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Abstract-The photosensitizing effect of hypericin (HY), an antiretroviral agent, on the functions of 
isolated rat liver mitochondria has been investigated. The respiratory control ratio (RCR), ADP/O 
and membrane potential of mitochondria were decreased by HY in a light-dependent manner. 
Uncoupled respiration of mitochondria in the presence of succinate was also inhibited by HY in a light- 
dependent manner. The IDSO of hypericin for these inhibitions was approximately 0.5 ,uM. These 
inhibitory effects of HY were not observed when photosensitization was conducted under anaerobic 
conditions and were not affected by desferrioxamine (DSF) or superoxide dismutase (SOD). Upon 
photosensitization of HY, mitochondria consumed oxygen in the absence of respiratory substrate with 
concomitant formation of thiobarbituric acid reactive substance (TBARS). The amount of oxygen 
consumed was loo-times greater than that of TBARS formed. The oxygen uptake was partially inhibited 
by NaN3, and formation of TBARS was inhibited by DSF. Upon photosensitization of HY in the 
presence of mitochondrial membranes, the electron spin resonance (ESR) signal of 2,2-dimethyl- 
hydroxy-1-pyrrolidinyloxyl (DMPO/.OH) was increased by a mechanism which was suppressed by 
DSF. An ESR signal for singlet oxygen bound to 2,5-dimethylfuran, 2,2,6,6-tetramethyl-4-piperidone 
(TEMP) was also detected under light in the presence of mitochondria. This signal of the TEMP-N- 
oxyl radical (TEMPO) was decreased by azide, which physically quenches singlet oxygen, but was 
increased by DSF. These results indicate that HY might inhibit mitochondrial functions by a type II 
photodynamic mechanism but that lipid peroxidation of biological membranes through an active oxygen- 
mediated photodynamic mechanism is not involved. 
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HY * *, a natural product of a plant genus Hypericum 
has photodynamic activity both in vivo and in vitro 
[l, 21. Several lines of evidence have suggested that 
PQP including HY are type II photosensitizers 
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that generate predominantly ‘02, although a 
supplemental role for O,, .OH and H20, should 
also be considered [3-61. HY-induced IO2 generation 
underlies the mechanism of lipid peroxidation of 
erythrocyte ghosts [7]. Upon photosensitization, an 
HY-albumin complex inactivated lysozyme by a ‘02- 
dependent mechanism [7]. Photosensitization by HY 
might result in oxidation of lipids, amino acids, and 
proteins, thereby inhibiting membrane functions. 
Thus, an oxygen-dependent Type II mechanism that 
generates ‘OS and 0, has been postulated to 
underlie these effects [2,3]. However, recent studies 
by DeWitte et al. [8] showed that irradiation of HY 
also revealed similar effects on EGF-receptor kinase, 
irrespective of the presence of oxygen. These results 
suggest that the biological effect of hypericin might 
depend on type I (involving radical formation) and 
type II (involving various active oxygens such as 
singlet oxygen and 0,) photosensitization mech- 
anisms. 

Clinical studies revealed that low concentrations 
of HY inhibited the infection and replication cycles 
of retroviruses in vivo and in vitro without showing 
toxic effects in mice and humans [9-111. Hence, 
treatment with HY might be expected to be a 
useful therapy for AIDS. Inhibition of HIV-l 

655 



656 T. UTSUMI et al. 

reversetranscriptase [ 10, 121, succinoxidase [3], and 
PKC [4, 13, 141 has been postulated to underlie the 
mechanism for HY-induced antiretroviral activity. 
In fact, photosensitization of HY inhibited not only 
Friend leukaemia virus-induced splenomegaly, but 
also 0, generation by PMA-stimulated neutrophils 
with IDSO values similar to that for PKC inhibition 
[14]. Moreover, Pisanie et al. [15] showed that the 
inhibitory effect of HY on mitochondrial respiration 
showed positive correlation with its antineoplastic 
activity [ 151. However, the specificity and mechanism 
of enzyme inhibition by HY remain obscure. The 
present work describes the photosensitizing effect of 
HY on the functions of isolated rat liver mitochondria 
in relation to the generation of active oxygen species 
and membrane lipid peroxidation. 

MATERIALS AND METHODS 

Chemicals. ADP and SOD were from Sigma Co. 
(St. Louis, MO, U.S.A.). The cyanine dye, diS- 
C,-(S) was kindly donated by Dr S. Yasui (Research 
Institute of Kankoshikiso, Okayama, Japan). DMPO 
and TEMP were from Daiichi Chemical Co. Ltd 
(Tokyo, Japan) and used without further purification. 
DSF was from Ciba-Geigy Ltd (Tokyo, Japan). All 
other reagents were of analytical grade and were 
from Nacalai Tesque Co. (Kyoto, Japan). 

Isolation of mitochondriu. Wistar rats (200-250 g) 
were fasted overnight, and liver mitochondria were 
isolated by the method of Hogeboom [16]. Briefly, 
liver mitochondria were isolated in a medium 
containing0.25 M sucrose, 10 mMTris-HCl (pH 7.4), 
and 0.1 mM EDTA. EDTA was omitted in the final 
wash and the final mitochondrial pellets were 
resuspended in 0.25 M sucrose containing 10mM 
Tris-HCl (pH7.4) at lo-30mg protein/ml at 4”. 
Mitochondrial protein was determined by Bradford’s 
method using BSA as standard [17]. 

Measurement of mitochondrial oxidative phos- 
phorylation. Respiration and oxidative phos- 
phorylation were measured polarographically using 
a Clark type oxygen electrode fitted to a 2 mL water- 
jacketed closed chamber at 25” [18]. Isolated 
mitochondria (1 mg protein/ml) were suspended in 
a medium consisting of 0.2 M sucrose, 10 mM KCl, 
3 mM MgC12, 2 mM sodium phosphate, 5 mM Tris- 
HCl (pH 7.4) and 5 mM succinate at 25”. State 3 
respiration was initiated by adding 250,uM ADP. 
The respiratory control ratio (State 3 respiration/ 
State 4 respiration, RCR) and the ADP/O ratio 
were determined as described by Estabrook [19]. 

Measurement of mitochondrial membrane poten- 
tial. The membrane potential of the mitochondria 
was monitored by a cyanine dye method as described 
previously [20]. Changes in the fluorescence intensity 
were measured with a fluorospectrophotometer 
(Hitachi 650-1OLC) equipped with a thermostatically 
controlled cuvette holder and a magnetic stirrer. 
The wavelength for excitation was set at 622 nm and 
that for emission at 670 nm. 

Measurement of lipid peroxidation. Lipid per- 
oxidation of mitochondria in vitro was assayed by 
the TBA reaction as described previously and 
expressed in terms of TBARS [21,22]. 

Spin trapping and ESR spectrometry for hydroxyl 

radical and ‘Oz. Various concentrations of mito- 
chondria (0.2-1.5 mg protein/ml) were incubated 
in phosphate buffer containing l-4pM hypericin 
and 94 mM DMPO or 10 mM TEMP. The reaction 
mixture was transferred to a flat quartz ESR cuvette 
(0.3 mm thick) which was placed into the cavity of 
an ESR spectrometer (JEOL JES FE-lx with lOO- 
kHz field modulation, X-band). The microwave 
power used was 8 mW, and the magnetic field was 
334.7 + 5.0mT. Sweep time was 30 set or 4min. 
The EPR spectra of DMPO/.OOH and DMPO/ 
.OH adducts were identified from hyperfine 
parameters [23,24]. The spin trapping of ‘02 by 
TEMP was used as a method to detect the formation 
of ‘Oz by hypericin according to a modification of 
the method of Lion et al. [25]. Typically, the reaction 
solution consisted of 0.2-l mg mitochondrial protein, 
15 PM hypericin and 10 mM TEMP as described in 
[25,26]. 

Measurement of protein concentration and incident 
light. Protein concentration was determined by the 
method of Lowry et al. [27] and illumination was 
carried out using a high intensity regulated cold light 
system (NPC Co, Tokyo, Type PICL-NEX) (141. 

Statistical treatment of results. At least three 
independent experiments were performed except 
where indicated. Results are presented as the mean 
value ? SD. 

RESULTS AND DISCUSSION 

Effect of hypericin on the oxidative phosphorylation 
of rat liver mitochondria 

In the dark, low concentrations of HY had no 
appreciable effect on the oxidation of succinate, 
RCR and ADP/O of rat liver mitochondria (data 
not shown). However, upon illumination, HY 
enhanced state 4 respiration and suppressed state 3 
respiration (Fig. la and b). Under constant 
illumination (tungsten light of 29 X 10m3 W/cm’ for 
5 min), the IDso was 0.5 PM, similar to that for PKC 
[ll, 121. At 1 ,uM of HY and 5 min exposure, the 
IDSO of light intensity was 15 X 10e3 W/cm* (Figs 2a 
and b). These results suggested that photo- 
sensitization of HY might increase the permeability 
of the mitochondrial membrane for H+. No such 
effects were observed when photosensitization was 
conducted under anaerobic conditions (data not 
shown), indicating the occurrence of an oxygen- 
dependent type II reaction. Furthermore, the 
inhibitory action of HY was not affected by DSF 
(data not shown). Hence, a superoxide-mediated 
lipid peroxidation reaction may not underlie the 
mechanism for HY-induced changes in mitochondrial 
function. 

Effect of hypericin on the mitochondrial membrane 
potential generated by succinate oxidation 

A membrane potential of mitochondria was 
generated by oxidation of respiratory substrates, 
which act as energy sources for ATP formation and 
ion transport [28]. The change in membrane potential 
was monitored by a cyanine dye, diS-C3-(5) [20]. A 
membrane potential generated by succinate oxidation 
was decreased by Ca2+ uptake (Fig. 3). The 
membrane potential was also decreased by photo- 
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Fig. 1. Effect of HY and illumination on the oxidative phosphorylation of rat liver mitochondria. Rat 
liver mitochondria (1 mg protein/ml) were incubated in a medium of 0.2 M sucrose, 10 mM KCI, 3 mM 
MgC12, 2 mM sodium phosphate, 5 mM Tris-HCI (pH 7.4) with various concentrations of HY and 5 mM 
succinate at 25” in constant light (29 x 10e3 W/cm’) for 5 min. Oxidative phosphorylation was measured 
polarographically and HY added before the addition of ADP. (a) ADP/O (O--O) and RCR 
(o---O); (b) state 3 (M) and state 4 (M) respiration. Results are expressed as the 

mean f SD from three different experiments. 
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Fig. 2. Effect of light intensity on the inhibition of mitochondrial oxidative phosphorylation by HY. 
Experimental conditions are as described in Fig. 1 except that the light intensity was variable. (a) ADP/ 
0 (u) and RCR (G--O); (b) state 3 (M) and state 4 (M) respiration. Results are 

expressed as the mean * SD from three individual experiments. 

sensitization with HY and by coupling with energy- 
requiring reactions, such as Ca2+ uptake. In this 
experiment, we used a low concentration of 
mitochondria (30 pg protein/ml) to obtain suitably 
sensitive changes in fluorescence of the cyanine 
dye. Thus, half-maximum inhibition of membrane 
potential under constant light (29 x 10-3W/cm2) 
occurred at very low concentrations such as 20 nM 
of HY. 

Effect of hypericin eon the succinoxidase actiuity of 
mitochondria 

Succinoxidase activity in uncoupled mitochondria 
was inhibited by HY in a light- and concentration- 
dependent manner [3]. To study the effect of HY 
on succinoxidase , mitochondrial respiration was 
uncoupled by repeated cycles of freezing and thawing 

or by treatment with 10 PM DNP. The IDso of HY 
for the inhibition of succinoxidase was 0.1 m (Fig. 
4). However, the ID50 obtained in this experiment 
was significantly lower than the previously reported 
value (2.4pM) [3]. This difference may be due to 
different sources of hypericin (Lot. No. of HY used 
in our experiment was 102H1031, Sigma Chem. Co., 
St. Louis, MO, U.S.A.) and/or to different 
conditions of the two experimental systems. To 
inhibit succinoxidase, oxygen was also required at 
the time of illumination (Fig. 4). This inhibition was 
not affected by 1 mM DSF or lOOU/mL SOD (data 
not shown). It is generally accepted that the effects 
of PQP are mediated predominantly by type II 
(mediated by ‘02 or other active oxygen species) 
pathways, and partly by a type I (mediated by PQP 
semiquinone and/or substrate radicals) reaction [4]. 
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Fig. 3. Effect of HY and constant illumination on the 
respiration-dependent membrane potential in mitochon- 
dria. Mitochondria were incubated in a medium consisting 
of 0.2M sucrose, 10mM KCI, 3mM MgC&, 5 mM Tris- 
HCl (pH 7.4) at 25”. After adding HY, the mitochondrial 
suspension was illuminated with constant light (29 X 10e3W/ 
cm’) for 5 min at 25”. The membrane potential of the 
mitochondria, generated by succinate oxidation, was 
monitored by changes in fluorescence intensity of a cyanine 
dye, 1OOpM diSC-(5). The traces show relative 
fluorescence intensity. Downward and upward deflections 
indicate polarization and depolarization, respectively. The 
dotted line shows the control without HY. mt, 30 pg/mL 
mitochondria; Hyp, 20 nM hypericin; Light, 29 x 10m3W/ 
cm2, diS-C,-(5), 100 PM diS-C,-(5); Succ, 5 mM sodium 
succinate; Pi, 2 mM sodium phosphate buffer (pH 7.4); 
Ca*+, 5/&M CaQ; Triton, 0.1% Triton X 100; Cont, 

Control without HY. 

However, several lines of evidence indicate that 
various active oxygen species play a key role in the 
photosensitization of PQP [3-5,29,30]. The results 
obtained in this experiment indicate that the 
inhibition of succinoxidase by HY occurred via a 
type II to,-dependent mechanism and not via a 
superoxide-mediated photodynamic mechanism. 

Effect of HY on the oxygen consumption of 
mitochondria 

To obtain further insight into the mechanism of 
the photosensitization of HY, the effect of HY on 
mitochondrial oxygen consumption was studied 
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Fig. 4. Inhibition of succinate oxidation of rat liver 
mitochondria by HY and its dependency on light. 
Experimental conditions were the same as described in 
Fig. 1. Mitochondria were uncoupled with 1OpM DNP 
after illumination for 5 min with constant light (29 x lo-?W/ 
cm’) in the presence or absence of various concentrations 
of HY. Aerobic, in the presence of oxygen; anaerobic, in 
the absence of oxygen. Results are expressed as the 

mean k SD from three individual experiments. 

-J 

in the absence of respiratory substrate. Using 
endogenous respiratory substrates, rat liver mito- 
chondria consume a small amount of oxygen. 
However, upon illumination, a marked oxygen 
uptake was induced in the intact and uncoupled 
mitochondria in the presence of 1 PM WY (Fi 

P 

s 5a 
and b). Under constant light of 29 x 10m3W cm*, 
the HY concentration required for half-maximum 
stimulation was 0.1 PM. This concentration is 
identical to those for the inhibition of PKC and 
0, generation in neutrophils [14]. In the presence 
of 1 ,uM HY, the light intensity required for half 
maximum stimulation was 10 X 10-3W/cm2. 

Effect of HYon lipidperoxidation of themitochondrial 
membranes 

To elucidate the mechanism of WY-induced 
oxygen uptake by mitochondria, the relationship 
between oxygen consumption and lipid peroxidation 
of uncoupled mitochondria was studied. Both oxygen 
consumption and TBARS formation [22] by 
mitochondria linearly increased during the illumi- 
nation of HY (Fig. 6a). Neither TBARS formation 
nor oxygen uptake was observed in the dark even 
in the presence of 10 PM HY. Similar results were 
also obtained with intact mitochondria (data not 
shown). However, the amount of oxygen consumed 
was more than 100 times higher than that of TBARS 
formed. Furthermore, HY-induced formation of 
TBARS was suppressed by DSF without oxygen 
consumption being inhibited (Fig. 6b). The oxygen 
consumption and formation of TBARS was sup- 
pressed by high concentrations of azide which 
physically quenches singlet oxygen. The results 
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Fig. 5. Stimulation of mitochondrial oxygen consumption by light in the presence of HY. Rat liver 
mitochondria were subjected to repeated cycles of freezing and thawing and 1 mg of mitochondrial 
protein was incubated in the medium described in Fig. 1 at 25” under constant light (29 x lo-‘W/cm*). 
(a) Shows the dose-dependent stimulation of oxygen consumption by HY, and (b) shows the light 
dependency of oxygen uptake. Results are expressed as the mean 2 SD from three individual 

experiments. 

a 
1.5 ,-, 7.00 

0 2 4 6 8 10 
TIME (min) 

02 

‘0 
T T ’ 

TBARS 

Fig. 6. Lipid peroxidation and oxygen uptake of rat liver mitochondria induced by photosensitization 
of HY and their inhibition by DSF and azide. Mitochondria (uncoupled by repeated cycles of freezing 
and thawing) were incubated in a medium consisting of 10 mM Tris-HCl, 0.15 M KC1 and 1 PM HY at 
25” under comtant light (29 x 10-3W/cm2). Lipid peroxidation was measured by the TBA reaction and 
expressed as TBARS [22]. (a) Time course of lipid peroxidation and oxygen uptake of mitochondria 
induced by ph’otosensitization of HY. (b) Effect of 5 mM desferrioxamine and 10 mM NaN3 on oxygen 
uptake and formation of TBARS induced by photosensitization of HY. Results are expressed as the 

mean -+ SD from three individual experiments. 
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Fig. 7. ESR spectra of DMPO/.OH in mitochondria when illuminated in the presence or absence of 
HY. Rat liver mitochondria, subjected to repeated cycles of freezing and thawing (2.3 mg protein/ 
mL), were incubated in a medium consisting of 35 mM phosphate buffer (pH 7.4), 1 mM 
diethylenetriaminepentaacetic acid (DETAPAC), 95 mM DMPO. The spectra were recorded at 
O-9 min after exposure to constant light (29 X 10-3W/cmZ). (a) ESR spectra of DMPO/.OOH and 
DMPO/.OH in mitochondria and xanthine oxidase preparations (1 mM hypoxanthine (HX)-60 mU 
xanthine oxidase (X0)) which yielded an ESR spectrum comprised of both DMPO/.OOH (Am/N = 
14.3 G, A/I/H = 11.7 G, and AI//H = 1.25 G) and DMPO/.OH (An = An = 14.8 G). Open circles 
indicate DMPO/.OH signal. (b) Time course of the DMPO/.OH signal of mitochondria induced by 
illumination in the presence of 1OpM HY. On, illumination with constant light (29 x 10-3W/cm2); 

DSF, 5 mM desferrioxamine; SOD, 100 U SOD/mL. 

suggest that TBARS formation occurs as a 
consequence of the reaction of lipid with iron and 
singlet oxygen. The enhanced oxygen consumption 
induced by HY may be attributable to the oxidation 
of lipids and other components of mitochondrial 
membranes, but cannot be explained on the basis of 
oxygen consumption by lipid peroxidation which is 
too small. 

Effect of HY on the EPR signals of DMPO/.OH 
and TEMPO 

To clarify the mechanism for photosensitization 
of HY, EPR signals of DMPO and TEMP were 
monitored. Figure 7a shows EPR signals of 
DMPO generated by uncoupled mitochondria after 
photosensitization of WY. Some unknown signals 
were observed, but there was an increase of the 
DMPO/.OH signal during photosensitization of HY. 
In contrast to the reports of Diwe and Lown [5] and 
of Weiner and Mazur [6], we could not detect a 
DMPO/.OOH signal under the present experimental 
conditions. The DMPO/.OH signal was suppressed 
by DSF but not by SOD (Fig. 7b). A similar result 
was also obtained with intact mitochondria (data not 
shown). To explain these results, much more work 
is needed but the results do suggest the generation 
of .OH via the Fenton reaction. The occurrence of 

the DMPO/.OH signal was also observed by 
illuminating mitochondria in the absence of HY. 
This increase might depend on the presence of 
mitochondrial components such as pigments and 
nonheme iron. 

Figure 8a shows the change in the ESR spectrum 
during the illumination of mitochondria with constant 
light (29 X 10-3W/cm2) in the presence of TEMP 
and HY. The g values and hyperfine splitting 
constants of the signals were identical to that of 
authentic TEMPO [4,5,31]. In addition to these 
signals an unknown signal was also observed between 
the second and third lines. Clearly, more experiments 
need to be carried out but the center of this species 

‘is shifted upfield some 3-4 gauss from TEMPO. This 
,implies a g value of 2.004, typical of semiquinones. 
The intensity of the TEMPO signal was reduced by 
NaN3 [31], and increased by DSF (Figs 8b and c). 
The increase in TEMPO signal may be due to the 
inhibition of O;- utilization by chelating ferric ions 
with DSF. These results might suggest that HY 
generated mostly ‘02 via the type II mechanism and 
that the ‘02 formed underlies the pathogenesis of 
mitochondrial dysfunction. 

It has been shown that HY inhibits succinoxidase 
activity by some active oxygen-mediated photo- 
sensitizing reaction [3]. The present experiments 
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Fig. 8. ESR spectra of TEMPO generated in mitochondria by HY in the presence or absence of DSF. 
One mg protein of uncoupled rat liver mitochondria was incubated in a medium of 100 mM phosphate 
buffer (pH 7.E), 10 mM TEMP, 1.5 PM HY at room temperature. Spectra were recorded O-12 min after 
exposure to constant light (29 x 10-3W/cm*). The spectrometer settings were: microwave power, 15 db; 
modulation amplitude, 0.1 G; receiver gain 1.6 x 105. (a) In dark for 12 min or in light for O-12 min in 
the presence 3f HY; (b) in light for 12 min in the presence of 5 mM DSF and HY; (c) in dark for 

12 min or light for O-12 min in the presence of 10 mM NaN, and HY. 

demonstrated that in addition to succinoxidase, HY 
also inhibited respiratory control, ADP/O ratio, and 
the change in respiratory chain coupled membrane 
potential. Furthermore, HY induced lipid per- 
oxidation with concomitant consumption of oxygen. 
EPR studies revealed that the increased signals for 
DMPO/.OH were sensitive to DSF, and that for 
TEMPO to NaN3. The details of the mechanism for 
enzyme-inactivation are not known at present. 

Since both succinoxidase and PKC are membrane- 
bound enzymes [32], perturbation of the membrane 
by HY may decrease their activity [3]. It is also 
postulated that modification of membrane lipids by 
photosensitizing HY may occur by way of oxygen 
radicals detected by ESR signals from a DMPO 
adduct, which is an alkoxyl radical (LO.) [26]. 
However, in contrast to the inhibition of membrane 
lipid peroxidation, dysfunction of mitochondria 
induced by photosensitization with HY was not 
inhibited by DSF. Thus, the mechanism of 
inactivation of enzymes might not occur via lipid 
peroxidation of biological membranes but by other 
photosensitization reactions such as the oxidation of 
mercapto groups of enzymes through a type II 
mechanism [4]. 

Acknowledgements-The authors thank Dr Yasuo Fukami 
and Dr Masayasu Inoue for their critical reviews of the 
manuscript as well as for their encouragement. This work 
was supported in part by grants from the Japan Keirine 
Association and the Eiisai Co Ltd, Japan. Thanks also to 
Mrs Hiroko Nakahara for her excellent technical assistance. 

REFERENCES 

1. Giese AC, Hypericin. Phocochem Photobiol Rev 5: 

2. Duran N and Song PS, Hypericin and its photodynamic 
action. Photochem Photobiol43: 677-680, 1986. 

3. Thomas C, MacGill RS, Miller GC and Pardini RS, 
Photoactivation of hypericin generates singlet oxygen 
in mitochondria and inhibits succinoxidase. Photochem 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

229-245, 1980. 12. Schinazi RF, Chu CK, Babu JR, Saalmann V, Cannon 

Photobiol55: 45-53, 1992. 
Diwu Z, Zimmermann J, Meyer T and Loen JW, 
Design, synthesis and investigation of mechanisms 
of action of novel protein kinase C inhibitors: 
perylenquinonoid pigments. Biochem Pharmacol 47: 
373-385, 1994. 
Diwu Z and Lown JW. Photosensitization with 
anticancer agents 17. ESR studies of photodynamic 
action of hypericin: Formation of semiquinone radical 
and activated oxygen on illumination. Free Rad Res 
Med 14: 209-215, 1994. 
Weiner L and Mazur Y, EPR studies of hypericin 
photogeneration of free radicals and superoxide. J 
Chem Sot Perkin Tram 2: 1439 = 1442, 1992. 
Senthil V, Jones LR, Senthil K and Grossweiner LI, 
Hypericin photosensitization in aqueous model systems. 
Photochem Photobiol 59: 40-47, 1994. 
DeWitte P, Agosinis P, Van Lint J, Merlevede W and 
Vandenheede JR, Inhibition of epidermal growth 
factor receptor tyrosine kinase activity by hypericin. 
Biochem Pharmacol46: 1929-1936, 1993. 
Meruclo D, Lavie G and Lavie D, Therapeutic agents 
with dramatic antiretroviral activity and little toxicity 
at effective dose: aromatic polycyclic diones hypericin 
and pseudohypericin. Proc Nat1 Acad Sci USA 85: 
5230-5234, 1988. 
Lavie G, Valentine F, Levin B, Mazur Y, Gallo G, 
Lavie D, Wiener L and Meruello D, Studies of the 
mechanisms of action of the antiretroviral agents 
hypericin and pseudohypericin. Proc Nat1 Acad Sci 
USA 86: 5963-5967, 1989. 
Carpenter S and Krauss GA, Photosensitization is 
required for inactivation of equine infectious anemia 
virus by hypericin. Photochem Photobiol53: 169-174, 
1991. 



662 T. UTSUMI et al. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

DL, Eriksson BFH and Nasr M, Anthraquinones as 
a new class of antiviral agents against human 
immunodeficiency virus. Antiviral Res 13: 265-272, 
1990. 
Takahashi I, Nakanishi S, Kobayashi E, Nakano 
H, Suzuki K and Tamaoki T, Hypericin and 
pseudohypericin specifically inhibit protein kinase C: 
Possible relation to their antiretroviral activity. Biochem 
Biophys Res Commun 165: 1207-1212, 1989. 
Utsumi T, Okuma M, Utsumi T, Kanno T, Kobuchi 
H, Yasuda T, Horton AA and Utsumi K, Inhibition 
of protein kinase C and superoxide generation of 
neutrophils by hypericin, an anti-retroviral agent. Arch 
Biochem Biophys 316: 493-497, 1995. 
Pisani DE, Elliott AJ, Hinman DR, Aaronson LA and 
Pardini SP, Relationship between inhibition of 
mitochondrial respiration by naphthoquinone, their 
antitumor activity, and their redox potential. Biochem 
Pharmacol35: 3791-3798, 1986. 
Hogeboom GH, Fractionation of cell components of 
animal tissues. In: Methods in Enzymology (Vol. 1) 
(Eds. Colowick SP and Kaplan NO), pp. 1619. 
Academic Press, New York, 1955. 
Bradford M, A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein-dye binding. Anal Biochem 72: 
248-254, 1976. 
Packer L, Utsumi K and Mustafa MG, Oscillatory 
states of mitochondria. I. Electron and energy transfer 
pathways. Arch Biochem Biophys 117: 381-393, 1966. 
Estabrook RW, Mitochondrial respiratory control and 
the polarographic measurement of ADP/O ratios. In: 
Methods in Enzymology (Vol. 10) (Eds. Estabrook 
RW and Pullman ME), pp. 41-47. Academic Press, 
New York, 1967. 
Utsumi K, Sugiyama K, Miyahara M, Naito M, Awai 
M and Inoue M, Effect of Concanavalin A on 
membrane potential of polymorphonuclear leukocyte 
monitored by fluorescent dye. Cell Struct Funct 2: 203- 
209, 1977. 

21. Ohkawa H, Ohishi N and Yagi K, Assay for lipid 
peroxides in animal tissues by thiobarbituric acid 
reaction. Anal Biochem 95: 351-358, 1979. 

22. Takehara Y, Yoshioka T and Sasaki J, Changes in the 
level of lipoperoxide and antioxidant factors in human 
placenta during gestation. Acta Med Okayama 44: 103- 
111, 1990. 

23. Ueno I, Kohno M, Mitsuta K, Mizuta Y and Kanegasaki 
S, Reevaluation of the spin-trapped adduct formed from 
5,5-dimethyl-1-pyrroline-l-oxide during the respiratory 
burst in neutrophils. J Biochem 105: 905-910, 1989. 

24. Buettner GR and Oberley LW. Consideration in the 
spin trapping of superoxide and hydroxy radical in 
aqueoussystemusing5,5-dimethyl-l-pyrroline-l-oxide. 
Biochem Biophvs Res Commun 83: 69-74. 1978. 

25. Lion Y, Delmelle M and Van de Vorst A, New method 
of detecting singlet oxygen production. Nature 263: 
442-443, 1976. 

26. Schaich KM and Borg DC, Solvent effects in the spin 
trapping of lipid oxyl radicals. Free Rad Res Commun 
9: 267-278, 1990. 

27. Lowry OH, Rosebrough NJ, Farr AL and Randall RL, 
Protein measurement with the folin phenol reagent. J 
Biol Chem 193: 265-275, 1952. 

28. Nicholls DG and Ferguson SJ, Bioenergetics 2. An 
Introduction to the Chemiosmotic Theory. Academic 
Press, New York, 1992. 

29. Diwu ZJ and Lown JW, Hypocrellins and their uses in 
photosensitization. Photochem Photobiol 52: 1-71, 
1987. 

30. Weiner L and Mazur Y, EPR studies on hvpericin, 
photogeneration of free radicals and superoxide. J 
Chem Sot Perkin Trans 2: 14391442. 1992. 

31. Diwu Z and Lown JW, Photosensitization with 
anticancer agents 19. ESR studies of photodynamic 
action of calphostin C: Formation of semiquinone 
radical and activated oxygen on illumination with 
visible light. Free Rad Res Med 16: 645-652, 1994. 

32. Asaoka Y, Nakamura S, Yoshida K and Nishizuka 
Y, Protein kinase C, calcium and phospholipid 
degradation. TIES 17: 414-417, 1992. 


