J. Biochem. 2012;152(2):171-183 doi:10.1093/jb/mvs041

THE JOURNAL OF
BIOCHEMISTRY

An anticancer agent, pyrvinium pamoate inhibits the
NADH-—fumarate reductase system—a unique mitochondrial
energy metabolism in tumour microenvironments
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Increased glycolysis is the principal explanation for
how cancer cells generate energy in the absence of
oxygen. However, in actual human tumour microenvir-
onments, hypoxia is often associated with hypoglycemia
because of the poor blood supply. Therefore, glycolysis
cannot be the sole mechanism for the maintenance of
the energy status in cancers. To understand energy me-
tabolism in cancer cells under hypoxia—hypoglycemic
conditions mimicking the tumour microenvironments,
we examined the NADH-—fumarate reductase
(NADH—FR) system, which functions in parasites
under hypoxic condition, as a candidate mechanism.
In human cancer cells (DLD-1, Panc-1 and HepG2)
cultured under hypoxic—hypoglycemic conditions,
NADH-—FR activity, which is composed of the activities
of complex I (NADH—ubiquinone reductase) and the
reverse reaction of complex Il (quinol-FR), increased,
whereas NADH-oxidase activity decreased. Pyrvinium
pamoate (PP), which is an anthelmintic and has an
anti-cancer effect within tumour-mimicking microenvir-
onments, inhibited NADH-FR activities in both
parasites and mammalian mitochondria. Moreover,
PP increased the activity of complex II (succinate—
ubiquinone reductase) in mitochondria from human
cancer cells cultured under normoxia—normoglycemic
conditions but not under hypoxia—hypoglycemic condi-
tions. These results indicate that the NADH-FR
system may be important for maintaining mitochondrial
energy production in tumour microenvironments and
suggest its potential use as a novel therapeutic target.

Keywords: complex I/complex II/NADH—fumarate
reductase system/pyrvinium pamoate/tumour
microenvironments.

Abbreviations: AWm, mitochondrial membrane
potential; ETC, electron transport chain;

NADH-FR, NADH—fumarate reductase;
NADH—-RQR, NADH-rhodoquinone reductase;
NADH-UQR, NADH—ubiquinone reductase; PA,
pamoic acid; PP, pyrvinium pamoate; QFR,
quinol—fumarate reductase; SDH, succinate de-
hydrogenase; SQR, succinate—ubiquinone reductase;
UQ, ubiquinone.

When adequate oxygen is supplied to tissue, ATP is
mainly generated by oxidative phosphorylation
through the electron transport chain (ETC) in the
mitochondria of most human tissues. In normal
tissues, the oxygen concentration is well maintained
by physiological responses. In tumour tissues, on the
other hand, the oxygen concentration is known to be
heterogeneous both topologically and temporally and
in general is relatively and sometimes extremely low
(I, 2). Moreover, in hypovascular tumours, such as
pancreatic cancer, the deprivation of both oxygen
and nutrients occurs as a result of the limited blood
supply to the tumour tissues. Reportedly, the glucose
concentration is markedly lower in tumour tissues than
in normal tissues (3). However, cancer cells are known
to obtain energy mainly by glycolysis, as observed by
the increase in glucose uptake and lactate production,
known as the Warburg effect (4). As some cancer cells
do not show a high activity of glycolysis (5) and the
quantity of glucose is restricted in hypovascular
tumours, Warburg effect alone cannot explain how
cancer cells sustain their required energy levels under
such conditions.

When tumour microenvironments are mimicked by
the withdrawal of nutrients and oxygen, cancer cells
become resistant to conventional chemotherapeutics.
Lu et al. (6) have shown that traditional anticancer
agents, such as 5-FU and cisplatin, exhibit cytotoxicity
in normal medium but only minimal effects in
nutrient-free  medium. Under hypoxic condition,
cancer cells have been shown to become resistant
to some anticancer agents, such as bleomycin and
vincristine (7). The molecular mechanism for
hypoxia-induced drug resistance is not well under-
stood, but the development of anticancer agents effect-
ive under nutrient-starved and hypoxic conditions or
even specifically effective under such conditions is
mandatory (8).

In this regard, we have reported on several antic-
ancer agents that exert cytotoxic effects selectively
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Fig. 1 Structural formula for pyrvinium pamoate.

under nutrient-depleted conditions mimicking tumour
microenvironments. Kigamicin D and arctigenin are
highly cytotoxic in nutrient-free medium and exhibit
antitumour activities (6, 9). Pyrvinium pamoate (PP;
Fig. 1), an anthelmintic also showed an anti-cancer
activity against human cancer cells (/0). Parasitic
helminths live in the intestines of their mammalian
hosts, where the oxygen concentration is relatively
low and they use the phosphoenolpyruvate carboxyki-
nase (PEPCK)-succinate pathway for hypoxic energy
production. The final step in this pathway is the
NADH—fumarate reductase (NADH—FR) system
(11). PP is considered an effective and useful anthel-
mintic for pinworm infections when administered
orally and a single dose of 5mg per kg body weight
in adult humans is highly effective (/2). The inhibitory
effect of PP on pinworms is thought to occur as a
result of interference with glucose absorption in para-
sites (/3). In addition, the mechanism responsible
for the inhibitory effect of PP is thought to result
from the inhibition of mitochondrial fumarate reduc-
tase (FRD) activity (/3). Recently, PP has been
shown to exhibit anti-parasitic activities against some
parasite infections, such as cryptosporidiosis and
malaria (/4, 15), as well as an anticancer-effect on
human cancer cell xenografts (10, 16, 17). However,
the mechanisms of these effects have not been fully
elucidated. In human cultured cells, PP also showed
some pharmacological effects, including the inhibition
of androgen receptors and the dependent gene
transcription inhibition of ER stress, leading to cell
death (18).

In this report, at first, to clarify the function of ETC
in tumour microenvironments, activity changes in
normoxic and hypoxic ETCs were compared. Next,
to clarify the mechanisms of the anti-parasitic and
anti-cancer effects of PP in parasites and mammals,
respectively, the effects on enzyme activities in the
ETC of helminths and mammals were examined.
Thirdly, to understand how and why PP exhibits an
anticancer activity specifically within tumour micro-
environments, the effects of PP on mitochondrial
energy metabolism under normal and tumour-
microenvironment-mimicking conditions were com-
pared. Finally, we investigated the mechanism of
the action of PP on one of the mitochondrial ETC
enzymes, complex II.
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Materials and Methods

Materials

PP, pamoic acid (PA), ubiquinone-1 and ubiquinone-2 were pur-
chased from Sigma. Sucrose monolaurate was purchased from
Iwai Chemicals. Decyl-rhodoquinone was synthesized as described
(19). All other chemicals were purchased from Wako and Sigma.

Cell culture

Human pancreatic cancer cells (Panc-1) and human hepatocellular
carcinoma cells (HepG2) were cultured in DMEM (GIBCO BRL),
human colorectal adenocarcinoma cells (DLD-1) were cultured in
RPMI-1640 (GIBCO BRL) and human dermal fibroblast cells
(HDF: TOYOBO) were cultured in DMEM/F12 (GIBCO BRL)
supplemented with 10% heat-inactivated foetal bovine serum
(Tissue Culture Biochemicals) and antibiotics in 75 cm? tissue culture
flasks (CORNING) under 5% CO, at 37°C. All the cells except for
HDF were purchased from ATCC. All cells were maintained under
normal conditions. After 3 days, the medium was changed for glu-
cose depleted, glucose and glutamine-free DMEM (Sigma) with 10%
heat-inactivated dialysed foetal bovine serum, and for hypoxia, the
cells were cultured in an atmosphere of 5% CO,, 1% O, and 94% N,
at 37°C. To collect all cells, detaching cells were trypsinized and
floating cells in cultured medium were centrifuged and all cells
were counted with a Cell Countess™ automated cell counter
according to the manufacturer’s protocol (Invitrogen). Viable cells
and dead cells were identified by dye-exclusion with trypan blue.

Preparation of mitochondria
Mitochondria were prepared from cultured cells as described previ-
ously (20). The mitochondrial proteins were solubilized with 2.5%
(w/v) sucrose monolaurate, 1/100 volume of protease inhibitor
cocktail (Sigma), 1 mM sodium malonate and 1/100 volume of phos-
phatase inhibitors I and II (Sigma) and were stirred on ice for 1h.
After centrifugation at 72,000 x g for 20 min at 4°C, the supernatant
was subjected to 2D gel electrophoresis or phosphatase treatment.

Ascaris suum mitochondria were prepared from the muscle of
adult A. suum as described previously (27). Bovine submitochondrial
particles were prepared from bovine heart as described previously
(22).

The protein concentrations were estimated using the Bradford
method (23).

Enzyme assays

The mitochondrial activities of succinate dehydrogenase (SDH) (24),
succinate ubiquinone reductase (SQR) (25), quinol—fumarate reduc-
tase (QFR), NADH—FR, NADH—ubiquinone reductase (NADH—
UQR) and NADH-rhodoquinone reductase (NADH—RQR) (25,
26) were assayed as described previously. All the assays were
performed at 25°C except for the NADH—FR assay (performed at
30°C) using 50 mM potassium phosphate (pH 7.5) as a reaction
buffer. PP and PA were incubated with mitochondrial samples in a
reaction buffer for 5min at 25°C before the addition of the substrate.

Measurement of mitochondrial oxygen consumption
Mitochondrial oxygen consumption was measured using a
Biological Oxygen Monitor 5300 (Yellow Spring Instrument) with
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Clark type oxygen electrodes (27). Potassium phosphate (50 mM, pH
7.5) was used as a reaction buffer. Bovine submitochondrial particles
(100 pg/mL) and PP were added and the reaction was started by
the addition of 5SmM of potassium succinate or | mM of NADH
as a substrate.

2D polyacrylamide gel electrophoresis

2D gel electrophoresis was performed as described previously (20).
Solubilized mitochondrial proteins and 9.2 M urea, 1% (w/v) sucrose
monolaurate, 0.6% (w/v) DTT, 2% (v/v) IPG buffer, a small
amount of Orange G and a pl marker (BDH; Range 5.65~8.3)
were added and run on an IPGphor isoelectric focusing unit (GE
Healthcare) according to the manufacturer’s protocol. For the
second dimension, the strips were equilibrated with SDS—PAGE
running buffer for Smin at room temperature and then applied to
12.5% polyacrylamide gels and analysed using immunoblotting.

Treatment with phosphatase

For the phosphatase treatment, the solubilized mitochondrial pro-
teins in Antarctic Phosphatase buffer containing protease inhibitor
cocktails were treated with Antarctic Phosphatase (BioLabs) at 37°C
for 2h. For the phosphatase treatment negative control, 1/100
volumes of phosphatase inhibitors I and II were added (20).

Measurement of mitochondrial membrane potentials

Freshly prepared mitochondria were suspended at a concentration of
Img protein/mL in 220mM sucrose, 68§ mM mannitol, 10 mM
potassium chloride, SmM KH,0,4, 2mM MgCl,, 0.5mM EGTA
and 10mM HEPES (pH 7.4). One hundred microlitres of the sam-
ples was poured on a 96-well plate and 5 uM of Rhodamine 123 was
added. The fluorescence emission was monitored at room tem-
perature using 538 nm as the emission wavelength and 485nm as
the excitation wavelength for 5min (10counts/min) in Asent
Fluoroskan (Labsystem). Mitochondrial membrane potential
(AWm) build-up was stimulated by the addition of 1 mM sodium
succinate or I mM sodium fumarate as a substrate and incubated
for Smin, then measured for 5min. Sodium cyanide (10 mM) was
added as the inhibitor of complex IV, 0.5uM PP was added after
the addition of the substrates and the samples were incubated and
measured for 5min each. Finally, 100nM of carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), a mitochondrial uncou-
pling reagent, was added to collapse the formed membrane potential
(28). The membrane potentials were calculated based on the values
for Rhodamine 123 fluorescence quenching as determined by the
Rhodamine 123 fluorescence in a sample that did not contain
mitochondria.

Statistical analysis
Data from the two experimental groups were compared using the
Student’s z-test. Statistical significance was defined as P<0.05.

Results

Changed ETC enzyme activities and effect of PP in

tumour microenvironments in human cancer cells

In hypovascular tumours, both the deprivation of
oxygen and glucose were observed, because of the limi-
tation of the blood supply to the tumour tissues. We
wondered whether human cancer cells survive under
hypoxia—hypoglycemic conditions mimicking tumour
microenvironments. Such conditions have been
reported in the short term. When HepG2 cells were
cultured for 36 h under the depletion of both oxygen
and glucose, i.e. hypoxia—hypoglycemic conditions,
cells survived whereas they died under glucose starva-
tion in normoxia (29). To confirm cancer cells can sur-
vive under microenvironments mimicking tumour
conditions in the long term, cells were cultured in
glucose-depleted medium under hypoxic conditions
for 1week. In DLD-1, under hypoxia—hypoglycemic
conditions, 73.8% cells survived for 7days (Fig. 2).

The effect of pyrvinium pamoate in human cancer
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Fig. 2 Cell survivals under hypoxia—hypoglycemic conditions.

(A) Number of surviving cells. (B) The percentages of cell survival
from day 0. The circles indicate HDF, the squares indicate DLD-1
and the triangles indicate Panc-1 cultured under 1% O, and glucose
depleted conditions [H+ glc(—)] for 1—7 days. All the data were ex-
pressed as the mean & SEM of three independent measurements.
Statistically significant differences with respect to day 0 are shown by
an asterisk (Student’s z-test).

Panc-1 also survived under such conditions for
7days. On the other hand, cell survival rate was
decreased in 16.3% of HDF by day 5. Thus, human
cancer cells can survive under hypoxia—hypoglycemic
conditions for the long term. This result is consistent
with the fact that cancer cells in tumour tissues can
survive under tumour microenvironments.

In a previous report, activities of the reverse reaction
of complex II, which is the component of NADH—FR
system, were found in all six human cancer cell lines
examined including DLD-1, Panc-1 and HepG2 (20),
suggesting that the NADH—FR system can be enabled
in cancer cells and NADH—FR activities were detected
in all the cell cultures in our experiment (data not
shown). Then to examine whether the ETC function
changes from normoxic ETC to hypoxic ETC;
NADH-oxidase [Fig. 3A(a))] and NADH-FR
[Fig. 3A(b)] activities were measured. In DLD-1
cultured under hypoxia—hypoglycemic conditions,
NADH-oxidase activity eventually decreased to an
undetectable level, whereas NADH—FR activity was
3.0 £ 0.4 nmol/min/mg mitochondrial proteins under
normoxia—normoglycemic conditions and 10.4+
1.0 nmol/min/mg proteins after 7days of hypoxia—
hypoglycemic conditions [Fig. 3B(a)]. Other cancer
cell lines, Panc-1 and HepG2, also showed the same
response, i.e. a decrease in NADH-oxidase activity,
whereas an increase in NADH—FR activity was
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Fig. 3 Electron transport chain enzyme activities in mitochondria. (A) Mitochondrial respiratory chains. (a) Oxidative phosphorylation system.
Under normoxic conditions in mammalian mitochondria, electrons from the TCA cycle pass through complex I (I: NADH—ubiquinone
reductase) to ubiquinone (Q), complex III (III: ubiquinol—cytochrome ¢ reductase), cytochrome ¢ (cyt ¢) and complex IV (IV: cytochrome ¢
oxidase) or through complex II (II: succinate—ubiquinone reductase) to ubiquinone, complex III, cytochrome ¢ and complex IV. At the same
time, complex I, complex III and complex IV function as proton pumps to generate a proton gradient, driving complex V (ATP synthase).
(b) NADH—FR system. Under hypoxic conditions, electrons pass through complex I and the reverse reaction of complex II (FRD). Only
complex I functions as a proton pump, generating a proton gradient and driving complex V even in the absence of oxygen. (B) Mitochondrial
ETC enzyme activities from DLD-1 (a), Panc-1 (b) and HepG?2 (¢) cultured under 1% O, and glucose depleted conditions [H+ glc(—)]. The open
squares indicate the NADH-oxidase activities (complex I-III-IV). The closed diamonds indicate the NADH—FR activities (complex I-II).
All the data were expressed as the mean = SEM of three independent measurements. Statistically significant differences with respect to day 0 are
shown by an asterisk (Student’s 7-test).

observed under hypoxia—hypoglycemic conditions
[Fig. 3B(b,c)]. When the Panc-1 mitochondrial proteins
were separated using blue native gel electrophoresis
(BN—PAGE), which can separate ETC enzyme com-
plexes according to native forms, the complex I activity
per subunit protein (NDUFSA3) was found to remain
at almost the same levels under hypoxia—hypoglycemic
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conditions [Supplementary Fig. S1C(a)]. However,
SDH activities decreased under hypoxia—hypogly-
cemic conditions and even the iron—sulphur protein
(Ip) subunit proteins of complex II were detected
at the same levels indicating that protein levels of
complex II unchanged wunder such conditions
[Supplementary Figs. SIA(b) and S1B(b)]. Complex
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IV activities per subunit proteins also decreased under
hypoxia—hypoglycemic conditions [Supplementary
Fig. S1C(c)]. Moreover, a low molecular weight com-
plex IV subunit, COXI, protein was detected, suggest-
ing the degradation of complex IV [Supplementary
Fig. S1B(d)]. These data are consistent with the
changes in enzyme activities and the levels of proteins
making up the ETC complexes. Complex I changed
minimally, both in its activity and its protein level,
because complex I contributes to both normoxic and
hypoxic ETCs, whereas complexes of normoxic ETC
such as complex IV, decreased in their activities and
protein levels under conditions mimicking tumour
microenvironments.

PP was selectively cytotoxic to human cancer cells
cultured in a nutrient-free medium mimicking the
tumour microenvironment (/0). We investigated
whether PP shows cytotoxic effect in human cells,
cancer cells and normal cells under normoxia—
normoglycemic and hypoxia—hypoglycemic condi-
tions. PP showed a cytotoxic effect for cancer cells,
DLD-1 and Panc-1, under hypoxia—hypoglycemic
conditions, whereas little cytotoxic effect was observed
under normoxia—normoglycemic conditions (Fig. 4).
Morcover, PP exerted minimal cytotoxicity on
normal fibroblast (HDF) cells under -either
normoxia—normoglycemic or hypoxia—hypoglycemic
conditions (Fig. 4).

Effect of PP on enzyme activities in normoxic and
hypoxic ETCs

PP is used as an anthelmintic and is believed to inhibit
fumarate respiration in parasitic energy metabolism,
although no direct data or evidence has been reported.
To confirm the effect of PP on ETC in parasitic and
mammalian mitochondria, we measured the enzyme
activities of ETC enzymes in adult A. suum and
bovine heart mitochondria. The activities of hypoxic
ETC enzymes such as NADH—FR, NADH—RQR and
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QFR, all of which are components of the NADH—FR
system, were higher in adult 4. suwm mitochondria
than in bovine mitochondria (Table I). These results
were consistent with the conclusion that adult A. suum
uses the NADH—FR system for hypoxic energy metab-
olism. PP inhibited NADH—RQR, NADH-UQR
(complex I) and QFR (complex II) activities, with
an ICsq of 0.3uM for NADH—RQR, 33uM for
NADH-UQR and 9.5uM for QFR in adult 4. suum
mitochondria. For NADH—FR, which is defined as
hypoxic complex I and complex II activities, the ICs
was 0.5 uM in A4. suum. The complex II activities, SQR
and SDH, both decreased with 50 pM of PP and 50 pM
of PA to the same levels in 4. suum mitochondria.
These data suggest that the inhibitory effects on SQR
and SDH in 4. suum were caused by PA and not
pyrvinium itself. The minimal side effects of PP are
reportedly due to the non-absorption of PP by the
gastrointestinal tract in humans (/2). However,
another pyrvinium salt, pyrvinium chloride, has been
reported to be selectively toxic in rodents because of its
absorption only in rodent species (30). These reports
indicate that the salt types of PP have different effects
in mammals.

In bovine heart mitochondria, PP inhibited the
NADH-UQR (complex I) and the ICs, was 0.7 uM
(Table I). PP inhibited QFR in bovine heart
mitochondria and the ICsy was 14 uM (similar to the
level for QFR in A4. suum), but no inhibitory effects on
SQR and SDH were seen. Of note, incubation with
50 uM of PP increased the SQR activity by approxi-
mately 150%, whereas PA had no effect on the SQR or
SDH activities. These effects of PP on SQR were quite
different between 4. suum and bovine mitochondria.

To confirm the effects of PP on the mammalian ETC
overall, the oxygen consumption by bovine mitochon-
dria was measured. As shown in Fig. 5, the reaction
started by the addition of succinate, representing
the succinate oxidase activity, gradually increased

gl B ﬁiﬂ.ﬁ,m

N+glc(+) H+glc(-) N+glc(+) H+gle(-) N+gle(+) H+gle(-)

DLD-1

Panc-1 HDF

Fig. 4 Cytotoxicity of pyrvinium pamoate in DLD-1, Panc-1 and HDF under normoxia—normoglycemic and hypoxia—hypoglycemic conditions.
Cells were cultured in normoglycemic medium at atmospheric oxygen tension [N+ gle(+)] for 3 days and treated with PP (0.1 uM) in N+ glc(+)
or glucose-free medium under 1% oxygen [H+ gluc(—)] for 24 h. The open bars indicate the number of viable cells after treatment with DMSO,
whereas the closed bars indicate the number of viable cells after treatment with PP. The values reported represent the mean = SEM of three
independent measurements. Statistically significant differences with respect to the control (DMSO treated) are shown by an asterisk (Student’s

t-test).
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Table I. Enzyme activities of electron transport chain enzymes and the effects of pyrvinium pamoate and pamoic acid.

Enzyme activity
(nmol/min mg protein)

PP ICso (M)

Residual activity of
50 uM PP (%)

Residual activity of
50 uM PA (%)

Adult Ascaris suum mitochondria

Complex I+ 11 (NADH—FR) S1.7£8.3
Complex I (NADH-UQR) 110.3+£7.4
Complex I (NADH—RQR) 65.0£1.7
Complex II (QFR) 422454
Complex IT (SQR) 268.7+24.4
Complex II (SDH) 182.4+2.1

Bovine heart submitochondrial particles
Complex I+ 11 (NADH—FR) 85+1.9
Complex I (NADH-UQR) 139.54+33.5
Complex I (NADH—RQR) 134£1.7
Complex II (QFR) 6.6+0.3
Complex II (SQR) 65.3+10.1

Complex II (SDH)

3724123

0.5 n.d. 99.4
33.0 n.d. 102.4
0.3 n.d. 107.8
9.5 n.d. 105.3
No inhibition 61.7 479
No inhibition 59.9 69.5
0.5 n.d. 94.8
0.7 n.d. 93.3
2.9 n.d. n.d.
14.0 n.d. n.d.
No inhibition 154.2 93.9
No inhibition 100.0 93.0

NADH-FR, NADH—fumarate reductase; NADH—UQR, NADH—ubiquinone reductase; NADH—RQR, NADH—rhodoquinone reductase;
QFR, Rhodoquinol—fumarate reductase; SQR, succinate—ubiquinone reductase; SDH, succinate dehydrogenase. n.d., not done.

200 r

180

160

140

120 t

100 ¢

O, consumption (% of DMSO treated)

a1 1

PP (M)

Fig. 5 Effects of pyrvinium pamoate on oxygen consumption in bovine mitochondria. The open squares indicate the percentages of residual activity
using succinate as the substrate and the closed circles indicate the percentages of residual activity using NADH as the substrate. The oxygen
consumption rate without PP was defined as 100%. The values reported represent the mean +SEM of three independent measurements.
Statistically significant differences with respect to the control (DMSO treated) are shown by an asterisk (Student’s z-test).

with the addition of PP, whereas the reaction started
by the addition of NADH, representing the NADH-
oxidase activity, decreased, although the activity
remained at 20% for a high dose of PP. These data
are consistent with the data in Table I, showing an
increase in SQR activity and the partial inhibition of
NADH—-UQR activity.

Effect of PP on normoxic and hypoxic ETC enzymes
and on mitochondrial functions under
hypoxia—hypoglycemic conditions

PP inhibited the enzymatic activities in the
NADH-FR system in mammalian mitochondria but
did not inhibit SQR or SDH, as shown in Table I.

176

These observations implied that PP has different ef-
fects on the ETC enzymes of cancer cells under hyp-
oxia—hypoglycemic conditions, compared with under
normoxia—normoglycemic conditions. To confirm
whether PP exerts different effects on SQR and
NADH—FR activities in cancer cells in tumour
microenvironments, we measured these activities in
mitochondria from cancer cells cultured under
hypoxia—hypoglycemic conditions for 3 and S5days
(7days in DLD-1). Under normoxia—normoglycemic
conditions on day 0, PP increased the SQR activity
in both Panc-1 and DLD-1 mitochondria as well as
in bovine mitochondria (Fig. 6A). However, after the
cells had been cultured under hypoxia—hypoglycemic
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Fig. 6 Effects of pyrvinium pamoate on SQR and NADH—FR activities under hypoxia—hypoglycemic conditions. (A) Effect of 25 uM PP on SQR
activity. The percentages of the residual SQR activities from the addition of DMSO instead of PP in mitochondria separated from Panc-1 (a),
DLD-1 (b) and HDF (¢) cultured under normoxia—normoglycemic conditions [N+ glc (+)] (day 0) and cultured in glucose-free medium under
1% O, [H+ glc (—)] [days 3 and 5 (and 7 in DLD-1)] are shown. (B) Effect of 5uM PP on NADH—FR activity. The percentages of the residual
NADH—FR activities in mitochondria separated from Panc-1 (a), DLD-1 (b) and HDF (c¢) cultured under N+ glc (+) (day 0) and cultured under
H+ gle(—) [days 3 and 5 (and 7 in DLD-1)] are shown. The values reported represent the mean & SEM of three independent measurements.
Statistically significant differences are shown by the asterisks (* P <0.05 versus day 0, **P <0.05 versus DMSO treated, Student’s -test).

conditions for 3—5days (7days in DLD-1), PP no
longer had any activation effect on SQR
[Fig. 6A(a,b)]. When HDF was cultured under the
same hypoxic—hypoglycemic conditions, PP increased
the SQR activity in a manner similar to that under
normoxia—normoglycemic conditions [Fig. 6A(c)].
On the other hand, the NADH-FR activities in
Panc-1 and DLD-1 mitochondria were inhibited by
PP under both conditions, but an inhibitory effect
was not evident in HDF, partly because of the low
NADH-FR activity of HDF [Fig. 6B(c)].
Interestingly, in DLD-1, the inhibitory effect on
NADH-FR activity gradually increased over time
when the cells were cultured under hypoxia—hypogly-
cemic conditions [Fig. 6B(b)]. PP also inhibited
NADH—-UQR activity as shown in Table I and the
effect of PP on NADH—UQR in mitochondria from
cultured cells was also compared (Supplementary Fig.
S2). PP inhibited NADH—UQR activities under both
normoxia—normoglycemic and hypoxia—hypoglycemic
conditions in all cell lines including HDF, but the in-
hibitory effect in HDF was smaller than that in other
cancer cell lines. In mitochondria prepared from
cancer cells cultured under hypoxia—hypoglycemic
conditions, the increase in SQR activity induced by
PP disappeared, whereas the reverse reaction of com-
plex II in the NADH—FR system was inhibited by PP.
In contrast, under both normoxia—normoglycemic and
hypoxia—hypoglycemic conditions, minimal differ-
ences in the inhibitory effects of NADH—UQR were
observed. The distinct effects of PP on complex II

activities may be one of the reasons why PP is only
cytotoxic in cancer cells within tumour microenviron-
ments but does not exhibit cytotoxicity in normal cells
or cancer cells within normoxia—normoglycemic
environments.

As PP affected both normoxic and hypoxic ETC in
mitochondria, we examined the effects of PP on the
mitochondrial membrane potential (AWm) to confirm
how PP affects mitochondrial functions in cancer cells.
In normoxic ETC, electrons from the TCA cycle
pass via complex I (NADH—UQR)— complex III
(ubiquinol—cytochrome ¢ reductase) — complex IV
(cytochrome ¢ oxidase) or via complex II
(SQR) — complex IIT — complex IV. Complex I, com-
plex IIT and complex IV function as proton pumps and
generate a proton gradient, which is the driving force
for ATP synthesis by complex V (ATP synthase) as
shown in Fig. 3A(a). On the other hand, the
NADH—-FR system is only composed of complex I
and the reverse reaction of complex II; thus, only
complex I functions as a proton pump, forming a
transmembrane  electrochemical proton gradient
for ATP synthesis through complex V [Fig. 3A(b)].
The generation of a AWm indicates that the ETC
enzymes are actively functioning as proton pumps.
If PP affects the AWm, the generation of ATP will be
influenced. To understand whether and how the
NADH—FR system can generate a AWm, fumarate
was first used as the substrate of the NADH—FR sys-
tem and the generation of a A¥m in mitochondria
prepared from cancer cells cultured under
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normoxia—normoglycemic or hypoxia—hypoglycemic
conditions was measured. Because a AWm was gener-
ated using the NADH—FR system and both fumarate
and NADH as substrates, fumarate was used as a
substrate for the generation of AWm in the presence
of endogenous NADH. When mitochondria prepared
from cells cultured under normoxia—normoglycemic
conditions were used, as shown in Fig. 7A(a), A¥m
was increased by the addition of succinate. The AWm
generated by succinate was inhibited by 0.1mM of
cyanide [Fig. 7A(a)]. Cyanide did not inhibit the
AW¥m generated by fumarate, as shown in Fig. 7A(b).
As the NADH—FR system is composed of complex I
and complex II, and complex IV is not included in
this system, the finding that the AWm generated by
fumarate was insensitive to cyanide is consistent with
the idea that cancer cells utilize the NADH—-FR
system. As shown in Fig. 7B and C, 0.5uM of PP
inhibited the AWm generated by fumarate in Panc-1
and DLD-1. No inhibitory effect of PP was observed
on the AWm generated by succinate in Panc-1
[Fig. 7B(a)]. Moreover, in DLD-1, PP slightly but
reproducibly increased the AWm generated by succin-
ate [Fig. 7C(c)]. A similar effect of PP on the AWm
generated by succinate was observed in HepG2 cells
(data not shown). These data coincided with the data
in Fig. 6 and PP increased the activity of SQR under
normoxia—normoglycemic conditions.

Effect of PP on the Fp subunit in complex Il

As PP increased the activity of SQR (Table I, Figs 5
and 6), the effect of PP on human complex II was
examined. Previously, we reported that the enzyme
activities of human complex II are regulated by the
phosphorylation of the flavoprotein (Fp) subunit,
which is the catalytic subunit of complex II (20). In
our previous paper, treatment with a phosphatase
caused the dephosphorylation of the Fp subunit and
an increase in the SQR activity, whereas the reverse
reaction of complex II, ie. fumarate reductase
(FRD) activity were decreased in DLD-1 mitochon-
dria. In contrast, treatment with protein kinase
caused the phosphorylation of the Fp subunit and a
decrease in SQR activity with a concomitant increase
in FRD activity. As mentioned, treatment with PP re-
sulted in an increase in SQR activity and we suspected
that PP treatment may modulate the phosphorylation
of the Fp subunit of complex II. In Fig. 8A, treatment
with phosphatase increased the SQR activity in DLD-1
mitochondria and PP also increased the SQR activity,
relative to a control (0 U of Antarctic phosphatase
treatment). Moreover, treatment with PP plus phos-
phatase exerted a stronger activation effect on SQR.
However, 2 U of phosphatase treatment produced the
same activation effect as PP plus phosphatase, suggest-
ing that a high amount of phosphatase can cause the
complete dephosphorylation of the Fp subunit related
to SQR activity. Therefore, PP has the same effect
as phosphatase on SQR activity.

Next, to determine whether PP causes the depho-
sphorylation of the Fp subunit in a manner similar
to phosphatase treatment, the phosphorylation status
of the Fp subunit was examined. In Fig. 8B, Fp protein
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spots with different pI values were detected and the
spot intensities differed for each treatment. The
ratios of the intensity of spot No.3 to the intensity of
spot No.4 were increased after PP treatment, indicat-
ing that the ratio of dephosphorylated Fp proteins
increased (Fig. 8C). These data suggest that PP
causes the dephosphorylation of Fp leading to an
increase in SQR activity and the effect of PP might
be related to mitochondrial phosphatases. To address
the question of whether the effect of PP arises from the
activation of phosphatase, PP was treated with phos-
phatase inhibitors. In Fig. 9A, PP increased the SQR
activity, whereas treatment with PP and phosphatase
inhibitors did not produce any increase in SQR activ-
ity. Similarly, the treatment with phosphatase
increased the SQR activity, whereas the treatment
with phosphatase together with phosphatase inhibitors
did not increase the SQR activity (Fig. 9B). These
data suggest that PP affects the complex II activity
indirectly, indicating that PP enhances SQR activity
through the activation of  mitochondrial
phosphatase(s).

Discussion

In this report, we investigated the existence and func-
tion of the hypoxic ETC, the NADH—FR system, in
tumour microenvironments in human cancer cells and
the mechanisms of the effects of PP on parasitic and
mammalian ETC enzymes. PP inhibited the hypoxic
ETC, NADH—FR system in both parasitic and mam-
malian mitochondria, showing that the NADH—FR
system is active in both parasitic and mammalian mito-
chondria. Moreover, PP inhibited SQR activity in
parasitic mitochondria but activated SQR activity in
mammalian mitochondria. The species-specific effect
of PP is likely caused by the distinct function of com-
plex IT in mammalian mitochondria. We also showed
that PP had different effects on complex II activities in
cancer cells cultured under normoxic—normoglycemic
conditions and under hypoxic—hypoglycemic condi-
tions, suggesting that treatment with PP may be select-
ively effective against cancer cells in tumour
microenvironments. In addition, we showed that PP
dephosphorylated the Fp subunit in complex II and
activated SQR activity, similar to the effect of phos-
phatase, indicating that PP activates mitochondrial
protein phosphatases that maintain the functions of
ETCs.

Recently, PP has been shown to exert not only
anti-pinworm but also anti-malarial and anti-
cryptosporidium activities (/4, 15). The search for
anti-parasitic drugs is continuing in the 21st century
and pathways of parasitic energy metabolism, such
as the NADH—FR system, are gradually becoming
viewed as important candidate targets for
anti-parasitic drugs (31, 32). In our study we found
that PP inhibited the NADH—FR system, consisting
of both complex I and complex II activities, in
A. suum mitochondria, suggesting that PP kills these
parasites by inhibiting the NADH—-FR system.
Therefore, this system may be important for energy
production in parasites and may be a useful target
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Fig. 7 Effect of pyrvinium pamoate on mitochondrial membrane potentials. (A) Effect of 0. mM cyanide on the AWm in Panc-1 mitochondria.
The values of Rhodamine 123 fluorescence quenching after the addition of succinate in mitochondria from Panc-1 cultured under
normoxia—normoglycemic conditions [N+ glc(+)] (a) or after the addition of fumarate in mitochondria from Panc-1 cultured with glucose-free
medium under 1% O, [H+ glc(—)] for 5days (b) are shown. (B) Effect of 0.5uM PP on the AWm in Panc-1 mitochondria. The values of
Rhodamine 123 fluorescence quenching starting after the addition of succinate in mitochondria from Panc-1 cultured under N+ glc(+) (a) or
after the addition of fumarate in mitochondria from Panc-1 cultured under H+ gle(—) for 5days (b) are shown. The percentages of the residual
AWm in mitochondria from Panc-1 cultured under N+ gle(+) (succinate as substrate) and cultured under H+ gle(—) for 5Sdays (fumarate as
substrate) are also shown (¢). (C) Effect of 0.5uM PP on the AWm in DLD-1 mitochondria. The values of Rhodamine 123 fluorescence
quenching after the addition of succinate in mitochondria from DLD-1 cultured under N+ glc(+) (a) or after the addition of fumarate in
mitochondria from DLD-1 cultured under H+ glc(—) for 7days (b) are shown. The percentages of the residual AWm in mitochondria from
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The values reported represent the mean == SEM of three independent measurements. Statistically significant differences are shown by the asterisks
(*P<0.05 succinate versus fumarate, **P <0.05 versus PP —, Student’s z-test). 179
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Fig. 8 Effects of pyrvinium pamoate and phosphatase on complex II.
(A) Effect of PP and Antarctic Phosphatase on SQR activity.

The percentages of the residual SQR activities after the addition of
DMSO in solubilized mitochondrial proteins from DLD-1 cultured
under normoxia—normoglycemic conditions [N+ gle(+)] and treated
with various units of Antarctic Phosphatase and/or treated with
25uM PP are shown. The closed diamonds indicate treatment with
Antarctic phosphatase, whereas the open circles indicate treatment
with Antarctic phosphatase plus PP. The values reported represent
the mean = SEM of three independent measurements. Statistically
significant differences are shown by the asterisks (*P<0.05 versus
phosphatase —/PP —, **P <(.05 versus phosphatase +/PP —,
Student’s z-test). (B) Separation and detection of the Fp subunit in
solubilized mitochondrial proteins from DLD-1 cultured under N+
gle(+) using 2-D gel electrophoresis. Untreated (a), treated with
25uM PP for 10 min at 30°C (b) or treated with 0.5 U of Antarctic
phosphatase for 2h at 37°C (c). Treated with 25 pM of PP for 10 min
at 30°C and 0.5 U of Antarctic phosphatase for 2h at 37°C (d).
(C) Spot intensities of (B). The numbers show the spot No. of (B).

for anti-parasitic drugs. How PP exerts species-specific
effects between parasites and hosts needs to be under-
stood. In our study, PP exerted different effects on
complex II in parasites and mammals, with PP inhibit-
ing complex II activities in both the normoxic ETC
and the NADH—FR system in parasites and increasing
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Fig. 9 Effect of pyrvinium pamoate, phosphatase and phosphatase
inhibitors on SQR activity. (A) Percentages of residual SQR activities
after the addition of DMSO in solubilized mitochondrial proteins
from DLD-1 cultured under normoxia—normoglycemic conditions
[N+ gle(+)] and treatment with a phosphatase inhibitor cocktail
and/or 25 uM PP for 10 min at 30°C. Statistically significant differ-
ences are shown by the asterisks (*P <0.05 versus DMSO treated,
**P <0.05 phosphatase inhibitors —/PP + versus phosphatase
inhibitors +/PP +, Student’s 7-test). (B) Percentages of residual SQR
activities after the addition of DMSO in solubilized mitochondrial
proteins from DLD-1 cultured under N+ glc(+) and treatment with
a phosphatase inhibitor cocktail, 0.5 U of Antarctic phosphatase or
0.5 U of Antarctic phosphatase plus a phosphatase inhibitor cocktail
for 2h at 37°C. The values reported represent the mean & SEM of
three independent measurements. Statistically significant differences
are shown by the asterisks (*P <0.05 versus DMSO treated,

**P <0.05 phosphatase inhibitors —/Antarctic phosphatase + versus
phosphatase inhibitors +/Antarctic phosphatase +, Student’s -test).

SQR activity in mammals. Complex II in 4. suum has
been well characterized and complex II (SQR) and
complex Il (QFR) contain different Fp and the small
cytochrome » (CybS) subunits (33, 34). On the other
hand, modification of the Fp subunit in mammalian
complex II switches its function from SQR to FRD
(20). Therefore, one of the species-specific effects of
PP is caused by its different effects on complex II in
parasitic and mammalian mitochondria, which have
different complex II characteristics.

To consider the side effects of PP, the effects of PP
on mammalian ETCs should be compared in both
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cancer cells and normal cells and under an ordinary
environment and tumour microenvironments. In mam-
malian mitochondria, we showed that PP inhibited
NADH—-FR activity, but the activity was low in
bovine mitochondria and cancer cell lines, such as
DLD-1 (35), compared with 4. suum mitochondria.
Moreover, SQR activity was increased by PP in
bovine mitochondria and human cancers and in
the mitochondria of normal cells under normoxia—
normoglycemic conditions. In addition, PP did not
inhibit the AWm generated by normoxic ETC starting
with complex II. These data suggest that PP does not
interfere with ATP synthesis via normoxic mitochon-
drial ETC through complex II, even when complex I is
partially inhibited and is unlikely to produce severe
side effects in normal human tissues. Moreover, PP
exerted an anticancer effect, inhibiting tumour forma-
tion in xenografts (/0) and PP inhibited hypoxic
ETC under tumour microenvironmental conditions in
the present study. Therefore, PP has a minimal cyto-
toxicity in normal cells but is effective against cancer
cells under tumour microenvironmental conditions
and PP may serve as a good anticancer compound
with minimal side effects.

To understand why PP is cytotoxic only in tumour
microenvironments, we examined the NADH-FR
system, a unique energy metabolic pathway, under
hypoglycemic and hypoxic conditions. When glucose
is limited, amino acids can be used for energy pro-
duction instead of glucose, e.g. aspartate —
oxaloacetate — malate — fumarate (36) and fumarate
is the substrate of the NADH—FR system. Despite the
limited glucose concentrations in tumour tissues in
tumour microenvironments, the accumulation of
amino acids has been observed in tumour tissues (3,
37). One of the reasons for the accumulation of amino
acids is thought to be the activation of the autophagic
degradation of proteins under nutrient-starved condi-
tions (38). The NADH—FR system is only composed
of complex I and the reverse reaction of complex II;
this system results in succinate formation via the
fumarate reductase activity in complex II (35). This
system does not need oxygen, allowing it to function
under hypoxic conditions. The final product in this
system, succinate, is known to have an important
role in the hypoxic response. Succinate inhibits prolyl
hydroxylase (PHD), leading to the stabilization of
hypoxia inducible factor (HIF) —1a degradation (39).
As HIF is a major regulator of the hypoxic response,
the NADH—FR system may have an important role
in the activation of a pseudo-hypoxic pathway.

We showed that PP inhibited the AWm generated by
fumarate, which is a substrate of the NADH—-FR
system. In contrast, PP did not inhibit the AW¥m
generated by succinate; moreover, a slight activation
effect was observed in DLD-1 and HepG2. The A¥Ym
generated by fumarate was not inhibited by cyanide,
consistent with the action of the NADH—FR system.
In this system, complex I functions as a proton pump
to form a transmembrane electrochemical proton gra-
dient, the driving force in ATP synthesis. Therefore,
the NADH—FR system may be involved in ATP gen-
eration under tumour microenvironmental conditions

The effect of pyrvinium pamoate in human cancer

and PP may interfere with ATP synthesis by inhibiting
the NADH—FR system in cancer cells in tumour
microenvironments. Moreover, the AWm is an import-
ant factor in the maintenance of mitochondria.
The phosphatase and tensin homolog deleted on
chromosome 10 (PTEN)-induced putative kinase 1
(PINK1) and Parkin reportedly play important roles
in the quality control of mitochondria through the
clearance of damaged mitochondria via autophagy;
after the loss of the AWm, PINKI recruits Parkin
into mitochondria and promotes mitophagy in
Drosophila and both neurogenic and non-neurogenic
human cells (40—42). Therefore, the generation of
AV¥m by the NADH—FR system in tumour micro-
environments likely has important roles in ATP
generation and the maintenance of mitochondrial
quality.

PP increased the SQR activity in the mitochondria of
cancer cells cultured under normoxia—normoglycemic
conditions; however, SQR was not activated in cancer
cells cultured under hypoxia—hypoglycemic condi-
tions. These observations raise two questions: how
does PP affect complex II and how does complex II
differ under normal and tumour microenvironmental
conditions?  Post-translational ~ modifications in
mitochondrial proteins, such as phosphorylation and
acetylation, have been identified and some of these
modifications regulate mitochondrial functions (43,
44). In complex II, the acetylation of the Fp subunit
has been reported and the deacetylase Sirtuin 3 deace-
tylates the Fp subunit (45, 46). The phosphorylation of
the Fp subunit has also been shown and we previously
reported that the phosphorylation of the Fp changed
its activity, with the activity of SQR increasing when
Fp was dephosphorylated and the activity of FRD
increasing when Fp was phosphorylated. Under
tumour microenvironmental conditions, the phos-
phorylated form of Fp and FRD activity concomi-
tantly increased, whereas the dephosphorylated form
of Fp and SQR activity decreased (20). Treatment of
the cells with PP resulted in the dephosphorylation of
the Fp subunit, which might have been mediated by
the activation of mitochondrial phosphatase(s).
However, several protein kinases and phosphatases
have been detected in mitochondria, although the
details of their physiological roles are poorly under-
stood (47). Regarding complex II, Salvi et al. (48)
reported that Fgr tyrosine kinase, which is a member
of the Src kinase family, phosphorylated the Fp sub-
unit, but little information on Fgr tyrosine kinase is
available. Therefore, a direct target of PP, which
activates SQR, could not be found at present. PP has
also been shown to inhibit the phosphorylation of
PKB/Akt under hypoglycemic condition (/0). The
inhibition of the PKB/Akt pathway may be involved
in cytotoxicity, specifically under hypoglycemic condi-
tion, but the inhibition of the PKB/Akt pathway by
wortmannin and LY294002 did not cause selective
cytotoxicity under hypoglycemic condition (49).
These data suggest the importance of the PKB/Akt
pathway in selective cytotoxicity under hypoglycemic
condition even though this pathway is not a direct
target of PP. Although the direct target of PP remains
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unknown, the key effects of PP such as its anticancer
and selective cytotoxic effects, may arise through the
inhibition of the NADH—FR system. Therefore, the
NADH—-FR system is a good target for anticancer
therapy.

In this report, we showed that PP affects mitochon-
drial energy metabolism through the inhibition/
activation of ETC enzymes. Therefore, the NADH—
FR system is a novel mitochondrial pathway for
energy metabolism in tumour microenvironments and
PP is a promising leading compound for the develop-
ment of tumour-microenvironment-specific anticancer
agents.
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Supplementary data are available at JB Online.
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