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Abstract — Acanthamoeba strains were photoirradiated in the presence of light-sensitive organic peroxides
(hydroperoxynaphthalimide derivatives) including a Photo-Fenton reagent at 366 nm. The survival rates of
Acanthamoeba strains determined after 20 h culture showed a significant decrease only upon photoirradiated
conditions. The most effective hydroperoxynaphthalimides among these compounds was the bromo-
hydroperoxynaphthalimide (Br-HPO II). The minimum inhibitory concentration (MIC) of Br-HPO II is 100

times lower than that of hydrogen peroxide.

INTRODUCTION

Recently, there have been several reports of various
diseases such as meningitis’? induced by pathogenic
Acanthamoeba. Much attention has been paid to the
lifecycle of Acanthamoeba and Negrelia. In addition,
there are more than 200 clinical reports of Acanthamoeba
keratitis among contact lens users in USA* and also
similar clinical reports in Japan.*

However, there is no report concerning drugs to cure these
diseases and serious and fatal results might be anticipated
in the case of meningitis. Meningitis can be contracted
through nasal infection. For example, if the water in a
swimming pool contains pathogenic Acanthamoeba,
infection will take place through the nasal membrane.
The usage of chloride gas is the general way to clean up
water. In connection with this, several studies have been
carried out to study the inhibitory effect of chloride gas
on the growth of Acanthamoeba,’’. However, due to the
strong resistance of Acanthamoeba, satisfactory results
were not obtained. In addition, there are also several
reports on the growth inhibition of Acanthamoeba strains by
using various drugs including anti-viral drugs®’ and the
application of cryotherapy.”” All these trials, however, did
not produce any good results due to the high resistance of
the cyst form of Acanthamoeba strains. It is, therefore,
highly desirable to develop a system or a drug to cause the

* To whom all correspondence should be addressed.
TAbbreviations: HPO 11, 2-(2-Hydroperoxy-2-methoxyethyl)-
1H-benz[de]isoquinoline-1,3-(2H)-dione; Br-HPO II, 2-(2-
Hydroperoxy-2-methoxyethyl)-6-bromo-1H-
benz[delisoquinoline-1,3-(2H)-dione; HPO 1II, N,N'-bis(2-
Hydroperoxy-2-methoxyethyl)-1,4,5,8-naphthalene-tetra-
carboxylic diimide, Photo-Fenton reagent; PYG culture
medium, The solution contains 7.5 g proteose-peptone, 7.5 g
yeast-extract and 1.5g glucose in 1000 ml distilled water.
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cell death of Acanthamoeba. In this paper, we examined the
possibility to use the active oxygen radicals to induce
Acanthamoeba growth inhibition because these species are
quite toxic to induce the cell death.

We have already developed a series of compounds
which generate a hydroxyl radical upon longer wavelength
irradiation (366 nm, UVA region), and by using HPO 1II
(referred to as the "Photo-Fenton reagent"), we examined
the oxidative damage of DNA,/?/7# microsomes,’’
crystalline,’® human low density lipoprotein,’7/#/?
chymotrypsin,? and lysozyme.?’ The major advantage to
use of this compound lies in the longer wavelength (>
350 nm) irradiation and the generation of a clean and
pure hydroxyl radical, which is strong in contrast to the
commonly used metal-hydrogen peroxide system.??%
The application of the "Photo-Fenton reagent" as a new
kind of drug for the growth inhibition of eucaryotic cells
was examined using Acanthamoeba polyphaga and
Acanthamoeba astronyxis. As a result, it was revealed
the hydroperoxynaphthalimide derivatives including the
"Photo-Fenton reagent" showed remarkable inhibitory
effects on the growth of both Acanthamoeba strains.

MATERIALS AND METHODS

Proteose-peptone and yeast extract were purchased from
Difco. Glucose and hydrogen peroxide (30%) were purchased
from Wako Chemicals and t-butyl hydroperoxide (80%) was
purchased from Nakarai Tesque Japan. All other reagents
were purchased from Tokyo Kasei Organic Chemicals (TCI).
The transilluminator (366 nm) used in these experiments was
purchased from Funakoshi Co., Ltd., and the light intensity of
the transilluminator at 10 cm was 1700 uW/cm?,

Cell culture. Achanthamoeba used in these experiments are
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A. polyphaga (CCAP, 1501/3A) and A. astronyxis (CCAP.
1501/9). As these strains did not require bacterial food sources,
Acanthamoeba were grown axenically on shakers without rotating
at 30 °C in a PYG culture medium [7.5 g proteose-peptone
(Difco), 7.5 g yeast extract (Difco), 15 g glucose (Wako)/L)].*
Stock cultures were restarted from aliquots of spores every 6
weeks. Experiments were carried out using amoebas harvested
during the logarithmic phase of their growth at cell densities
between 5 X 10°t0 1 x 107 cells/mL.

The growth Inhibition of acanthamoeba by hydropero-
xynaphthalimides derivatives. All hydroperoxynaphthalimide
derivatives at S mM concentration were dissolved in t-BuOH,
which was then diluted with NKMCT solution (12.0 g NaCl,
0.35 g KCl, 0.3 g CaCl,, 0.4 g MgSO4-7H.O, in 100 mM Tris-
HCI buffer solution, pH 6.8 )** to the concentration required for
the experiments. The concentration of Acanthamocba solution
was adjusted to 3.3 x 107 cells/mL by diluting the culture

solution by NKCMT solution. The solution containing 0.9 mL
of Acanthamoeba and 0.1 mL of hydroperoxynaphthalimide
derivatives at defined concentrations was stood for 30 min at
30 °C, which was then photoirradiated from the transilluminator
(366 nm) at a distance of 10 cm from the top of the sample solution
for 20 min. The intensity of the transilluminator was 1700
uW/cm? at this distance. The non-photoirradiated samples were
also kept at 30 °C for 20 min. After the reaction, 3 uL of the
sample solution was taken out from the reaction mixture and was
spread over the plates at three spots. The non-photoirradiated
samples at the same concentrations of hydroperoxynaphthalimides
were also treated in the same way.

The plates were prepared by dissolving 1.5 g of bacto agar in
100 mL of NKCMT solution, which was then autoclaved. The
autoclaved agar solution was poured into the autoclaved plate
and stood till the agar was completely fixed. The 0.3 g yeast
extract in 4 mL of NKCMT solution was spread over the
plate. After culturing for 20 h and staining using trypan blue,
the survival rates of Acanthamoeba were determined by
putting the number of surviving cells into the following
equationf.

Survival Rate (%) =A X 100/ B x 10 * x 9
A = The number of surviving cells
B = Concentration of the Amoebas used in the experiments

Similarly, control experiments were also carried out at the
same time.

Growth inhibition by hydrogen peroxide and t-buryl
hydroperoxide. The hydrogen peroxide (30%) and t-butyl
hydroperoxide (80%) were diluted to the defined concentration by
double distilled water. One portion of the hydrogen peroxide
solution and 9 portions of the Acanthamoeba solution were mixed
at 30 °C for 30 min without photoirradiation and 3 uL of the
reaction mixture was spread onto the agar plate at three spots. The

T This equation doesn't show the exact survival rate because
within 20 hours culture, the active Acanathamoeba will carry
out the cell division, which results in the increase of the cell
number (A). So, the exact survival rate is anticipated same or
a little bit lower than the values shown in Table 1.
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Figure 1. Chemical Structure of Hydroperoxynaphtahlimides and
Photo-Fenton Reagent

reading of the survival rates was also carried out in the same
reaction conditions as those of hydroperoxynaphthalimide
derivatives.

RESULTS AND DISCUSSIONS

At first, we examined the morphorgic change of
Acanthamoeba cells exposed to hydroperoxynaphtalimides
using HPO IT and A. polyphaga. When A. polyphaga was
photoirradiated from the transilluminator for 20 min in the
absence of HPO 11, no obvious morphorgic change of the
cell was observed; however, in the presence of HPO 11, the
significant cell membrane damage was observed in a
concentration-dependent fashion. These damages are
especially clear at 100 uM concentration of HPO II (Fig. 2).
Without photoirradiation, no significant cell damage was
observed in every case examined. So the cell damage was
strongly connected with the hydroxyl radicals generated
from HPO II upon photoirradiation. Next, we examined the
viability of Acanthamoeba cells. Namely, 3 ul. of the
sample solution photoirradiated with the defined
concentration of HPO II was dropped on the agar plate and
microscopic photographs were taken after 10 days
incubation (Fig. 3). Even if only 1 or 2 cells of
Acanthamoeba survived in the reaction conditions
employed, they will increase their cell numbers in 10 days
spreading all over the plate within that period. As a result, at
1 uM concentration of HPO Ii, we observed a lot of
Acanthamoeba spread all over the plate in both
photoirradiated and non-photoirradiated cases. At 10 uM
concentration of HPO I, a significant inhibition of the cell
growth was observed in the photoirradiated case and no
inhibition was observed in the non-photoirradiated case. At
100 uM concentration of HPO 11, no Acanthamoeba
survived in the photoirradiated conditions, however, a lot of
amoebas was observed in the non-photoirradiated cases.
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The photoirradiation without HPO II does not have any Next, the survival rates of A. polyphaga and A.
effect on the cell growth (Fig. 3, control). These results  astronyxis were determined after 20 h incubation of the 3
clearly demonstrate the importance of the photoirradiation L of the photoirradiated samples pasted on the agar
for the cell death. plates. Table 1 shows a summary of the survival rate of A.
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Figure 2. Effects on Acanthamoeba polyphaga with HPO II upon Photoirradiation (1 hour after treatment)



130 SEICHI MATSUGO er al.

polyphaga exposed to the oxidative stress. Upon  irradiation, they did not show any clear inhibitory
photoirradiated conditions, all these hydroperoxynaphthalimide ~ effects on the growth of A. polyphaga. The strongest
derivatives showed the remarkable inhibitory effects on  inhibitory effect was observed in the case of Br-HPO II.
the growth of A. polyphaga; however, without photo-  This compound completely suppressed the growth of A.

10pM(+)

L e T

Effects on Acanthamoeba by HPOII upon Photoirradiati
(10 days after Treatment)

Figure 3. Effects on Acanthamoeba polyphaga by HPO II upon Photoirradiation (10 days after treatment)
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Table 1. Survival Rates (%) of Acanthamoeba polyphaga (CCAP)
with hydroperoxynaphthalimides, hydrogen peroxide and t-butyl
hydroperoxide

Table 2. Survival Rates (%) of Acanthamoeba astronyxis with
hydroperoxynaphthalimides, hydrogen peroxide and t-butyl
hydroperoxide

Compound Concentration (uM) Irradiation  Survival Rate (%) Compound Concentration (uM) Irradiation  Survival Rate (%)
HPO I 25 . 5728 + 0.8 HPOTI >0 * 0
25 + 0.7 £ 0.09
6.25 + a
100 _ a 6.25 + a
50 _ a 100 - a
HPOII 50 + 0 50 - a
25 + 0 Br'HPO 11 25 + 0
6.25 + a 10 + 3.0£043
100 - a 5 + a
50 - a 100 - a
Br-HPO 11 25 + 0 50 - a
6.25 + 0.397 + 0.07 HPO I 50 + 28 +0.18
3.125 + a 25 + a
100 - a 100 - a
50 - a 50 - a
HPO 111 50 + 0.25 + 0.06 H,0; 30000 - 52+1.2
25 + a 15000 - 7.5 +2.36
100 - a 5000 - a
30 - a t-BuOOH 9000 - 0.3 + 008
H,0- 1470 - 23+0.19 4500 15417
750 - a 900 -
t -BuOOH 900 - 50+ 043 - a
450 - a

3The cell number is too big to count significant at the 0.1 level by
Student's 1 test.

polyphaga at 25 uM concentration and showed partial
inhibitory effect at 6.25 uM concentration (0.4 % survival
rate). Under similar reaction conditions, hydrogen
peroxide and r-butyl hydroperoxide showed weaker
inhibitory effects than at | mM concentration of the dose
(Table 1). These results clearly demonstrate the efficacy of
the phototrradiated hydroperoxynaphthalimide derivatives.
Similarly, we examined the effects of these compounds on
the growth of A. astronyxis. Almost similar effects were
observed as observed in the case of A. polyphaga; however,
the concentration needed to inhibit the cell growth is much
higher than in the case of A. polyphaga. This is remarkable
in the inhibitory effects of hydrogen peroxide on the growth
of A. astronyxis. The concentration to inhibit the cell growth
of A. astronyxis was more than 44 mM. This will be
partially due to the difference in the catalase activity of the
two strains; however, further studies are necessary to clarify
this point (Table 2).

All these results clearly demonstrate the strong correlation
between the cell death of Acanthamoeba strains and the
photoirradiation of hydroperoxynaphthalimides. We have
already established that the photoirradiation of
hydroperoxynaphthalimide derivatives induces the specific
generation of a hydroxyl radical.’?-?/ So it is quite
reasonable to consider that all these observations we found
here are due to the hydroxyl radicals generated from the

2The cell number is too big to count significant at the 0.1 level by
Student's 1 test.

photoirradiation of hydroperoxynaphthalimide derivatives.

All these results examined in this paper showed the
possible usage of hydroxyl radicals (active oxygen
radicals) generating compounds in the cell death of
pathogenic Acanthamoeba. Although the dose required
for the necrosis of the cell is not so low, the specific
application of this method by using some kind of laser
light opens up the potentiality of this kind of drug as a
light-activated drug.”* The difference in the sensitivity of
the doses may partially be attributed to the ability of the
penetration of the compound through cell membranes.
In this respect, the improvement of the drug will make it
possible to obtain a superior light-activated drug.
Further modification of this kind of drugsis now in
progress in our laboratory.

Acknowledgement— This work is financially supported by
grants from Ministry of Education and Toyama Prefectual
Foundation.

REFERENCES

1. Duma, R. J. (1972) Primary amoebic meningoencephalitis.

CRC Critical Review in Clinical Laboratory Sciences, 3,
163-172.



9.

SENCHI MATSUGO ¢t ul.

Jager, B. V. and W. P. Stamm (1972) Brain abscesses
cause by free-living amoebas probably of genus
Harmannella in a patient with Hodgkin's Disease. Lancer,
2, 1343-1345.

Robert, V. B. and Roke, L. B. (1973) Primary amebic
encephalitis, probably from Acanthamoeba. Ann. Int.
Med., 79, 174-179.

Visvesvara, G. S. and Stehr-Green, J. K. (1990) Epidemiology
of free-living amoeba infections. J. Protozool., 37, 255-338.
Ishibashi, Y., R. Matsumoto, R. Watanabe, S. Hommura,
K. Yasuraoka, K. Ishii, T. Koyama. T. Endo and K.
Yagita (1988) Case of Acanthamoeba Keratitis.Acta. Soc.
Ophthalmic. Jpn., 92, 963-972

De Jonckheere, J. and Van de H. Voorde (1976)
Differences in Destruction of cysts of pathogenic and
nonpathogenic Negleria and Acanthamoeba by Chiorine.
Appl. Environ. Microbiol.. 31, 294-297.

Cursons, R. T. M., T. J. Brown and E. A. Keys (1980)
Effects of disinfectants on Pathogenic free-living amoeba:
in axenic conditions. Appl. Environ. Microbial., 40, 62-66.
Duma, R. J. and R. Finley (1976) in vitro susceptibility of
pathogenic naegleria and acanthamoeba species to a
variety of therapeutic Agents. Antimicr. Agents Chemother.,
10, 370-376.

Stevens. A. R. and E. Willaert (1980) Drug sensitivity and
resistance of four acanthamoeba species. Trans. Roy. Soc.
Trop. Med. Hyg.. 74, 806-808.

. Ferrante, A., B. Rowan-Kelly and Y. H. Thong (1984) /n

vitro sensitivity of Acanthamoeba culbertsoni to a varicty
of drugs and antibiotics. Int. J. Parasitol., 14, 53-56.

. Matoba, A. Y., P. D. Pare, T. D. Le and M. S. Okamoto

(1989) The effects of freezing and antibiotics on the
viability of Acanthamoeba cysts. Arch. Opthalmol., 107,
439-440).

. Matsugo, S., S. Kawanishi, K. Yamamoto, H. Sugiyama,

T. Tsuruhara and [. Saito ¢1991) Bis(hydroperoxy)
naphthalimide as a "photo-Fenton reagent':sequence-
specific photocleavage of DNA. Angew. Chem. Int. Ed.
Engl., 40, 1151-1153.

. Matsugo, S., S. Kumaki, C. Shimasaki, T. Mori and . Saito

(1993) Significant formation of 8-hydroxydeoxyguanosine
in photoirradiation of "photn-Fenton reagnet" with calf
thymus DNA and LS178Y cells. Chem. Lett., 453-456.

. Matsugo, S., K. Kodaira and 1. Saito (1993) Transfecting

activity of photoirradiated DNA in the presence of
hydroperoxynaphthalimide. Bioorg. Med. Chem. Lett., 3,

19.

20.

21.

23.

24,

25.

1671-1674.

. Konishi, T., V. Kagan, S. Matsugo and L. Packer (1991) UV

induces oxy-and chromanoxy! free radicals in microsomes
by a new photosensitive organic hydroperoxide N,N'-bis (2-
hydroperoxy-2-methoxyethyl)-1,4,5,8-naphthalene
tetracarboxylic diimide. Biochem. Biophys. Res. Commun.,
175, 129-133.

. Guptasarma, P., D. Balasubramanian, S. Matsugo and L.

Saito (1992) Hydroxyl radical mediated damage to
proteins, with special reference to the crystallins.
Biochemistry, 31, 4296-4303.

. Matsugo, S., L.-Y. Yan, D. Han and 1., Packer (1995)

Induction of apo-B protein oxidation in human low density
lipoprotein by the photosensitive organic hydroperoxide
N,N'-bis (2-hydroperoxy-2-mcthoxyethyl)-1,4,5,8-
naphthalene-tetracarboxylic diimide Biochem. Biophys.
Res. Commun., 206, 138-145.

. Matsugo, S.. L.-Y. Yan, D. Han, H. J. Tritschler and L.

Packer (1995) Elucidation of antioxidant activity of «-
lipoic acid toward hydroxyl radical. Biochem. Biophys.
Res. Commun., 208, 161-167.

Matsugo, S., L..-Y. Yan, D. Han. H. J. Tritschler and L.
Packer (1995) Elucidation of antioxidant activity of
dihydrolipoic acid toward hydroxyl radical. Biochem.
Mol. Biol. Int., 37, 375-383.

Kitano, H., Y. Muaeda, K. Furukawa, T. Yamamoto, R.
Izumida and S. Matsugo (1995) Modification of «-
chymotrypsin using a water-soluble photo-Fenton reagent.
Photochem. Photobiol., 62, 809-812.

Yamamoto, T., Y. Maeda, S. Matsugo and H. Kitano
(1995) Hydroperoxynaphthalimide derivative-mediated
oxidation of lysozyme. Photochem. Photobiol., 62, 68-
685.

. Okajima, T., Y. Kawata and K. Hamaguchi (1990)

Chemical modification of tryptophan residues and
stability changes in protein. Biochemistry, 29, 9168-9175.

Sellak, H., E. Franzini, J. Hakin and C. Pasquier (1992)
Mechanism of lysozyme inactivation and degradation by
iron. Arch. Biochem. Biophys., 299, 172-178.

Horigami, H. and K. Ishii (1990) Morphorismic
characteristics of 4 strains of Acanthamoeba isolated from
the patients in keratitis. Bull. of Hosei Univ. Fac. of
Liberal Arts and Culture, 72, 51-62.

Edelson, R. L. (1988) The New Method for the Cure of
leukemia. Scientific American, 259, 68-75.



