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Summary. Certain waterblooms of toxic cyanobacteria 
(blue-green algae) are a health threat because of their 
production of toxic peptides, termed microcystins, which 
cause liver damage in wild and domesticated animals. 
The most widely studied microcystin is microcystin-LR, 
a heptapeptide containing the two L-amino acids, leucine 
and arginine. The inhibition of protein phosphatase 
type 1 and type 2A activities by microcystin-LR is similar 
to that of the known protein phosphatase inhibitor and 
tumor promoter okadaic acid. We show in this report 
that microcystin-LR, applied below the acute toxicity 
level, dose-dependently increases the number and per- 
centage area of positive foci for the placental form of glu- 
tathione S-transferase in rat liver, which was initiated 
with diethylnitrosamine. The result was obtained inde- 
pendently through two animal experiments. This obser- 
vation indicates that microcystin-LR is a new liver tumor 
promoter mediated through inhibition of protein phos- 
phatase type 1 and type 2A activities. This provides fur- 
ther evidence that the okadaic acid pathway is a general 
mechanism of tumor promotion in various organs, such 
as mouse skin, rat glandular stomach and rat liver. 

Key words: Microcystin - Tumor promoter - Protein 
phosphatase 

Introduction 

Waterblooms of certain planktonic cyanobacteria (blue- 
green algae), found in lakes, ponds and municipal water 
supplies, cause intermittent but repeated problems for the 
maintenance of safe water supplies. In summer, these 
waterblooms can produce an unpleasant taste and odor 
in tap water and an odor in the air around water reser- 
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voirs. A more serious problem concerns the production 
of potent cyclic hepatotoxins, termed microcystins, in 
many of these waterblooms (Botes et al. 1984; Carmi- 
chae11988; Watanabe et al. 1988; Namikoshi et al. 1990). 
Humans living in areas where the water supply is not well 
maintained can be continuously exposed to microcystins. 
Microcystin is a group name for about 23 known mono- 
cyclic heptapeptides varying primarily in their two 
L-amino acids. The nomenclature is based on these two 
L-amino acids, for example, microcystin-LR contains 
leucine and arginine (Botes et al. 1985; Carmichael et al. 
1988 a). Besides these two variable L-amino acids, micro- 
cystins contain three D-amino acids and two unusual 
amino acids, N-methyl-dehydroalanine and 3-amino-9- 
methoxy-2,6,8-trimethyl- 10-phenyldeca-4,6-dienoic acid 
(Adda) (Fig. 1). Microcystins have been isolated from 
toxic strains and species of Microcystis, Anabena, Oscilla- 
toria and Nostoc (Botes et al. 1984; Carmichael 1988; Wa- 
tanabe et al. 1988; Namikoshi et al. 1990). 
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Fig.l. Structure of microcystin-LR. Besides the two variable 
L-amino acids, leucine and arginine, the microcystins contain three 
D-amino acids and two unusual amino acids, N-methyl-dehydroala- 
nine (Mdha) and 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl- 
deca-4,6-dienoic acid (Adda) 
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Microcyst in  has a unique o r g a n o t r o p h y  in the liver, 
with acute lethal i .p. and oral  adminis t ra t ions  o f  micro-  
cystin to mice or  rats causing massive intrahepat ic  hem- 
orrhages and  cellular necrosis within a few hours  (Beasley 
et al. 1989). We have recently demons t ra ted  that  micro-  
cyst in-LR,  - Y R  and - R R  inhibit  protein phospha tase  
type 1 and type 2A activities, present in liver cell mem-  
brane and  cytosolic fractions,  as s t rongly as okada ic  acid 
(Yoshizawa et al. 1990; S u g a n u m a  et al. 1988; Fujiki et 
al. 1992). This inhibit ion o f  prote in  phospha tase  activi- 
ties resulted in an increase in phosphory la t ion  o f  proteins 
in the liver cells (Yoshizawa et al. 1990). Microcyst in  acts 
on  liver cells t h rough  a mechanism similar to tha t  o f  oka-  
daic acid, te rmed the okada ic  acid pa thway,  which has 
been reported to p rom o t e  t u m o r  development  in mouse  
skin initiated with 7,12-dimethylbenz[a]anthracene 
( D M B A )  and in rat  g landular  s tomach  initiated with N- 
methyl -N ' -n i t ro -N-ni t rosoguanid ine  (Suganuma  et al. 
1988; Fujiki et al. 1992). 

In  two experiments,  we found  that  mic rocys t in -LR 
has a po ten t  t u m o r - p r o m o t i n g  activity in rat  liver initi- 
ated with diethylni t rosamine ( D E N )  below the concen-  
t rat ions tha t  do  no t  release aminotransferase  ( transami- 
nase) f r o m  the liver into the b lood serum. Microcyst in  
acts on  the liver t h rough  the okada ic  acid pa thway  and 
is one o f  the strongest  liver t u m o r  p romote r s  found  to 
date. 

Materials and methods 

Chemicals 

Microcystin-LR was purified from lyophilized cells of laboratory- 
cultured Microcystis aeruginosa PCC-7820 and natural bloom mate- 
rial, dominated by Mieroeystis aeruginosa, collected from a farm 
pond near Monroe, Wisconsin in 1985 (Krishnamurthy et al. 1986; 
Galey et al. 1987). Phenobarbital was purchased from Ebisu Pharm. 
Co. Ltd., Osaka, Japan. DEN and the transanainase CII  test kit 
were purchased from Wako Chemical Co., Osaka, Japan. A vec- 
tastain-ABC kit was obtained from Vector Laboratories Inc., Bur- 
lingame, Calif., USA. Rabbit antibody against glutathione S-trans- 
ferase placental form (GST-P) was the generous gift of Prof. K. 
Sato, 2nd Department of Biochemistry, Hirosaki University (Satoh 
et al. 1985). 

Animals 

Male Fischer 344 (F344) rats, 6 weeks old, were obtained from 
Charles River Japan Inc., Kanagawa, Japan. 

Two-stage carcinogenesis experiment in rat liver 

The two-stage carcinogenesis experiment in rat liver was based on 
a variation of the Solt-Farber model (Solt and Farber 1976; Ito et 
al. 1980; Sato et al. 1984; Farber and Solt 1978). Male F344 rats, 6 
weeks old, were maintained under constant conditions for 1 week 
on a basal diet prior to the beginning of the experiment. 

Experiment 1. Male F344 rats, 7 weeks old, were divided into six 
groups. Groups 1-3 and 6 were i.p. injected with 200 mg/kg body 
weight DEN as an initiator, and groups 4 and 5 were i.p. injected 
with saline instead of DEN. Tumor promotion was conducted by 

i.p. administrations of 1 gg/kg microcystin-LR in groups 2 and 4, 
or I0 gg/kg microcystin-LR in groups 3 and 5 twice a week from the 
third week of the experiment, and followed by partial hepatectomy 
at the end of the third week of the experiment. As a positive control, 
0.05% phenobarbital, a well-known liver tumor promoter (Peraino 
et al. 1971), was given as a diet substitute for microcystin-LR in 
group 6. Saline was used instead of microcystin-LR in group 1. All 
animals were sacrificed at the end of week 8. The livers were excised 
and fixed in 10% formalin, and sections 2-3 mm thick were taken 
at the maximum diameters of the lobes and then processed for em- 
bedding in paraffin. Sections (4 gin) were cut and stained with he- 
matoxylin and eosin or by the avidin-biotin-peroxidase complex 
method (Hsu et al. 1981) for immunohistochemical demonstration 
of GST-P. The numbers and areas of GST-P-positive foci were de- 
termined by microscope using an eyepiece grid, and foci larger than 
50 gm in diameter were counted. Statistical significance of differ- 
ences was analyzed using Student's t-test. 

Experiment 2. Male F344 rats, 7 weeks old, were divided into five 
groups. Groups 1-4 were initiated with DEN as in experiment 1 and 
group 5 was i.p. injected with saline instead of DEN. Tumor pro- 
motion was conducted by two i.p. administrations of 10 gg/kg 
microcystin-LR in groups ~ 5  at the third week of the experiment, 
followed by partial hepatectomy at the end of the third week, as in 
experiment 1. After partial hepatectomy, the administered doses of 
microcystin-LR were 10 gg/kg for group 2, 25 gg/kg for group 3 
and 50 Ixg/kg for groups 4 and 5, twice a week. Saline was used in- 
stead of microcystin-LR in group 1. All animals were sacrificed at 
the end of week 8. Immunohistochemical staining and counting of 
foci were conducted by the same procedure as in experiment 1. 

Measurement of serum aminotransferase level 

Microcystin-YR, at a concentration of 80 gg/kg or 800 gg/kg dis- 
solved in 500 gl saline, was i.p. injected into male F344 rats. As a 
control group, only saline was i.p. injected. Blood serum was col- 
lected 1, 3, 6, 9 and 24 h after i. p. injection. Serum aminotransferase 
levels (alanine aminotransferase and aspartate aminotransferase) 
were measured using a transaminase C II test kit. 

Results 

Two-stage carcinogenesis experiment in rat liver 

Experiment 1. Repeated i. p. injections o f  10 gg/kg micro-  
cys t in-LR into initiated rats induced an increase in the 
number  and area o f  GST-P-posi t ive  foci in g roup  3, com- 
pared with those o f  g roup  5 (Table 1). The numbers  and  
percentage areas o f  foci were 26.0_+8.1% and 
0.73_+0.3%, respectively, in g roup  3. Trea tment  with 
I gg/kg mic rocys t in -LR in g roup  2 did no t  show any sig- 
nificant increase o f  foci. Groups  4 and 5, treated with 
mic rocys t in -LR alone, were completely negative. 
G r o u p  1, treated with D E N  alone, gave a basal level o f  
GST-P-posi t ive  foci, 16.5 + 3.9, and 0.59 + 0.2% areas o f  
foci. A positive control  g roup  given a 0.05% phenobarb i -  
tal diet showed a significant increase o f  the foci 
(P<0 .005) .  

Experiment 2. To conf i rm the t umor -p romot ing  activity 
o f  mic rocys t in -LR in experiment 1, experiment  2 was 
conducted  with various doses o f  mic rocys t in -LR after 
partial  hepatec tomy.  Table  2 shows that  repeated i. p. in- 
ject ions o f  mic rocys t in -LR induced a significant increase 
o f  bo th  parameters  with increasing doses in groups  2-4.  
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T a b l e  1. Induction of positive foci of 
glutathione S-transferase placental 
form (GST-P) in rats treated with DEN 
plus various doses of microcystin-LR a 
(experiment I) 

a Values are means -+ SD 
b i.p. injected 
~ P<0.005 compared with group 1 

Group 
n o .  

Treatments 

DEN 

No. of Positive foci of GST-P 
rats at 

Micro- Phenobarbital week 8 No. of Area 
cystin-LR b in diet foci/liver of foci 
(gg/kg) (%) (No./cm 2) (%) 

1 + - - 15 16.5_+ 3.9 0.59_+0.2 
2 + 1 - 16 15.9_____ 4.1 0.53-+0.2 
3 + 10 - 15 26.0-+ 8.1 ~ 0.73-+0.3 
4 - 1 - 10 0 0 
5 - 10 - 10 0 0 
6 + - 0.05 9 38.1+__10.9 c 1.09_____0.5 c 

T a b l e  2. Induction of positive foci of 
glutathione S-transferase placental form 
(GST-P) in rats treated with DEN plus 
various doses of microcystin-LR a (experi- 
ment 2) 

a Values are means _+ SD 
b i.p. injected 
c P<0.01 compared with group 1 
d P<0.001 compared with group 1 

G r o u p  
no.  

Treatments No. of Positive foci of GST-P 
rats at 

DEN Microcystin-LR b week 8 No. of Area 
(pg/kg) foci/liver of foci 

(No./cm9 (%) 
Partial 
hepatectomy 

Before After 

+ 
+ 
+ 
+ 

- - 19 1 3 . 4 +  4.2 2.7_+ 3.1 
10 10 15 17.4_+ 3.8 r 1.9_+ 0.5 
10 25 16 32.7_+11.1 c 6.8-+ 3.8 a 
10 50 18 44.4_+10.3 d 29.6• a 
10 50 14 0.4_+ 0.3 0.1_+ 0.2 
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Fig.  2. Effect of microcystin-YR on release of alanine aminotrans- 
ferase (GPT, A) and aspartate aminotransferase (GOT, B) into rat 
serum. Two different doses, 80 Ixg/kg and 800 gg/kg, ofmicrocystin- 
YR dissolved in 500 gl saline were injected i. p. into male F344 rats. 
Blood serum was collected just before injection, and 3, 6, 9 and 24 h 
after injection. Serum aminotransferase levels were measured using 
the transaminase C test kit (Wako Chemical Company, Osaka, Ja- 
pan). Note that approximately 1 h after injection all rats injected at 
800 Ixg/kg died from intrahepatic hemorrhage, o, 80 gg/kg micro- 
cystin-YR; o, 800 gg/kg; X, control 

The numbers  o f  foci /cm 2 in groups  2, 3, and 4 were 
17.4___3.8, 3 2 . 7 ! 1 1 . 1  and  44.4_+10.3 and percentage 
areas o f  positive foci were 1 . 9 + 0 . 5 % ,  6 . 8 + 3 . 8 %  and 
29.6_+12.9%, respectively. The two negative control  
groups,  t reated with D E N  alone (group 1) or  with micro-  
cys t in-LR alone (group 5), each gave a basal level o f  
GST-P-posi t ive  foci. The livers o f  g roup  4, treated with 

D E N  plus microcys t in -LR (50 gg/kg after partial  hepa- 
tectomy) had  a large number  o f  macroscopic  nodules,  
histologically diagnosed as neoplastic nodules. 

Measurement of serum transaminase level 

A single i.p. injection o f  microcys t in -YR (80 gg/kg), 
which has the same hepatotoxic i ty  as microcys t in-LR,  re- 
leased alanine aminotransferase  and  aspartate  amino-  
transferase into the b lood serum o f  the rats in a time-de- 
pendent  manner  (Fig. 2). These aminotransferase  levels 
reached a m a x i m u m  9 h after i. p. injection. A n  i. p. injec- 
t ion o f  800 gg/kg immediately released bo th  enzymes, 
and  killed all o f  the rats th rough  lethal intrahepat ic  he- 
mor rhag ing  (Fig. 2). A n  i.p. injection o f  up to 50 gg/kg 
microcys t in -YR or -LR,  doses tha t  were used in the tu- 
m o r  p romot ion  experiments,  showed no increase o f  the 
two aminotransferase  (data  no t  shown). 

D i s c u s s i o n  

Microcys t in -LR belongs to the okadaic  acid class o f  tu- 
mor  promoters ,  because microcys t in-LR,  -YR and - R R  
inhibit  protein phospha tase  type 1 and type 2A activities 
in liver cell m e m b r a n e  and  cytosolic fractions, as strongly 
as okadaic  acid (Yoshizawa et al. 1990). This inhibit ion 
o f  protein phospha tase  activities results in an  increase in 
phosphory la t ion  o f  proteins in the cells. These phos-  
phory la ted  proteins might  play a significant role in the 
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gene expression involved in cell growth. We previously 
reported that DNA isolated from skin tumors treated 
with DMBA plus okadaic acid contains a mutation in the 
second nucleotide of codon 61 of the mouse c-Ha-ras 
gene (Fujiki et al. 1989). In the present experiments, we 
did not find any detectable mutation in that position in 
DNA isolated from rat livers of the group treated with 
DEN plus microcystin-LR (data not shown). 

Liver organotropy of microcystin is unique, because 
the i.p. and oral administrations of microcystin induce 
almost exclusively liver damage. At present, the mecha- 
nism of microcystin organotrophy is thought to involve 
preferential uptake of the toxin across the ileum and into 
the hepatocytes via bile acid carriers (Eriksson et al. 
1990). Inside the hepatocytes, a toxin-induced alteration 
of the cells' microfitaments leads to an aggregation of the 
microfilaments near the center of the cell. As a result of 
this loss of cellular support, the hepatocytes become 
round, resulting in destruction of the sinusoid endothe- 
lium. 

As a biochemical marker of liver toxicity, we mea- 
sured the serum aminotransferase level. Since microcys- 
tin-YR has the same in vitro activity as microcystin-LR, 
Fig. 2 shows the results of microcystin-YR alone. Micro- 
cystin-YR induced the release of alanine and aspartate 
aminotransferases at 80 gg/kg, but microcystin-YR and 
-LR did not show these releases at concentrations of 
50 gg/kg or lower (data not shown). Furthermore, we 
measured their release at the end of these carcinogenesis 
experiments. The serum aminotransferase level of rats 
treated with microcystin-LR was almost as low as that of 
the rats treated with DEN only. This demonstrates that 
the quantity of microcystin-LR used for this experiment 
did not show any significant acute or subacute toxic ef- 
fects on rat liver. Although we think that microcystin-LR 
has a tumor-promoting activity in rat liver, only a few 
foci were observed in non-initiated rats. It should be fur- 
ther investigated whether the microcystins have initiating 
activity. 

The only other work on in vivo tumor promotion us- 
ing a microcystin is by Falconer (1991), who recently re- 
ported that orally administered hepatotoxic extracts of 
Microcystis from a natural waterbloom induced tumors 
on mouse skin initiated with topically applied DMBA. 
Since these studies did not use a liver-specific initiator, no 
conclusions could be drawn about liver tumor promotion 
by microcystin. We have recently demonstrated that 
microcystin is only slowly transported into epithelial cells 
of mouse skin or primary human fibroblasts, but it was 
effective when administered by microinjection into the 
cells (Matsushima et al. 1990). Because microcystins are 
preferentially taken up by hepatocytes it is expected that 
the main health threat as a tumor promoter would be in 
liver tumor promotion and not promotion of skin tu- 
mors. 

In addition to phenobarbital, other liver tumor pro- 
moters, such as hexachlorocyclohexane, cyproterone ace- 
tate and chenodeoxycholic acid have been reported 
(Schulte-Hermann et al. 1982; Blair et al. 1991). Their tu- 
mor-promoting activities are obtained by administration 
of several milligrams per kilogram per day. By compari- 

son with these other tumor promoters our results would 
indicate that microcystin is the strongest of the liver tu- 
mor promoters found to date. ~-Amanitin and phalloidin 
are also liver toxins but they do not act on liver cells in 
a manner similar to microcystin (Yoshizawa et al. 1990). 
We reported previously that the pentapeptide nodularin, 
isolated from the toxic brackish-water cyanobacterium, 
Nodularia spumigena, exhibits the same in vitro protein 
phosphatase inhibition as microcystin (Yoshizawa et al. 
1990). Because it has a similar monocyclic peptide struc- 
ture to microcystin (Carmichael et al. 1988 b; Rinehart et 
al. 1988), nodularin is probably also a liver tumor pro- 
moter. 

The mechanism of action of microcystin in liver cells 
is similar to that of okadaic acid, and therefore most 
likely expressed through the okadaic acid pathway. We 
have found that the okadaic acid pathway, involving in- 
hibition of protein phosphatase 1 and 2A activities, is a 
general mechanism of tumor promotion in various or- 
gans. Even though the results reported here are based on 
i.p. dosings of microcystin, they suggest that tumor pro- 
motion by microcystin should be considered possible in 
humans as well. Epidemiological evidence suggests the 
involvement of human liver cancer by microcystin, which 
was studied in Qidong County, north of Shanghai, where 
people drink pond and ditch water. The incidence of pri- 
mary liver cancer in Qidong County was about eight 
times higher than in populations who drink well water 
(Yu 1989). The water of the ponds and ditches of Qidong 
County is contaminated by high levels of blue-green al- 
gae, which might be producing the microcystins (Carmi- 
chael, personal communication). These results strongly 
suggest that drinking water contaminated with the micro- 
cystins might induce human liver cancer. If intake of the 
microcystins is correlated with the development of hu- 
man liver cancer, it is important to begin some protective 
measures. 

Acknowledgements. This work was supported in part by grants-in- 
aid for cancer research from the Ministry of Education, Science and 
Culture, a grant from the Ministry of Health and Welfare for a com- 
prehensive 10-year strategy for cancer control, Japan, and grants 
from the Foundation for Promotion of Cancer Research, the Ue- 
hara Memorial Life Science Foundation and the Princess Taka- 
matsu Cancer Research Fund. We would like to thank Dr. K. Sato 
for his generous gift of rabbit antibody against GST-P and Dr. 
M.F. Watanabe, Tokyo Metropolitan Research Laboratory of 
Public Health, and Dr. K.-I. Harada, Meijo University, for their 
collaboration and Dr. T. Sugimura, National Cancer Center, for his 
encouragement of this work. 

References 

Beasley VR, Cook WO, Dahlem AM, Hooser SB, Lovell RA, 
Valentine WM (1989) Algae intoxication in livestock and water- 
fowl. Vet Clin North AM [Food Anita Pract] 5:345-361 

Blair PC, Popp JA, Bryant-Varela B J, Thompson MB (1991) Pro- 
motion of hepatocellular foci in female rats by chenodeoxycholic 
acid. Carcinogenesis 12:59-63 

Botes DP, Tuinman AA, Wessels PL, Viljoen CC, Kruger H, Wil- 
liams DH, Santikarn S, Smith RJ, Hammond SJ (1984) The 
structure of cyanoginosin-LA, a cyclic heptapeptide toxin from 



424 

the cyanobacterium Microcystis aeruginosa. J Chem Soc Perkin 
Trans 1:2311-2318 

Botes DP, Wessels PL, Kruger H, Runnegar MTC, Santikarn S, 
Smith RJ, Barna JCJ, Williams DH (1985) Structural studies on 
cyanoginocins-LR, -YR, -YA, and -YM, peptide toxins from 
Microcystis aeruginosa. J Chem Soc Perkin Trans 1:2747-2748 

Carmichael WW (1988) Toxins of freshwater algae. In: Tu AT (ed) 
Handbook of natural toxins, vol 3. Dekker, New York, pp 121- 
147 

Carmiehael WW, Krishnamurthy T, Beasley V, Min-Juan Y, Bun- 
ner DL, Moore RE, Eloff JN, Rinehart K, Falconer I, Runnegar 
M, Gorham P, Skulberg OM, Harada K-I, Watanabe M 
(1988 a) Naming of cyclic heptapeptide toxins of cyanobacteria 
(blue-green algae). Toxicon 26:971-973 

Carmichael WW, Eschedor JT, Patterson GML, Moore RE 
(1988 b) Toxicity and partial structure of a hepatotoxic peptide 
produced by the cyanobacterium Nodularia spumigena Mertens 
emend. L575 from New Zealand. Appl Environ Microbiol 
54:2257-2263 

Eriksson JE, Grtnberg L, Nygard S, Slotte JP, Meriluoto JAO 
(1990) Hepatocellular uptake of 3H-dihydro microcystin-LR, a 
cyclic peptide toxin. Biochim Biophys Acta 1025:60-66 

Falconer IR (1991) Tumor promotion and liver injury caused by 
oral consumption of cyanobacteria. Environ Toxicol Water 
Quality 6:177-184 

Farber E, Solt D (1978) A new liver model for the study of promo- 
tion. In: Slaga TJ, Sivak A, Boutwell RK (eds) Carcinogenesis 
2:443-451 

Fujiki H, Suganuma M, Yoshizawa S, Kanazawa H, Sugimura T, 
Manam S, Kahn SM, Jiang W, Hoshina S, Weinstein IB (1989) 
Codon 61 mutations in the c-Harvey-ras gene in mouse skin tu- 
mors induced by 7,12-dimethylbenz[a]anthracene plus okadaic 
acid class tumor promotors. Mol Carcinogenesis 2:184-187 

Fujiki H, Suganuma M, Nishiwaki S, Yoshizawa S, Yatsunami J, 
Matsushima R, Furuya H, Okabe S, Matsunaga S, Sugimura T 
(1992) Specific mechanistic aspects of animal tumor promoters: 
The okadaic acid pathway. In: D'Amato R, Slaga TJ, Farland 
W, Henry C (eds) Relevance of animal studies to the evaluation 
of human cancer risk, Wiley, New York, pp 337-350 

Galey FD, Beasley VR, Carmichael WW, Kleppe G, Hooser SB, 
Haschek WM (1987) Blue-green algae (Microcystis aeruginosa) 
hepatotoxicosis in dairy cows. Am J Vet Res 48:1415-1420 

Hsu SM, Raine L, Fanger H (1981) Use of avidin-biotin-peroxidase 
complex (ABC) in immunoperoxidase techniques: a comparison 
between ABC and unlabelled antibody PAP procedures. J Histo- 
chem Cytochem 29:577-580 

Ito N, Tatematsu M, Nakanishi K, Hasegawa R, Takano T, Imaida 
K, Ogiso T (1980) The effects of various chemicals on the devel- 
opment of hyperplastic liver nodules in hepatectomized rats 
treated with N-nitrosodiethylamine or N-2-fluorenylacetamide. 
Gann 71:832-842 

Krishnamurthy T, Carmichael WW, Sarver EW (1986) Toxic pep- 
tides from freshwater cyanobacteria (blue-green algae): I. Isola- 
tion, purification and characterization of peptides from Micro- 
eystis aeruginosa and Anabena flos-aque. Toxicon 24:865-873 

Matsushima R, Yoshizawa S, Watanabe MF, Harada K-I, 
Furusawa M, Carmichael WW, Fujiki H (1990) In vitro and in 
vivo effects of protein phosphatase inhibitors, microcystins and 
nodularin, on mouse skin and fibroblasts. Biochem Biophys Res 
Commun 171:86%874 

Namikoshi M, Rinehart KL, Sakai R, Sivonen K, Carmichael WW 
(1990) Structures of three new cyclic heptapeptide hepatotoxins 
produced by the cyanobacterium (blue-green alga) Nostoc sp. 
strain 152. J Org Chem 55:6135-6139 

Peraino C, Fry RJM, Staffeldt E (1971) Reduction and enhance- 
ment by phenobarbital of hepatocarcinogenesis induced in the 
rat by 2-acetylaminofluorene. Cancer Res 31:1506-1512 

Rinehart KL, Harada K-I, Namikoshi M, Chen C, Harvis CA, 
Munro MHG, Blunt JW, Mulligan PE, Beasley VR, Dahlem 
AM, Carmichael WW (1988) Nodularin, microcystin, and the 
configuration of Adda. J Am Chem Soc 110:8557-8558 

Sato K, Kitahara A, Satoh K, Ishikawa T, Tatematsu M, Ito N 
(1984) The placental form of glutathione S-transferase as a new 
marker protein for preneoplasia in rat chemical hepatocarcino- 
genesis. Gann 75:199-202 

Satoh K, Kitahara A, Soma Y, Inaba Y, Hatayama I, Sato K (1985) 
Purification, induction and distribution of placental glutathione 
transferase: a new marker enzyme for preneoplastic ceils in the 
rat chemical hepato carcinogenesis. Proc Natl Acad Sci USA 
82:3964-3968 

Schulte-Hermann R, Schuppler J, Ohde G, Timmermann-Trosiener 
I (1982) Effect of tumor promoters on proliferation of putative 
preneoplastic cells in rat liver. In: Hecker E, Fusenig NE, Kunz 
W, Marks F, Thielmann HW (eds) Carcinogenesis 7:99-104 

Solt D, Farber E (1976) New principle for the analysis of chemical 
carcinogenesis. Nature 263:701-703 

Suganuma M, Fujiki H, Suguri H, Yoshizawa S, Hirota M, 
Nakayasu M, Ojika M, Wakamatsu K, Yamada K, Sugimura T 
(1988) Okadaic acid: an additional non-phorbol-12-tetradeca- 
noate-13-acetate-type tumor promoter. Proc Natl Acad Sci USA 
85:1768-1771 

Watanabe MF, Oishi S, Harada K-I, Matsuura K, Kawai H, Suzuki 
M (1988) Toxins contained in Microcystis species of cyanobac- 
teria (blue-green algae). Toxicon 26:1017-1025 

Yoshizawa S, Matsushima R, Watanabe MF, Harada K-I, Ichihara 
A, Carmichael WW, Fujiki H (1990) Inhibition of protein phos- 
phatases by microcystin and nodularin associated with hepato- 
toxicity. J Cancer Res Clin Oncol 116:609-614 

Yu S-Z (1989) Drinking water and primary liver cancer. In: Tang 
ZY, Wu MC, Xia SS (eds) Primary liver cancer. China Academic 
Publishers, Springer, Berlin Heidelberg New York, pp 30-37 


