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belliferone glucuronidation (Zfold) was brought about by 
phenobarbital and TCDD. The conjugation of 2-amino- 
phenol was elevated maximally (2-fold) by 3-methylchol- 
anthrene. Hexachlorobiphenyls were the most potent PCBs 
to enhance monooxygenase and transferase activities; the 
effects of most PCBs resembled more those of phenobar- 
bital than those of either 3-methylcholanthrene or TCDD. 
It was demonstrated that the elevation of drug-metabolizing 
enzyme activities by PCBs is determined by accumulation 
of the PCB in the target tissue. The activities of aryl- 
hydrocarbon hydroxylase and 7-ethoxycoumarin O-de- 
ethylase increased independently from each other since 
there was no correlation between the elevations of these 
monooxygenases. Similarly, 4-methylumbelliferone and 
2-aminophenol transferases were found to be differen- 
tially induced. Interestingly, parallel induction of aryl- 
hydrocarbon hydroxylase and 2-aminophenol transferase 
activities, as well as of 7-ethoxycoumarin 0-deethylase and 
4-methylumbelliferone transferase activities, was found. 
The parallel inductions suggest coordinated regulation of 
the monooxygenase-transferase pairs. 
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Enhancement of viral growth by the antitumor drug 4’-(9-acridinylamino) 
methanesulfon-m-anisidide (m-AMSA)* 

(Received 7 January 1983; accepted 24 March 1983) 

Patients undergoing extensive drug therapy for treatment 
of neoplastic disease often become more susceptible to 
viral infection due to the drug-associated immunosuppres- 
sion. Patients treated with 4’-(9-acridinylamino) 
methanesulfon-m-anisidide (m-AMSA) are often ambu- 
latory and exposed to viral infection. This report describes 

* This work was supported in part by Grants CA-24859, 
CA-28034 and RR-5511-18 from the National Cancer 
Institute, National Institutes of Health, and Grant G-120 
from the Robert A. Welch Foundation. 

the drug augmentation of viral growth in vitro, independent 
of host immune-surveillance. The system consists of HeLa 
or Vero cells pretreated with m-AMSA and then infected 
with vaccinia virus or herpes simplex virus type I (HSV). 
This augmentation of viral growth produced by m-AMSA 
persists longer than the period of time required for cells 
to repair detectable DNA damage, suggesting that subtle 
and persistent alterations in cellular metabolism occur as 
a consequence of m-AMSA treatment. 

m-AMSA is a cytotoxic agent currently undergoing phase 
III evaluation as a cancer chemotherapeutic agent [l-3]. 
The exact mechanism for the antitumor action of m-AMSA 
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is unclear; however, several effects on cellular components 
have been reported. m-AMSA binds to DNA approxi- 
mately one-tenth as tightly as the intercalating drugs adria- 
mycin or proflavin [4,5]. In cells treated with m-AMSA, 
chromosomal damage characteristic of intercalating agents 
occurs, i.e. (1) DNA or chromosomal breaks that are 
readily repaired [6,7]; (2) incomplete chromosomal con- 
densation- [8]; and (3) stimulation of sister chromatid 
exchange and polyploidization [9]. m-AMSA fails to pro- 
duce DNA damage in cells kept at 4” [lo] or in purified 
DNA [6]. There are conflicting reports concerning the 
abilitv of m-AMSA to damage DNA in isolated nuclei 
[7, ll]; however, the evidence suggests that a cellular com- 
ponent other than DNA is probably necessary for damage 
to occur. This component may be a protein that has been 
reported to be associated with DNA in m-AMSA-treated 
cells [lo]. m-AMSA also inhibits several cellular and viral 
DNA polymerases [8], but at concentrations that are in 
considerable excess of the LDso; therefore, this direct inter- 
action is not considered to be a primary cause of AMSA 
cytotoxicity. 

Duplicate cultures of control cells and cells treated with 
m-AMSA (0.025 to 3.2 ,ug/ml) for 24 hr prior to its removal 
were subsequently infected with virus. One culture was 
used for determination of plaque-forming units (PFU) and 
enlarged plaques, and the other culture was used for deter- 
mination of the number of infectious virus produced per 
culture. Infectious virus yields were determined by plaque 
assays of the latter cultures which had been frozen and 
thawed three times to release cell-associated virus. The 
ratio of the number of infectious virus produced per 
plaque-forming unit was determined using a multiplicity of 
infection of O.OOl/cell. Plaque assays of the virus were 
performed by adding 0.25% human IgG to the culture 
medium 1 hr (2 hr for HSV) after adsorption. Two or three 
days later, neutral red, a dye that is taken up by living cells, 
was added. The next day the medium was decanted, the 
cells were dried, and the cell-free areas were measured and 
counted [12]. Enlarged plaques were up to 50% larger in 
diameter than controls but were defined as being at least 
0.1 mm larger than the largest plaque observed in simul- 
taneous control cultures. Control plaques were in a size 
range from 0.7 to 1.7 mm. Plaque size was measured using 
a Bausch and Lomb 7x measuring magnifier. Recouery 
from m-AMSA treatment was assessed by treating confluent 
monolayers with m-AMSA for 24 hr. The drug was 
removed, the monolayers were rinsed, and medium con- 
tainine 2% fetal calf serum (FCS) was added. Plates were 
infectgd with virus and assayed for plaques as described 
above using these monolayers on days 1 through 10 after 
drug treatment. 

HeLa cells, originally obtained from Flow Laboratories, 

* This assay was developed at this institute by R. B. 
Hurlbert and D. R. Mills independently of the procedure 
of Gormley and Cysyk [P. E. Gormley and R. L. Cysyk, 
Analyt. Biochem. 96, 504 (1979)]. In the presence of 66% 
methanol and mercaptoethanol under nitrogen and at pH 
5, m-AMSA is thiolyzed quantitatively to the acridinyl 
mercaptide, with loss of the 4-amino methanesulfon-m- 
anisidide, in a few hours at room temperature. The adduct 
is readily degraded by mild heating in air to acridone. 
Alternatively, the overall conversion of m-AMSA to acri- 
done is obtained in 45 min at 80” with none of the side 
products which are observable by reverse phase HPLC 
when m-AMSA is heated under alkaline conditions. The 
fluorescence of the product acridone is considerably greater 
at pH 5 than at alkaline pH, and the fluorescent yield from 
m-AMSA is at least 80-90% of the fluorescence from a 
molar equivalent of acridone. As applied here, the pro- 
cedure detects primarily free m-AMSA, although certain 
other metabolites of m-AMSA may be thiolyzed by mer- 
captoethanol and/or degraded to acridone by heating. 

Bethesda, MD, and Vero cells (African green monkey 
kidney), obtained from the American Type Culture Col- 
lection, Rockville. MD. were used in these experiments. 
Cells were maintained in continuous passage (or stored 
with glycerol in liquid nitrogen) in RPM1 1640 or McCoy’s 
5a medium plus lO-20% FCS and antibiotics (penicillin 
and streptomycin, 100 units/ml; amphotericin. 0.25 ngml). 
All culture experiments were conducted at 37” in an atmos- 
phere of 95% room air and 5% COz at 100% humidity. 
Vaccinia virus, originally obtained from the American Tvpe 
Culture Collection. was passaged in HeLa cells. The KOS 
strain of HSV was urovided bv Dr. P. A. Schaffer (Sidnev 
Farber Institute. Harvard Medical School). All experiments 
were conducted in RPM1 media due to the lability of 
m-AMSA when exposed to r-cysteine-HCl [ 131. 

m-AMSA was obtained from the National Cancer Insti- 
tute, Bethesda, MD (NSC 141549). The drug was dissolved 
in ethyl alcohol and stored at -20”. m-AMSA was measured 
by fluorescence spectroscopy following conversion to its 
acridone derivative [ 141. Cells were sonicated in 2 ml of 
distilled water. and 2 vol. of methanol was added per vol- 
ume of suspension. Three milliliters of the suspension was 
then treated with 0.1 ml of the 1 M acetate buffer, pH 5.0, 
and 0.15 ml of mercaptoethanol. The mixture was heated 
at 80” for 1 hr in a tightly capped tube. The solution was 
cooled to room temperature and fluorescence was deter- 
mined using an excitation wavelength of 390 nm and an 
emission wavelength of 415 nm on a Varian VSF-330 
spectrofluorometer. * 

Pretreatment of HeLa cells with m-AMSA for 24 hr 
allowed vaccinia virus to replicate to a greater extent in 
treated than in untreated cells (Fig. la). A dose-dependent 
increase in the number of enlarged plaques was observed 
up to the EDGE dose (as determined by inhibition of colony 
fornation) for HeLa cells (0.4 &mi). Below this dose, 
m-AMSA did not reduce the number of PFU: however. 
both the number of PFU and the number of enlarged 
plaques were reduced when the m-AMSA concentration 
was in excess of 0.4 &ml (data not shown). The increase 
in the number of enlarged plaques could occur due to an 
increased number of virus produced during the infection, 
an increase in the lytic ability of the virions, or a shortening 
of the viral replicative cycle. The graph in Fig. lb indicates 
that m-AMSA pretreatment resulted in an increase in the 
number of PFU produced during the 96-hr incubation. 
However, the absolute number of virus produced per cul- 
ture was not altered if the infection was allowed to proceed 
to completion (data not shown). Thus, the rate, rather than 
the extent, of infectious virus production was increased by 
m-AMSA under the conditions for the data illustrated in 
Fig. 1. It should be emphasized that m-AMSA was removed 
before adding the virus since vaccinia virus replication is 
inhibited by continuous exposure to m-AMSA (virus 
LDSO -0.4 pg/ml). In experiments similar to that illustrated, 
augmentation of HSV growth was observed in Vero cells 
pretreated with m-AMSA, i.e. at 0.4 &ml there were 65% 
enlarged plaques. We confirmed the observation of Byrd 
[13] that HSV replication is not inhibited by continuous 
exposure to m-AMSA. 

The augmentation of vaccinia virus growth produced bv 
m-AM&A-persists for several days following a 24-hr expo- 
sure of cells to 0.2 /@/ml (Table 1). The persistence of 
m-AMSA augmentation of vaccinia’ growth’ suggests that 
the drug, its metabolite(s), or an altered biological process 
is quite long-lived in the cells. As seen in Table 2, extensive 
uptake of m-AMSA occurs within 6 hr after drug addition. 
During the 24-hr exposure to m-AMSA, the media con- 
centration of the drug was not altered; therefore, the intra- 
cellular and extracellular drug concentrations appear to 
have reached an equilibrium. Following removal of the 
drug at 24 hr, rapid and slow phases of m-AMSA release 
from the cells were observed. Measurable concentrations 
of m-AMSA persisted up to 4 days (96 hr in Table 2). 
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Table 1. Enhancement of vaccinia virus growth in Vero cells* 

Time (day) of virus No. of plaques 
inoculation counted % Enlarged plaques 

1 348 16 + 3 
3 306 18 * 3 
5 336 15 f 2 
7 300 623 

10 270 3*3 

* Vero cells were treated on day 0 with m-AMSA (0.2 pg/ml). The drug 
was removed on day 1, and vaccinia virus was added on the days shown. The 
results given are mean values 2 range for two separate experiments, each 
performed in triplicate. 
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Fig. 1. Enhancement of vaccinia virus growth by m-AMSA. 
Stationary cultures of HeLa cells were pretreated for 24 hr 
with m-AMSA at the concentrations shown. The medium 
was removed, and the cells were inocuiated with virus in 
fresh medium. Four days later, (a) plaque assays were 
harvested (top graph), and (b) simultaneous cultures were 
harvested and assayed to evaluate PFU produced per 
plaque (bottom graph). The results shown are mean values 
obtained from three experiments, each performed in 

duplicate. 

Several antitumor agents have been reported to increase 
the capacity of cells to support viral growth, namely: S- 
iododeoxyuridine [15]; methotrexate, 5-fluorouracil, mito- 
mycin C [16]; and cyclophosphamide [17, 181. However, 
except in the case of S-iododeoxyuridine [15], the mech- 
anisms by which increased viral growth occurred have not 
been studied in detail. Methotrexate, 5-fluorouracil, and 
mitomycin C have been shown to increase vaccinia virus 
production in cells of human origin by lOU- to lo-fold 
[16]. The optimum effect of these drugs occurs at a level 
that inhibits cell growth by 50%. Cyclophosphamide (an 
alkylating agent) markedly augmented vaccinia virus 
growth in Vero cells by increasing virus numbers [17, IS]. 
Furthermore, physical effects, such as DNA damage by 
ultraviolet light [12], will also increase the capacity of 
human cells to support HSV replication. In a previous 
study of the effect of m-AMSA on viral growth, Byrd [13] 

* Author to whom correspondence should be addressed 

Table 2. Uptake and disappearance of m-AMSA in HeLa 
cells* 

Time after 
addition of m-AMSA 

(hr) (rig/l X 106cells) 

0 (blank) 0.9 r 0.4 

: 
20 e 6 
48-c 11 

24 58 + 9 
Wash 

25 26 -c 5 
30 16 at 3 

$28 
13 f 2 
11 r3 

96 10 t 3 
120 612 

* HeLa cells in stationary culture were exposed to m- 
AMSA (0.4 &ml) for 24 hr, at which time medium was 
removed. At the times shown, the cells were rinsed and 
sonicated. m-AMSA was measured by fluorescence spec- 
troscopy as described in the text. The results shown are 
mean values * S.E. for three separate experiments. 

reported that m-AMSA inhibited vaccinia virus at non- 
cytotoxic concentrations; however, m-AMSA was found 
to have no antiviral effect on HSV, reovirus, or vesicular 
stomatitis virus. The work reported here adds m-AMSA 
to the list of antitumor agents that can increase viral growth 
in vitro. 

Others have found that the efflux of m-AMSA from 
L1210 cells at concentrations used in these experiments 
was rapid and extensive over a l-hr period [lo, 191. We 
have found a residual, though measurable, amount of 
m-AMSA in HeLa cells at least 24 hr and possibly up to 
96 hr after removal of extracellular drug (Table 2). This 
residual drug may represent drug tightly bound to DNA 
and other cellular components. Since m-AMSA even at 
96 hr exists in a form which yields an acridone derivative, 
it appears to maintain its structural integrity during this 
period; thus, long-term effects would not be totally unex- 
pected. Although DNA strand breaks caused by m-AMSA 
apparently can be repaired in l-6 hr after removal of the 
drug [6], the persistent augmentation of viral growth leads 
us to postulate that some other cellular alterations are not 
rapidly or efficiently repaired, resulting in more subtle and 
persistent metabolic changes. 
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Pediatrics N. BURRFURLONG$ 
and $Biochemistry J. ARLY NELSON? 

University of Texas 
M.D. Anderson Hospital and 

Tumor Insitute at Houston 
Houston, TX 77030, U.S.A. 



2618 Short communications 

REFERENCES 

1. S. S. Legha, M. J. Keating, A. R. Zander, K. B. 
McCreadie, G. P. Bodey and E. J. Freireich. Ann. 
intern. Med. 93, 17 (1980). 

2. G. Rivera, W. E. Evans, G. V. Dahl, G. C. Yee and 
C. B. Pratt, Cancer Res. 40,425O (1980). 

3. D. V. Van Echo, S. Markus, J. Aisner and P. E. 
Wiernik, Cancer Treat. Rep. 64. 1009 (1980). 

4. W. A. Denny, B. F. Cain. G. J. Atwkll, C. Hansch, 
A. Panthananickal and A. Leo, J. med. Chem. 25,276 
(1982). 

5. B. C. Baguley, W. A. Denny, G. J. Atwell and B. F. 
Cain, J. med. Chem. 24, 520 (1981). 

6. N. B. Furlone. J. Sato. T. Brown, F. Chavez and R. 
B. Hurlbert, ldancer Res. 38, 1329 (1978). 

7. R. K. Raluh. Eur. J. Cancer 16. 595 11980) 
8. P. E. Goimley, V. S. Sethi and R. L: Cysyk, Cancer 

Res. 38, 1300 (1978). 
9. L. L. Deaven, M. S. Oka and R. A. Tobey, J. natn. 

Cancer Inst. 5, 1155 (1978). 

10. L. A. Zwelling, S. Micheals, L. C. Erickson. R. S. 
Uneerleider. M. Nichols and K. W. Kohn. Biochem- 
is@; 20, 6553 (1981). 

11. Y. Pommier, D. Kerrigan, R. Schwartz and L. A. 
Zwelling, Biochem. biophys. Res. Commun. 107, 576 
(1982). 

12. T. P. Coohill, S. P. Moore and S. Drake, Phoroehem. 
Photobiol. 26, 387 (1977). 

13. D. M. Byrd, Ann. fi.Y. Acad. Sci. 284, 463 (1977). 
14. B. F. Cain, W. R. Wilson and B. C. Baguley, Molec. 

Pharmac. 12, 1027 (1976). 
15. M. Jekofsky and F. Rapp, J. Viral. 15, 253 (1975). 
16. J. Koziorowska and B. Chlonkiewcz. Arch. Virus- 

forsch. 41, 334 (1973). 
17. A. H. Ginsberg, W. ‘T. Monte and K. P. Johnson, J. 

Virol. 21, 277 (1977). 
18. M. Worthington, A: S. Rabson and S. Baron, J. exp. 

Med. 136, 277 (1972). 
19. L. A. Zwelling, D. Kerrigan, S. Michaels and K. W. 

Kohn. Biochem. Pharmac. 31, 3269 (1982). 

Ltiocttemicaf Pharmacology, Vol. 32. No. 17. pp. 2618-2620, 1983. OOOtZ-2952,‘83 $03.00 + 0.00 

Printed in Great Britain. @ 1983 Pergamon Press Ltd. 

Relationships between propranolol plasma protein binding, glycoprotein 
concentration, and enzyme induction following phenobarbital administration in 

the dog* 

(Received 3 September 1982; accepted 17 March 1983) 

We have reported previously on the induction of the plasma 
protein binding of propranolol by phenobarbital, pheny- 
toin, and Arochlor 1254 [I]. The mechanism of this 
increased binding was increased synthesis of @i-acid gly- 
coprotein (AAG). The known properties of these three 
substances as inducers of cytochrome P-450 suggested that 
the stimulation of AAG might be directly associated with 
induced drug metabolism. On the other hand, the induction 
of AAG could be an incidental finding. In the present 
work, we have performed a parallel experiment which 
measures the extent of antipyrine metabolism after ces- 
sation of phenobarbital administration. Antipyrine metab- 
olism is known to depend on the level of hepa& cytochrome 
P-450 121. In this way, the time course of drug metabolism . 1 < 

could be compared to the time course of AAC production 
and propranolol binding. 

Most of the experimental details were presented in our 
earlier work [l]. Briefly, four male littermate beagle dogs 
were the experimental subjects. Phenobarbital was admin- 
istered for 1.5 davs at a dose of 180 mg’day, p.o. Antipyrine 
(15 mg/kg, i.v.) was dissolved in 5 mcof distilled water and 
filtered through a Millex-GS filter, Blood samples for anti- 
pyrine assay were obtained by syringe and placed in glass 
tubes containing heparin. The plasma was separated and 
frozen until assayed. 

Plasma antipyrine was assayed by the method of Brodie 
et al. [3]. Blood samples were obtained prior to the anti- 
pyrine dose and at 30, 60, 90, and 120 min after injection. 
One antipyrine experiment was done before the animals 

* A portion of this work was presented at the Eighth 
International Congress of Pharmacology. Tokyo, Japan, 
July 1981. 

were begun on phenobarbital and is designated as control. 
The occasion of the last phenobarbital dose was called day 
0. Other antipyrine kinetic experiments were then per- 
formed on days 0, 5, 9, and 12. 

For a flow-independent system the Tl for a drug reflects 
the enzymatic competence for the process acting on it; the 
linear relationship is between 1, the elimination rate con- 
stant, and Q, the quantity of enzyme [4]. These I values 
were used as the data reflecting the induction of antipyrine 
metabolism by phenobarbital. The percent induction was 
calculated as: 

n(r)-n (control) x loo 
k(O)-n (control) (1) 

where k(t) is the observed rate constant on day 0, 5, 9, or 
12 post-phenobarbital. A similar manipulation of the data 
previously obtained for AAG concentration and propran- 
0101 binding was performed [I]. 

The plasma antipyrine concentrations during various 
experimental conditions are shown in Fig. 1. The half-lives 
calculated between 30 and 120 min for antipyrine after 
intravenous doses in the four dogs for the five experimental 
periods are presented in Table 1. They show the anticipated 
progression with the shortest occurring immediately after 
the phenobarbital treatment and the longest during the 
control period. 

The time course of the recovery of antipyrine metabolism 
from its induced state towards a control value can be 
examined in two ways. The h values can be adjusted to the 
amount of enzyme which has been induced by subtracting 
the I for the control period from the A values during the 
phenobarbitai decay phase. These data are presented in a 
semilogarithmic plot in Fig 2. This shows an apparent 


