COOMe OBz OH H

10 COOH Me OH O 23 CH2OAc OH H OAc
11 COOMe Me OH O 24 CH2OAc OAc OAc H
12 COOH Me OAc O
13 COOMe Me OAc O
14 COOH Me O O

Bz, benzoyl; Ac, acetyl.



gistic effect of SDC with ACV was suggested to be due to
the activation of HSV TK by SDC.9)

In the present study, several derivatives of SDC as well as
some reaction intermediates obtained during the total synthe-
sis of SD were evaluated for their stimulatory effect on the
cytotoxicity of ACV and GCV against HSV TK gene-trans-
fected HeLa cells.

Results and Discussion
Monophosphorylation of ACV and GCV by HSV TK is a

crucial step for their activation.10—14) Thus the cytotoxic effi-
cacy of these prodrugs is dependent on HSV TK activity. In
the present study, we evaluated the stimulation of the cyto-
toxicity of ACV and GCV by compounds using HSV TK-ex-

pressing HeLa cells. The chemical structures of SDC and its
related compounds tested are illustrated in Table 1 and Fig. 1.
The levels of TK activity in these cell cultures were mea-
sured at passage 5 (Table 2, experiment I) and 8 (Table 2, ex-
periment II) by determining the radioactivity of [3H]-ACV
incorporated into the phosphorylates, showing 10700—
11400 dpm or 8600—9600 dpm/107 cells at passage 5 or 8,
respectively. Immunoblotting analysis of HSV TK-express-
ing cells revealed the presence of HSV TK protein in the cell
cultures.

As shown in Table 2, SDC potentiated the toxicities of
ACV and GCV by 300 and 3300 times in HSV TK-express-
ing cells as compared with those in wild-type HeLa cells, re-
spectively. Derivatives of SDC and related compounds were
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Table 2. Cell Growth Inhibition of ACV and GCV against HeLa Cells in the Presence or Absence of Each Sample

ACV GCV

Sample Dose mg/ml
HeLa-TK� HeLa-TK� Selective HeLa-TK� HeLa-TK� Selective

CC50 (mM)a) cytotoxicityb) CC50 (mM)a) cytotoxicityb)

Experiment I
None — 3100 170 18 490 3.4 140

1 0.01 3300 11 300 490 0.15 3300
Experiment II

None — 2100 230 9.1 230 8.1 28
5 0.025 2400 270 8.9 240 14 17
9 0.5 2300 190 12 220 6.8 32

2 2000 270 7.4 190 13 15
12 2 2300 190 12 240 6.8 35
17 2 1400 83 17 220 5.0 44
25 2 1800 140 13 170 6.0 28
32 25 2300 230 10 230 7.7 30

50 2000 210 9.5 240 8.6 28
34 2 2200 250 8.8 230 11 21

10 1800 21 86 230 8.1 28
35 2 2400 250 9.6 220 8.3 27

10 1300 88 15 120 5.4 22

a) 50% inhibitory concentration of ACV or GCV for cell growth. HeLa-TK�, wild-type HeLa 229 cells; HeLa-TK�, HeLa cells expressing HSV TK. b) Ratio of the CC50

of ACV or GCV for HeLa-TK� cells to that for HeLa-TK� cells. Samples not listed here showed selective cytotoxicity of less than 10.

Fig. 1. Structures of Scopadulin 3 and Its Related Compounds Evaluated in This Study



tested for the stimulation of the cytotoxic effects of the pro-
drugs at concentrations lower than the 50% cytotoxic con-
centration (CC50) against HeLa 229 cells (Table 2, experi-
ment II). The other compounds listed in Table 1 showed no
effect on the cytotoxicities of ACV and GCV. Only com-
pound 34 at 10 mg/ml exerted a relatively high selective cyto-
toxicity in ACV-treated cells, being approximately 10 times
more potent than the no-drug control. This compound, how-
ever, was less potent than SDC.

TK derived from HSV-1 plays a key role in both antiviral
and cancer gene therapies using ACV and GCV. In the pre-
sent study, we evaluated the selective cytotoxicity between
HSV TK-negative and -positive cell lines. The assay system
reported here might be convenient in searching for com-
pounds that would be expected to show synergistic action
with ACV and GCV.

Experimental
SDC and Related Compounds Compounds 1—4 were isolated from S.

dulcis. Compounds 5—24 were obtained by transformation from 2.15) The
other compounds were reaction intermediates obtained during the total syn-
thesis of 3.16)

Cells Human cervical carcinoma (HeLa 229) cells were obtained from
the Human Science Research Resources Bank (Osaka, Japan). The cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% fetal bovine serum.

Plasmid The plasmid pSV2-HSTK-1 was constructed by inserting the
BamHI Q fragment of HSV-1 DNA into the expression vector pSV2-neo.17)

Transfection HeLa 229 cells (1�105) were placed in 35-mm dishes and
cultured for 24 h at 37 °C. Plasmid DNA was transfected with LipofectA-
MINE (Life Technologies, Gaithersburg, MD, U.S.A.) according to the man-
ufacturer’s directions. At 72 h after transfection, the medium was changed to
selective medium containing geneticin (400 mg/ml). The transfected cells
were cloned three times under selection in geneticin (800 mg/ml) to obtain
stable HSV TK-expressing cell lines. HSV TK protein was detected by im-
munoblotting using polyclonal anti-HSV TK antibody and luminol reagent
(Western Blotting Luminol Reagent, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, U.S.A.). HSV TK enzymatic activities of the transfectants were
measured with [3H]-ACV (Moravek Biochemicals, Brea, CA, U.S.A.) as a
substrate, as reported previously.18)

Growth of Cells Expressing HSV TK Wild-type (HSV TK�) and HSV

TK-expressing (HSV-TK�) HeLa 229 cells were inoculated in 48-well plates
at a density of 1�104 cells/well. After 1 d, the cells were replenished with
medium containing varying concentrations of test compounds. The cells
were allowed to proliferate for 7 d, and the viable cell numbers were counted
using the trypan blue dye-exclusion method. The CC50 was obtained from
the dose-response curves.
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