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Abstract. Lonidamine (a dichlorinated derivative of indazole-3-carboxylic acid) is an anti-

spermatogenic and anticancer drug, which is believed to act as an inhibitor of energy metabolism.

In this study the effect of lonidamine (LND) on the efficacy of photodynamic therapy of tumour

was investigated. In in vitro experiments the presence of 0.25 mM LND increases synergistically
(up to 2 fold) the intensity of hematoporphyrin derivative (HpD) or chlorin-eg trimethylester

photosensitized damage of Ehrlich ascites carcinoma cells. Considerable inhibition of Ehrlich

carcinoma rate growth in mice (the ascites form of tumour) was observed in vivo when HpD
phototherapy (up to 5 mg/kg) was combined with LND (intraperitoneal injection of 0.1 mM/kg,
before photoirradiation). The analysis of the interaction between LND and in vivo HpD
photodynamic therapy demonstrated an additivity of response. The present effect of LND on the

efficacy of phototherapy is mainly caused by the inhibitory effect ofLND on the energy production
system of tumour cells. Indeed, the increase of photodamage of tumour cells induced by LND was

accompanied with an acceleration of the rate of decreasing their glycolytic activity and, at higher
extent, oxygen consumption. We assume that the intensification of the reduction of the ATP content

under photosensitization in the presence of LND was induced mainly by the inactivation of

mitochondrion. Moreover, under hypoglycaemia neoplastic cells are more sensitive toward

phototherapy combined with LND. We found that the mechanism ofthe potentiating effect of LND

on HpD-phototherapy probably has a highly complex character. Thus, antineoplastic effect of LND

and its combination with HpD-phototherapy is enhanced with increasing extracellular levels of

calcium and magnesium cations. The results obtained indicate that the potentiating action of LND

on phototherapy may be also explained by the injurious effect ofLND on the cytoskeleton structure

and cytoplasm membrane of tumour cells.

Key words: photodynamic therapy, tumour, inhibitors of energetic metabolism, lonidamine,
calcium, magnesium.

Abbreviations: GSH = glutathione; EAC = Ehrlich ascites carcinoma; E 6 = chlorin-eg trimethyl-
ester; HpD = hematoporphyrin derivative; LND = lonidamine; MTT = 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; PII = photofrin-II; PDT = photodynamic therapy; TB = trypan
blue; PBS = sodium phosphate buffer; [Ca?*]; = intracellular concentration of calcium cations.
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INTRODUCTION

During the last decade the chemistry of tetrapyrrole compounds has
made a rapid progress. The field of the application of these compounds is
rather wide, including chemical and technological processes, ecology, and
medicine. A very interesting field of the use oftetrapyrrole compounds has
opened thanks to their photodynamic activity. Under aerobic conditions
and presence of light these compounds induce the generation of highly
reactive and cytotoxic molecular species, including singlet oxygen and

free radicals, which cause damage of biomolecules, cellular components,
pathogenic viruses, bacteria, and tumour cells.

Photodynamic therapy (PDT) of tumour is based on the injection of

photosensitizers into the organism or directly into the tumour and
irradiation of the neoplasm with light specifically absorbed by photo-
sensitizer. When hematoporphyrin derivative (HpD), photofrin-II (PII), or

chlorin-¢, trimethylester (E6 are used as photosensitizer the energetic
metabolism of the neoplasm cells is one of the most sensitive targets for
the photodynamic damage. In particular, both in vitro (Hilf et al., 1986)
and т vivo (Ceckler et al., 1986) the '*P-NMR technique has demonstrated
that the earliest stage in biochemical changes after tumour HpD-PDT was

the depletion of ATP pool. The latter may in consequence of and in

aggregation with other actions (e.g. disturbance of structural integrity of

the cell membrane), start up a series of events, which could cause

irreversible damage of malignant cells. However, the exact mechanism of
cellular damage under depletion of ATP pool is not sufficiently
investigated. It has been proposed that the decrease in ATP concentration

of the cells leads to an increase in intracellular concentration of calcium

ions [Ca?*];, which activate Ca**-dependent proteases and phospholipases
that destroy cellular components (Nicotera et al., 1989). Deenergization of
tumour cells under PDT could be a result of slowing down of glycolysis
and respiration activity. Several important glycolytic enzymes (e.g. lactate

dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, pyruvate
kinase, glucose-6-phosphate isomerase) in tumour cells were shown tobe

inactivated after photosensitization (Hilf et al., 1984; Prinsze et al., 1989).
The prevalent concept is that under HpD-PDT the injury of mitochondria

of tumour cells is responsible for the cell death. After dark incubation the

active fraction of HpD is localized at nuclear envelope, mitochondria, and

the nearby nucleus area that is rich in lysosomes and mitochondria (Berns
et al., 1982; Kessel, 1986). Subsequent exposure to the light leads Ю

aggregation of mitochondria and disruption of cristae, swelling of

lysosomes and channels of endoplasmic reticulum, damaging of nuclear

structures with lysis of chromatin (Ting & Zong-he, 1984). Numerous

researchers suggest that mitochondria, in comparison with other cell

organelles or structures, are the critical intracellular targets for HpD
photosensitization, as the changes in the mitochondrial structure take place
at the earliest stage after photoirradiation (Roberts et al., 1989). Moreover,
the HpD or PII photosensitization of tumour cells not only decreases the

oxygen consumption, but also inhibits the whole group of mitochondrial
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enzymes: cytochrome-C-oxidase, FoF,-ATPase, succinate dehydrogenase,
NADH-dehydrogenase (Hilf et al., 1984; Gibson et al., 1989), adenylate
kinase, and monoamine oxidase (Murant et al., 1987). The suppression of

mitochondrial activity after PDT leads to a significant decrease in the

cellular ATP level and, consequently, to a loss of viability (Hilf et al., 1986).
The purpose of the present work was to investigate the mechanism of

and approaches to increasing the efficiency of PDT by means of its

combination with a drug, lonidamine (LND), which suppresses the

energetic metabolism of tumour cells. Hilf et al. (1986) reported a strong
potentiation effect of iodoacetate (inhibitor of glycolysis) on HpD
phototherapy of mammary adenocarcinoma. The combination of PDT

with oligomycin (an inhibitor of respiration) did not give such effect.

Special attention was drawn to anthracycline antibiotics and related drugs.
These drugs as well as HpD localized in mitochondria of tumour cells.

One possible mechanism of action of anthracycline antibiotics is

uncoupling of phosphorylation, inhibition of cytochrome-C-oxidase,
increase in permeability ofmitochondrion membrane (Bianchi et al., 1987;
Muhamed et al., 1982), decrease in the cellular ATP level and,
consequently, a loss of viability of tumour cells (Ahmann et al., 1987).
Cowled et al. (1987) showed an enhancing effect of 0.5—4 mg/kg
adriamycin on HpD-phototherapy when injected into mice with Lewis

lung carcinoma. Adriamycin was administered together with HpD and also

directly before irradiation. Similar results were obtained when adriamycin
was combined with E6-phototherapy (Chekulayev et al., 1991). The

increase in photosensitized damage of Ehrlich ascites carcinoma (EAC)
cells induced by adriamycin was accompanied by a higher speed of

deenergization of cells (the depletion of the intracellular content of ATP).
The latter was caused by inhibition of glycolysis and respiration. Cho and
co-workers (1992) reported a potentiation effect of adriamycin on

PII-PDT of mouse bladder tumour MBT-2. However, the traditional

antineoplastic drugs have demonstrated a number of negative side-effects.
For example, adriamycin shows strong cardiotoxicity (Klugmann et al.,
1982) and can increase the nonspecific phototoxicity of a photosensitizer.
These circumstances complicate their clinical use in combination with
PDT. In order to increase the photodamage ofneoplasm cells, preparations
with lower toxicity but still enabling to suppress the energy metabolism of
tumour cell should be examined.

Taking into account the mechanism of photosensitized damage of

neoplasm cells, we suggest the use ofLND. Comprehensive investigations
made during the last decade have shown that LND, a dichlorinated
derivative of indazole-3-carboxylic acid, is a nonmutagenic antisperma-
togenic drug with a large profile of antitumour activity. Clinical studies
have reported antitumour activity ofLND in the cases ofbreast and kidney
cancer, sarcomas of soft tissues, and lung cancer (Follow-up Report,
1987). In addition, LND can enhance the antitumour and cytotoxic effect
of hyperthermia (Kim et al., 1984b), radiosensitization (Kim et al., 1984a),
several antineoplastic alkylation agents (Silvestrini et al., 1992), and

adriamycin (Savini et al., 1992). The mechanism of the antineoplastic
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ability of LND is related to the damage of the cellular energy system. It

has been shown thatLND inhibits the oxygen consumption ofboth normal
and malignant cells (Floridi et al., 1981b) by blocking the electron-

transport chain between primary dehydrogenases and the respiration chain
of mitochondria (Floridi & Lehninger, 1983). Also, LND stimulates the
aerobic glycolysis in normal cells and inhibits that in neoplastic cells by
affecting the mitochondrially-bound hexokinase, which is not present in

normal differentiated cells (Floridi et al., 1981b). LND may mediate
considerable structural damages of mitochondria (swelling, disruption of
cristae) (Floridi et al., 1981a, 1985) as well as that of plasma membrane

(Malorni et al., 1988).

MATERIALS AND METHODS

Chemicals

Haematoporphyrin derivative was synthesized from haematoporphyrin
dihydrochloride (Aldrich) by the method of Lipson et al. (1961) modified

by Kessel et al. (1987). Chlorin-eg trimethyl ester (E6 was prepared on the
basis of pheophytin-a extracted from nettle leaves according to the method
of Lötjönen & Hynninen (1980). LND, obtained from F. Angelini
Research Institute, Rome, Italy (Lot 4/A), was dissolved in DMSO up to

62 mM. All other chemicals were obtained from Sigma Chemical Co.,
St. Louis.

Animals and tumours

White mongrel 4-month-old female mice obtained from the Institute of

Experimental and Clinical Medicine, Tallinn, were used in experiments.
Ehrlich ascites carcinoma (EAC) cells were weekly transplanted
intraperitoneally (i.p.) on mice, 3 x 10 cells per animal.

In vitro experiments. To саггу out the experiments in vitro, a 68 day
tumour was withdrawn from the mouse peritoneal cavity, 4 volumes of an

isotonic solution (either Hanks' balanced salt solution without phenol red,;
154 mM NaCl with 6.2 mM KCI; or 0.9% NaCl) were added, and the cell

suspension obtained was centrifuged at 4°C for 7 min. The precipitated
cells were resuspended in one of the isotonic solutions described above

and stored on ice-bath until the beginning of experiment. The cell

suspension was diluted with a medium to a concentration of 5 x 106 per ml,
the buffer (1 M Tris-HCI or HEPES, pH 7.2) was added up to a

concentration of 10 mM. Immediately or 5 min after the addition of the

photosensitizer that was dissolved in 0.9% NaCl (HpD) or in a minimal

volume (5-10 pl) of DMSO (E6 the cells were irradiated at 665 and

630 nm for E 6 and HpD, respectively. The irradiation was carried out in a

quartz cuvette (layer thickness 2 cm and volume 8 ml) by magnetic stirring
at 20°C. A 1 kW xenon lamp instrumented with a focusing optical system
and a light filter served as the radiation source.
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The amount ofinjured cells in the suspension was evaluated by staining
the cells with 0.05% trypan blue (TB), additionally an MTT assay was

used. The MTT assay is based on the ability of dehydrogenases of viable

cells to convert the yellow form ofMTT into a purple formazan(Wilson et

al., 1990). For the determination of the dehydrogenase activity of EAC

cells, 0.5 ml of MTT stock solution (2 mg/ml) dissolved in Hanks' solution

with 10 mM HEPES (pH 7.2) was added to 10° cells and incubated for 2 h

in a water bath at 37°C. At the end of the incubation period the samples
were centrifuged at 4500 rev/min for 10 min. The supernatant was

removed and the sediment was dissolved in 2 ml DMSO. The absorbance

of the converted dye was measured at a wavelength of 570 nm.

The rate of glycolysis was estimated by lactate formation. Carcinoma

cells (1 x 107 cells/ml) were incubated for 1 h in Hanks' solution or the

medium containing 154 mM NaCl, 6.2 mM KCI, 5.55 mM glucose, and

10 mM sodium phosphate buffer, PBS (pH 7.2), on a water bath at 37°C.

The lactate was measured enzymatically by lactate dehydrogenase using a

Sigma Kit (USA). The respiration was estimated by the consumption of

oxygen at 37°C, using a Clark oxygen electrode.
ATP was extracted from cells with trichloroacetic acid/EDTA (5%/4mM)

and assayed with a luciferin/luciferase by means of Luminometer 1251

(BloOrbit, Turku, Finland), essentially as described by Kahru et al. (1982).
The total content of the reduced form of glutathione (GSH) in EAC

cells was determined by the method of Ellman (1959) as described by
Chekulayev et al. (1992a

Since NADH is responsible for the fluorescence band at 470 nm in
normal as well as tumour cells (Andersson-Engels et al., 1991), the content

of NADH in EAC cells was measured fluorimetrically. The fluorescence
ofcell suspension (1 x 107 cells/ml) was measured at 470 nm (excitation at

340 nm) in a 1 cm quartz cuvette under magnetic stirring at 20°C.
The influence ofLND and Ca?* and Mg?" ions on the uptake of HpD by

tumour cells was estimated under continuous stirring at 20°C in the media
without serum. HpD was added ю EAC cell suspension (5 xlo° cells/ml)
(final concentration up to 2 pg/ml), then LND in DMSO and 10% solution
of MgCl,-6H,0 or CaCl,-9H,0 was added. After 1 min of incubation

0.4 ml of samples was taken, as the zero point, and immediately
centrifuged at 4500 rev/min for 5 min. A supernatant containing nonbound

HpD was discarded and cellular pellet was lysed in 1.5 ml of 3% NaOH
for 1 h. The content of HpD in the lysate was measured fluorimetrically at

617 nm (excitation at 394 nm). Protein concentration in lysate was assayed
according to the method of Lowry et al. (1951).

In vivo experiments. The in vivo experiments were carried out with 25 g
white mongrel female mice to whom 0.25 ml of EAC was injected i.p.
Three days after the neoplasm inoculation, sterile HpD solution in 0.9%
NaCl was injected i.p. at a concentration up to 5 mg/kg. Irradiation was

carried out the next day. LND dissolved in DMSO was injected i.p. up to a

concentration of 0.1 mM/kg 12 min prior to irradiation. Photoirradiation of

mice was carried out under narcosis (sodium thiopental, rectal injection)
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with the light (630 nm) isolated from the spectrum of a 1 kW xenon lamp.
The flux of light was focused into the stain (D. 2.5 cm) by means of an

optical system and directed into the abdominal region of mice. At the
irradiation intensity 400 mW, the light exposure time was 12 min (the
energetic exposure 288 J). Five days after neoplasm inoculation photo-
irradiation was repeated. In this case LND was injected i.p. (0.1 mM/kg)
12 min prior to irradiation. At the irradiation intensity 400 mW, the light
exposure time was 6 min (energetic exposure 144 J). One day after the last

photoirradiation, LND was injected i.p. (0.1 mM/kg) again but without
subsequent irradiation.

3. RESULTS

Lonidamine and photodynamic injury of EAC cells

Figure 1 and 2 demonstrate that the kinetics of the death of tumour cells

was S-type and did not depend on the type of the photosensitizer used

(HpD or E6). At the same time, after a lag period during which the number

of stained cells remained approximately the same as that of control ones, a

considerable increase in the rate of inclusion of TB was observed. This

indicates an essential injury of carcinoma cells. However, irradiation of

EAC cells in the absence of photosensitizer, as well as their incubation

with photosensitizer in the dark at 20°C, did not cause any noticeable
increase in the number of injured cells. It should be noted that, despite the
test used for the estimation of the viability of cells after PDT (inclusion of
ТВ or of ethidium bromide, release of >!Cr, etc.), the shape of the kinetic
curve always had a well expressed lag period. The duration of the lag
period depended considerably on the type of cells and photosensitizer, the

composition of the irradiated medium, and the time interval after tumour

transplantation. That is, the duration of the lag period, followed by an

exponential loss ofviability, determines the resistance ofneoplasm cells to

PDT. Then, the efficacy of photodamage of cells in the TB test was

expressed as a light dose or irradiation time needed for staining 50% of the
tumour cells (Tso). The influence of LND оп photodamage of EAC cells

was investigated in the presence of HpD and E6. Thanks to its better

spectral properties, E 6 might be an alternative photosensitizer to HpD
(Chekulayev et al., 1991). Moreover, E 6 (and not HpD) is able to react in

Type I photoreactions (Chekulayev et al., 1992b). The results obtained

showed that 0.25 mM ofLND acted synergistically increasing HpD or E 6
photodamage of cells almost two-fold (Figs. 1,2). Indeed, photoirradiation
of cells in the presence of 0.25 mM of LND without photosensitizer did

not increase the amount of stained cells.

The ability of PDT with HpD or E 6 to diminish not only the growth of

solid tumours, but also the ascites type of tumours was shown (Chekulayev
et al., 1992b). Our experimental data have shown a linear relationship
(with approximately equal slopes) between the concentration of tumour

cells in ascites and the weight of ascites of mice as well as of animals

affected by HpD-PDT (Fig. 3). This permits us to estimate the growth of
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EAC by weighing the tumour-bearing mice. Considerable inhibition of
tumour growth in vivo was caused when HpD-phototherapy was

combined with the use ofLND (Fig. 4) (the effect was obviously additive).

Fig. 1. Influence ofLND on 1 ug/ml HpD-PDT (220 mW) injury of EAC cells (5 x 106cells/ml) in
Hanks' medium with 10 mM HEPES, pH 7.2. HpD and LND were incubated for 5 min with cells
prior irradiation. Insert: Effect of LND concentration on relative irradiation time needed for the

inactivation of 50% of the cells (T5 measured by the TB test. Bars = SE.

Fig. 2. Effect of LND on 2 uM E6-PDT (120 mW) injury ofEAC cells (5 x 10° cells/ml) in Hanks'
medium with 10 mM HEPES, pH 7.2. E 6 and LND were incubated for 5 min with cells prior
irradiation. Insert: Effect ofLND concentration on relative irradiation time needed for the inactivation

of50% of the cells (15;). Bars = SE.
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Fig. 3. The relationship between the concentration of tumour cells (N, cells/ml) and weight of

ascites in intact ascites bearing mice (Bth day after i.p. transplantation of tumour) and animals

affected by HpD-PDT. For HpD-PDT 5 mg/kg HpD was i.p. administrated to animals on the third

day after ofEAC transplantation, on the 4th dayanimals were irradiated with630 nm and dose 240 J,
and on the sth daywith dose 168 J.

Fig. 4. Change in the weight of tumour-bearing mice before and after PDT. Mice were injected
5 mg/kg HpD on the third day and 0.1 mM/kg LND on the 4th, sth, and 6th days after EAC

inoculation. The dose ofthe Ist irradiation was 288 J and of the 2nd 144 J. Bars = SE.
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LND may increase the accumulation of photosensitizer in neoplasm
cells. Indeed, long incubation of LND enhances the incorporation of HpD
into EAC cells (Fig. sa). However, at a shorter incubation time (10 min)
LND slightly decreases and at its 0.25 mM concentration leads to a 15%
deprivation of HpD accumulation (Fig. 6). It could be explained by a

competition between LND and HpD for binding sites ofcellular structures.

So, under present experimental conditions, it is not possible to interpret the

enhancing of PDT efficacy after in vitro or in vivo administration ofLND

as the increase in HpD accumulation.

Fig. 5. Effect of 0.25 mM LND on the kinetics of the accumulation of 2 pg/ml HpD in EAC cells
(5 x 108cells/ml) in medium containing 154 mM NaCl, 6.2 mM KCI, 5.55 mM glucose, and 10 mM

Tris-HCII, pH 7.4 (a). Relationship between binding of2 pg/ml HpD and 0.25 mM LND induced
injury of EAC cells (5 x 10° cells/ml) (b). The experimental conditions are the same as in (a).

Fig. 6. Influence of LND on 2 ug/ml HpD binding with EAC cells (5 x 10°cells/ml) after 10 min
incubation in Hanks' medium with 10 mM Tris-HCI, pH 7.4.
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Energy metabolism and lonidamine

The results obtained suggest that the potentiating action of LND on

PDT could be mediated mainly by its alteration of the energetic status of
tumour cells. Indeed, LND induces a considerable decrease in the

dehydrogenase activity (Fig. 7a), intensity of glycolysis, and oxygen

consumption of intact EAC cells (Fig. 7b, c). All this was accompanied by
a decrease in the cellular content of ATP (Fig. 8). A tight relationship
between the influence of LND on dehydrogenase activity and oxygen

consumption is observed. In Fig. 7, a two-fold decreasing effectof 0.2 mM

LND on the dehydrogenase activity (MTT test) as well as on the

respiration of the cells is shown. These results are in agreement with the

Fig. 7. Influence of LND on dehydrogenase activity (a), aerobic production of lactic acid (b), and

oxygen consumption (c) ofEAC cells (1 x 107 cells/ml) (without HpD and irradiation). Production

of lactic acid and oxygen consumption were measured in medium 154 mM NaCl, 6.2 mM KCI,
5.55 mM glucose, and 10 mM PBS, pH 7.2. Dehydrogenase activity of the cells was measured as

described in Materials and Methods. SE<5%.

Fig. 8. Contents of ATP in EAC cells (1 x 107 cells/ml) (@) and injury ofcells after 2 ug/ml HpD-PDT

(220 mW) (b) in the presence of0.15 mM LND and/or 1.25 mM CaCl, in Hanks' medium

(without phenol red and CaCl,) with 10 mM HEPES, pH 7.2. SE<7%.
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results of other researchers (Floridi & Lehninger, 1983) who postulate that
the effect of LND on diminishing the oxygen consumption is mainly
caused by the inhibition of mitochondrion dehydrogenases and not the

enzymes ofelectron transport chain.
Induced by LND increase in the EAC cells photodamage was

accompanied with an acceleration of the rate of decreasing their glycolytic
activity and, at higher extent, the respiration (Fig. 9). The ATP level in
cells is mainly maintained by glycolysis and oxidative phosphorylation.
We assume that the intensification of the diminishing of the ATP content

under photosensitization in the presence of LND was induced mainly by
the inactivation of mitochondrion.

The results obtained suggest that the inactivation of energetic processes
could be a main phenomenon in the mechanism of HpD or E 6
photosensitized damage of EAC cells. The synergistic effect of LND on

PDT could be caused by the inhibition of energetic homeostasis oftumour

cells by LND. The reverse relationship between the potentiating effect of
LND and glucose concentration in cell suspension (Fig. 10) also indicates
such mechanism. When 0.1 mM LND was used, the intensity of
photodamage of EAC cells was 1.5 times as high in the experiments
without glucose as that in the presence of 5.55 mM glucose. Consequently,
at hypoglycaemia neoplasm cells are more sensitive towards PDT
combined with LND.

Fig. 9. The rate ofaerobic production of lactic acid (a) and oxygen consumption (b) of EAC cells

(4 x 107cells/ml in Hanks' medium with 10 mM HEPES, pH7.2) after 5 ug/ml HpD-PDT (220 mW)
without or in the presence of0.3 mM LND. HpD and LND were administered for 5 min before
irradiation. Production of lactic acid and oxygen consumption were measured in Hanks’ solution

with 10 mM Hepes, pH 7.2.
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Influence of Ca?* and Mg** on combined action of lonidamine with

phototherapy
The potentiating effect of LND on PDT was found tobe remarkably

dependent on the extracellular level of calcıum and magnesium ions.

Both cations increased the injuring effect of LND on EAC cells photo-
sensitization. The photosensitized damage of tumour cells in the presence
of 0.2 mM LND was remarkably increased (1.5 times) when Ca** and

Mg?* at concentrations up to 2.5 mM were added to the cells (Fig. 11). At

least an additive effect ofLND and both cations was observed.

Fig. 10. Influence of5.55 mM glucose on the potentiation effect ofLND on 1 pg/ml HpD-PDT
(220 mW) ofEAC cells (5 x 106cells/ml inHanks' medium with 10 mM HEPES, pH 7.2). HpD апа

LND were administered for 5 min prior irradiation. SE<5%.

Fig. 11. Effect of MgCl, or CaCl, (both 2.5 mM ) in combination with 0.2 mM LND on 1 ug/ml
HpD-PDT (220 mW) ofEAC cells (5 x 10°cells/ml in media with 154 mM NaCl, 6.2 mM KCII,

5.55 mM glucose, and 10 mM HEPES, pH 7.2).
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It can be supposed that the administration of Ca** or Mg** to the cells

leads to an increase in the HpD incorporation by the cells. The incubation

of cells in the presence of5 mM CaCl, enhanced the accumulation of HpD
up to 30% (Fig. 12) but S mM MgCl, caused a week (up to 7%) decrease

in the HpD content. So, we cannot explain the increasing effect of Mg?* on

PDT by affecting the binding of HpD to the cells. An increase in

antineoplastic properties of LND after the administration of Ca?* or Mg**
to the media might indicate the existence of a common stage in the

mechanisms causing cytotoxicity.
A major physiological as well as pathological role in the cells is

assigned to calcium. The significance of calcium in cytotoxicity induced

by anoxia, starvation, influence of different xenobiotics, and immunologic
reactions has been already proved. It is widely assumed that an increased

level ofcalcium might mediate the damage of cells by the disruption of the

cytoskeleton structure, activation of phospholipases, proteases, endo-

nucleases, and damage of mitochondria (Azzi & Azzone, 1966; Nicotera
et al., 1989; Pounds, 1990; Agarwal et al., 1991). However, the role of
Са?* т the mechanism of photosensitized damage of tumour cells is still

far from being understood. A 3-5-fold increase in [Ca®*]; concentration

after HpD or Al-phthalocyanine photodynamic treatment of carcinoma

cells has been demonstrated (Rasch et al., 1992). Our data showed that the
PDT induced damage of the EAC cells was considerably increased in the

presence of physiological concentration of calcium. This was expressed by
an increase in the cytoplasm membrane permeability for vital dyes
(Fig. 8), by the enhancement of intracellular content of free fatty acids

(data not shown), by the increase in ATP depletion (Fig. 8), and by the

decrease in the oxygen consumption by EAC cells (Fig. 13). The same

happened under photosensibilization ofcells in the presence ofLND. The

increasing effect of calcium cations on the photodamage in EAC cells

appears tobe to some extent due to the increase in the mitochondrion

damage (Azzi & Azzone, 1966).
The potentiation of cytotoxic properties of LND in the presence of

calcium could be mediated by the chelating ability ofLND. As LND has a

free carboxyl group and is able to sequester calcium, it may facilitate
calcium permeability through membrane. However, our data showed that
LND did not displace calcium from its complex with murexide (data not

shown). Consequently, LND cannot mediate the enhancement of [Ca?*];
by the mechanism of calcium ionophore. Nevertheless, it has been shown

recently thatLND considerably increases [Ca®*]; in some tumour cell lines

(Castiglione et al., 1993). These [Ca®']; increases are not related to the

depletion of intracellular ATP level and is connected, first of all, with the

release of calcium intracellular deposits and/or to the inhibition of

Ca?*-ATPases. Thus, the administration of LND apparently mediates the

increase in Ca?* т tumour cells and increases the efficacy of PDT.

However, some unexpected results also became evident during the

investigation of the influence of LND and exogenic Ca** on the

photodamage ofneoplasm cells. Figure 14 shows that the photoirradiation
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of EAC cells in the presence of HpD was accompanied with 70%
reduction in the dehydrogenases activity (MTT test), which earlier had

revealed sufficient staining of cells by TB. However, the addition of LND

or Ca** to the HpD did not increase the rate of the inactivation of the

cellular dehydrogenases. Instead, LND and Ca?*, and even to a higher
extent their combination, inhibit the destruction of dehydrogenases
(Fig. 14¢), increasing the content of GSH (Fig. 15). GSH plays an important
role in the detoxification of endogenously formed peroxides. It is important

Fig. 12. Effect ofMgCl, and CaCl, (both 5 mM) on the uptake of 2 ug/ml HpD to EAC cells

(5 x 10° cells/ml) under dark incubation in media with 154 mM NaCl, 6.2 mM KCI, 5.55 mM

glucose, and 10 mM Tris-HCI, pH 7.2.

Fig. 13. Effect of 5 mM CaCl, on oxygen consumption of EAC cells (4x107 cells/ml)
under 5 ug/ml HpD-PDT (0.33 W) in media containing 154 mM NaCl, 6.2 mM KCI, 5.55 mM

glucose, and 10 mM HEPES, pH 7.2.
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to note that during PDT photosensitized oxidation of some biomolecules

(tryptophan, NAD(P)H, unsaturated fatty acids, etc.) yields organic
peroxides and H,0,. One can assume that the higher level of GSH and the

lower level of peroxides in EAC cells after irradiation in the presence of
LND could be due to the antioxidant properties of LND and/or its ability
to guench the excited states of photosensitizer. However, our experiments
did not reveal the above-mentioned properties ofLND and Ca?* (data not

shown). LND did not alter the fluorescence of HpD cell free solution

(Fig. 16) or the rate ofHpD-photosensitized oxidation ofNADH (Fig. 17).

Fig. 14. The kinetics ofTB-staining (a) and dehydrogenaseactivity (b and c) ofEAC cells (5 x 10°

cells/ml) after 1 ug/ml HpD-PDT (220 mW) in the presence of 2.5 mM CaCl, or/and 0.2 mMLND.

Composition of the incubation medium: 154 mM NaCl, 6.2 mM KCI, 5.55 mM glucose, and

10 mM HEPES, pH 7.2.

Fig. 15. Influence of 0.3 mM LND (a) and 5 mM CaCl, (b) on glutathione content in EAC cells

(4 %107 cells/ml) under 5 pg/ml HpD-PDT (220 mW) in the incubation medium containing
154 mM Na(Cl, 6.2 mM KCI, 5.55 mM glucose, and 10 mM HEPES, pH 7.2.
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The mechanisms of the influence of Mg** on the antineoplastic
properties of LND as well as on the photosensitive damage of EAC cells
are not fully understood. Mg** slightly increased the rate of the
inactivation of cellular dehydrogenases, but did not increase the depletion
of ATP (Fig. 18). The addition of Mg** did not cause any decrease in the

respiration of EAC cells either (Fig. 19). It should be mentioned that the

registered alterations of neoplasm cells at the photosensitization in the

presence of Ca** or Mg?* are different. One can assume that these cations

act by different mechanisms upon PDT.

Fig. 16. Influence of LND on the fluor-

escence of 1 ug/ml HpD (A,,=405+5 nm,

Aem=632+s nm) in DMSO and acetonitrile-

water (60:40, v/v).

Fig. 17. Effect of LND on 5 pg/ml HpD-
photosensitized (330 mW) oxidation of

0.2 @М NADH (A, = 630 nm) in

acetonitrile-water (60:40, v/v).

Fig. 18. Influence of5 mM MgCl, on the injury ofEAC cells (1 x 107 cells/ml) (a), dehydrogenase
activity (b), and intracellular content ofATP (c) under 2 pg/ml HpD-PDT (630 nm, 220 mW) in

media containing 154 mM NaCl, 6.2 mM KCII, 5.55 mM glucose, and 10 mM PBS, pH 7.2. SE<7%.
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Hyperthermia and lonidamine

A combination of PDT with local hyperthermia increases considerably
the injury of neoplasm cells (Henderson et al., 1985). At laser PDT a

remarkable warming of tissue takes place. The use of thermosensitizers

together with PDT could enhance the injury of cells. It has been shown
that LND could increase the cytotoxic effect of hyperthermia (Kim et al.,
1984b). Our data also show that LND has thermosensitizing properties.
Dark incubation of the cells with 0.2 mM LND at 37°C increased the

injury of EAC cells four times as compared to these observed in the
absence of LND; moreover, combination ofLND with Ca?* also enhanced
its cytotoxicity (Fig. 20a). At 43°C Ca?* did not have any potentiation
effect (Fig. 20b).

Fig. 19. Influence of 5 mM MgCl, on oxygen consumption ofEAC cells (4 x 107 cells/ml) under
5 pg/ml HpD-PDT (630 nm, 220 mW) in media containing 154 mM NaCl, 6.2 mM KCI, 5.55 mM

glucose, and 10 mM PBS, pH 7.2.

Fig. 20. The intensity of injury of EAC cells (sxlo° cells/ml in Hanks' medium without

glucose and Ca?* but with 10 mM Hepes, pH 7.2) in the presence of 0.2 mM LND and/or 1.26 mM

CaCl, at dark incubation at 37°C (a) and at 43°C (b).
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DISCUSSION

PDT-induced irreversible damage of tumour cells could be caused by
injury of membrane structures (Dubbelman & Van Steveninck, 1984),
release of lysosomes hydrolases (Geze et al., 1993), DNA-protein cross-

linking (Dubbelman et al., 1982; Blazek & Hariharan, 1984), destruction
of microtubule assembly (Berg et al., 1992), brakes in DNA molecules

(Blazek & Hariharan, 1984; Agarwal et al., 1991), etc. At the same time,
our studies have shown that the energy generation system could be the
critical intracellular target for photosensitization: irradiation of EAC cells

in the presence of E 6 (see Chekulayev et al., 1991) or HpD led to a

considerable decrease in glycolysis and inhibition ofdehydrogenase activity
and respiration (Figs. 9, 14). Respiration inhibition was accompanied by a

remarkable decrease in the intracellular level of ATP (Fig. 8). The above-
mentioned alterations take place before the increase in the permeability of
the cytoplasm membrane of EAC cells. The decrease in the ATP level at

HpD-photosensitization oftumour cells could be due to the inactivation of

glycolytic enzymes (Hilf et al., 1984; Prinsze et al., 1989), enzymes of
Krebs cycle and the respiration chain (Hilf et al., 1984; Gibson et al.,
1989). However, other mechanisms may exist that explain such a fast

and dramatic decrease in the ATP pool. So, porphyrin compounds
(hematoporphyrin and its derivatives, chlorin-e4, etc.) can mediate е

oxidation of NADH at photoexcitation (Fig. 17) (Bodaness & Chan, 1977).
The rate of porphyrin-photosensitized oxidation of NADH considerably
exceeds (45 times) that of L-tryptophan. As NADH is the main electron
donor for the mitochondrial respiration chain, we assumed that the

depletion of intracellular ATP during PDT was induced by the photo-
chemical oxidation of NADH. On EAC cells HpD-sensitization (Fig. 21)
showed that the intracellular content of NADH did not change much.

Hence, the depletion of ATP content could not be due to the insufficiency
of NADH reduced form. The maintenance of NADH content in EAC cells

in PDT to take place despite the considerable decrease in the activity of

dehydrogenases and glycolytic enzymes (i.e. the biochemical pathways
increased the content of NADH). This occurs due to the powerful
inhibition of the electron transport chain of mitochondria, which oxidize

NADH. For example, the administration of NaCN induced a sharp
increase in the intracellular content ofNADH in EAC cells (Fig. 21).

The photooxidation of übiquinone might also cause the depletion of
ATP content due to the suppression of respiration. This seems tobe

possible due to the high reactivity of Coenzyme Q. Indeed (Fig. 22), the

rate of HpD-sensitized photooxidation of Coenzyme Q,, (oxidized form)
was five times higher than that of L-tryptophan.

It should be mentioned that not all data on PDT of neoplasm cells

have shown that a decrease occurs in the intracellular content of ATP

(Dubbelman et al., 1982, 1992). Moreover, some researchers even claim

that the injury of the functional activity of the mitochondrion as well as the

depletion of ATP level do not affect the viability of cells influenced by
PDT (Boegheim et al., 1988). Our data showed that the HpD-PDT of EAC
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cells sharply decreased the amount of ATP in cells (Fig. 8). However, a

remarkable increase in the ATP level after a long exposure to light was

unexpected. The latter took place when the glycolytic, dehydrogenase, and

respiration activities of cells were inhibited. The increase of the ATP level

could be explained by the inhibition of metabolic pathways of ATP

consumption (functioning of ATPases, nucleic acids, and protein
synthesis). First of all, it concerns the membrane ATPases that use for the

maintenance of ionic balance 50—60% of the total amount of the ATP

produced by glycolysis and oxidative phosphorylation (Schmidt et al.,
1989). This suggestion is based on experimental data that have shown а

strong inactivation of Na'/K*-ATPases and a low extent of Mg**-
ATPases after HpD-PDT of tumour cells (Dubbelman et al., 1992; Gibson

et al., 1988). The time needed for increasing the ATP level coincides with

an intense destruction of plasma membrane (Fig. 8) (the sharp enhancement

of TB incorporation in cells). So, only the determination of the ATP

amount in the cells could be not sufficient for the estimation of the effect

of PDT injury on the energy system oftumour cells.

The results of the present work show that the combination of PDT with

LND (an inhibitor of glycolysis and respiration of tumour cells) leads to a

significant therapeutical profit. The present investigation demonstrated

that the enhancing effect ofLND on the efficacy of PDT did not depend on

the nature of photosensitizer (HpD or E 6) and was most probably caused

by the inhibitory effect of LND on the energy production system of

tumour cells. The mechanism ofLND influence on PDT seems tobe more

complicated. Figure 8 illustrates the LND induced acceleration of the

Fig. 21. The kinetics of the NAD(P)H relative

fluorescence (A.,=34045 nm, A_,,=470+5 nm)
of EAC cells (Ixlo7 cells/ml in media

containing 154mM NaCl,6.2 mM KCI, 5.55mM

glucose, and 10 mM HEPES, pH 7.2) at 2 pg/ml

HpD-photosensitization (630 nm, 220 mW)
without or in the presence of0.25 mM LND.

Fig. 22. The kinetics of 5 ug/ml HpD-photo-
sensitized oxidation of0.1 mML-tryptophan
and 0.1 mM Coenzyme Q,9 in methanol.

Irradiated at 405 nm, 70 mW, 20°C, and

magnetic stirring.
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depletion of the ATP pool at the beginning of light exposure but later the

ATP content fell sharply almost to the initial value. We assumed that LND

induced not only the inactivation of the ATP production but also a

metabolic pathway of energy consumption. It was shown by Malorni et al.

(1988) that LND can induce a remarkable structural damage of the plasma
membrane. It would be reasonable to suppose that the effect of LND on

PDT was mediated by the destruction of the plasma membrane, especially
by inhibiting the membrane ATPases. Inhibition of membrane ATPases

promotes the swelling of tumour cells as a result of an osmotic shock. A

significant alteration of cell shape and size was observed after HpD or E 6
photoirradiation of EAC cells. A cascade of events could be expected to

follow: a 2—3 fold increase in the cell volume, the appearance of multiple
small bumps on the surface (also called “blebs”), the blending of

microblebs into large bumps of cytoplasm. If irradiation goes on, an

intensive staining of cells with TB is observed. The observed

morphological changes of photodamaged cells started earlier when LND

was present. The appearance of multiple surface protrusions is usually
associated with the disintegration of binds of the plasma membrane with

cytoskeleton. HpD-PDT mediates remarkable damages of cytoskeleton of

endothelial cells (Fingar & Wieman, 1992). Also Malomi et al. (1992)
showed the disappearance of stress fibres at the administration ofLND to

tumour cells. They assumed that cytoskeleton elements could be additional

targets for the cytotoxic action of LND. We suppose that the enhancing
effect ofLND on PDT might be induced by its effect on the cytoskeleton
and plasma membrane.

Our data showed that LND increased the incorporation of HpD into the
tumour cells (Fig. 5a.). This could be the way how LND potentiates the

efficacy of PDT. Figure 5b shows that the enhanced binding ofHpD in the

presence ofLND at a prolonged incubation time with EAC cells is directly
related to the degree of TB staining. This suggests that LND promotes
HpD binding by enhancing the plasma membrane permeability. Also, the

ability of LND to induce a sufficient decrease in intracellular pH was

demonstrated earlier (Ben Horin et al., 1993). The authors suggested it

occurred with the increase in the intracellular content of lactate. The
decrease in intracellular pH is known to promote accumulation of HpD in

tumour cells (Béhmer & Morstyn, 1985). So, we suggest that the

enhancing of the binding of HpD in the presence of LND could be
mediated also by intracellular acidification. Consequently, it would be

useful to accompany the first administration ofLND into an organism with

HpD.
The effect of calcium on the enhancement of the antineoplastic ability

of LND seems to be mediated via damaging the mitochondria of EAC
cells. Indeed, Ca®* considerably decreased the oxygen consumption of

photoirradiated EAC cells (Fig. 13). However, the increase in both the

efficacy of PDT and cytotoxic properties of LND by Ca?* could be

explained by the disintegration of the cell cytoskeleton. For instance,
Kuhne et al. (1993) showed the disintegration of the cytoskeleton structure

of actin filaments in endothelial cells after the administration of KCN
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together with 2-desoxy-D-glucose, which was induced by the enhancement

оё [Ca2*];. Since PDT and the administration ofLND increase the content

of [Ca**]; in tumour cells, the above-mentioned mechanism seems tobe

quite possible (Rasch et al., 1992; Castiglione et al., 1993).
Our experiments showed no increase in the inactivation rate of

dehydrogenases under PDT action when LND and/or Ca’* were added

(Fig. 14). In such experiments the cellular content of GSH was also at

higher level (Fig. 15). The presence of LND and Ca?* had no negative
effect on the photophysical properties of the photosensitizer (Fig. 16) and

on the rate of photochemical reactions (Fig. 17). The decrease in the rate

of the dehydrogenase inactivation at LND photoirradiation can diminish

the binding of HpD with cells a little (Fig. 6). However, a decrease in the

rate of the dehydrogenase inactivation was measured at the administration

оЁ Ca**, which vice versa increases the accumulation of HpD in tumour

cells (Fig. 12). We suppose the effect of LND and Ca?* on the

dehydrogenase activity to appear as a consequence of the disturbance of

the functional activity of mitochondria and the deprivation of free radical

reactions. It is well known that the respiration chain ofmitochondria is the

main source of oxygen superoxide anion-radicals (O,) (Konstantinov et

al., 1987). Non-enzymatic decomposition of hydrogen peroxide by the

Fenton—Haber—Weiss reaction (Haber & Weiss, 1934) leads to the

generation of very cytotoxic hydroxyl radicals (HO"): Fe?* + H,O, —
Fe** + OH + HO'. Moreover, spontaneous recombination of O, (Khan,
1970) and its reaction with H,O, may generate singlet oxygen (Kellogg &

Fridovich, 1975). However, the generation of О; ‚
which is able to catalyze

the decomposition of H,O, (Fe**+ О; — › Ее?* + О,), 15 арргорпа!е under

intensive cellular respiration. The potentiating effect of LND and Ca**
was accompanied with a diminished activity of the respiration chain. This,
to all appearances, decreases the production of О; and consequently the

formation of cytotoxic OH' radicals.
The results obtained show that extreme caution is needed in the

estimation of the efficacy of PDT when the MTT-test is used. Only a slight
relationship with the results derived from the TB-test was observed.

There is no literature data concerning the influence of Mg** on

photosensitized damage of tumour cells. The present investigation has

demonstrated the potentiating effect of Mg2+ on PDT and the antitumour

activity of LND, which could be explained by the influence of Mg** on

the energetic status and cytoskeleton structure of a cell. A considerable

depletion of the ATP content is observed at the incubation of EAC cells
with 5 mM MgCl, (Fig. 18). The effect of Mg?" is related with the sharp
stimulation of the phosphofructokinase activity and will be eliminated at

the administration of cytochalasin B (Bossi et al., 1989).
The low toxicity of LND (LDs, in mice and rats (mg/kg): 900, 1700

orally; 435, 525 ip.) (Heywood et a1.,, 1981) and its non-mutagenic
properties (Forster et al., 1990) make LND very attractive for the

treatmentof some kinds of tumours. At the same time an oral daily dose of

LND cannot exceed 450 mg (or 0.02 mM/kg) as shown clinically
(Robustelli & Pedrazzoli, 1991). A significant positive effect on PDT of
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EAC cells was reached when the concentrations of LND used exceeded

the permissible therapeutic dose 5-10 times. This means that a combined

use of LND with PDT is possible only for the therapy of superficial
tumours (e.g. basalioma). Nevertheless, these doses do not exclude the

possibility of a systemic use (administration to an organism) of LND at

PDT. An analysis of literature data shows that the sensitivity of tumour

cells 10 cytotoxic effects of LND is variable (dependent upon the

histologic type of tumour) in a very large concentration range. A

significant reduction of the human glioma cells was reached already at the

therapeutic doses (Floridi et al., 1990).
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HEMATOPORFURIINI DERIVAADI VOI KLORIIN-¢
TOIMEL EHRLICHI ASTSIITSE KARTSINOOMI RAKKUDE

FOTOSENSIBILISEERITUD KAHJUSTAMISE SUURENDAMINE

LONIDAMIINI MANUSTAMISEGA

Vladimir TSEKULAJEV Igor SEVTSUK Ljudmila TSEKULAJEVA
Anne KAHRU

Lonidamiin (LND) on antispermatogeenne ja antineoplastiline agent,
mis möjub pärssivalt rakkude energeetilisele metabolismile. On uuritud

LND (dikloreeritud indasool-3-karboksüülhappe derivaat) möju paha-
loomulise kasvaja fotodiinaamilisele teraapiale. In vitro katsetes on leitud,
et 0,25 mM kontsentratsioonis suurendas LND siinergistlikult (kuni 2 korda)
hematoporfiiriini derivaadi (HpD) voi kloriin-e, poolt Ehrlichi astsiitse
kartsinoomi (EAK) rakkude fotosensibiliseeritud kahjustamise Kkiirust.

Oluline EAK kasvu pérssiv toime leiti in vivo katsetes, kus HpD-foto-
teraapiat (5 mg/kg) kombineeriti LND-ga (i.p. manustus hiirtele doosis

0,1 mM/kg enne kiiritust). Seejuures oli in vivo katsetes tuvastatud adi-

titvne efekt HpD ja LND vahel. LND pdhjustatud efekt on seotud tema

inhibeeriva mdjuga kasvaja raku energeetilisele metabolismile. LND

suurendab fotodiinaamiliselt kahjustatud kasvaja rakkude gliikoliiiitilist
aktiivsust ning vdhendab oluliselt hapniku tarbimise intensiivsuse langust.
Vöib arvata, et tadheldatud ATP kontsentratsiooni kiirendatud langus foto-

teraapia ja LND manustamise puhul on seotud pohiliselt mitokondrite

inaktivatsiooniga. Katseliselt on tuvastatud, et kasvaja rakud olid hiipoglii-
keemia tingimustes veelgi tundlikumad fototeraapia ja LND kombinat-
siooni suhtes. Seejuures LND potentseeriv efekt HpD fototeraapiale on

arvatavasti keerulisem. Nii nditeks on kindlaks tehtud kaltsiumi ja mag-
neesiumi katioonide stimuleeriv méju fototeraapia ja LND kombinatsiooni

korral. LND potentseeriv efekt fototeraapia puhul vöib olla seotud aine

mojuga kasvaja rakkude tsiitoskeletile ja tsiitoplasma membraanile.
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