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Resveratrol integrates metabolic and growth effects
in PC3 prostate cancer cells-involvement of prolyl
hydroxylase and hypoxia inducible factor-1
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Abstract. Resveratrol (RES) is a polyphenol produced by
certain plant species that has been well studied due to its ability
to slow the growth of cancer cells. In numerous cell types and
tissues, RES has been demonstrated to promote mitochondrial
biogenesis, fusion, and oxidative phosphorylation. The present
study investigated the interaction between RES's effects on
growth and metabolism in PC3 prostate cancer cells, and
demonstrated that RES-mediated growth inhibition is only
observed under conditions in which a metabolic shift from
glucose fermentation to mitochondrial respiration can occur.
When this shift was prevented by growing cells in galactose
medium or by pharmacologically inhibiting prolyl hydroxy-
lase (PHD) in order to stabilize hypoxia inducible factor-1a,
RES did not effect mitochondrial fusion, biogenesis, respi-
ration or cell growth. Similar results were observed in PC3
cells expressing a mutant HIF-1a lacking the prolines that are
hydroxylated by PHD to promote its degradation. Thus, RES
appears to slow PC3 cell growth by interfering with glucose
fermentation and promoting respiration. Consistent with this,
RES was observed to be particularly effective at inhibiting PC3
cell growth under hypoxic conditions that precluded increased
reliance on oxidative phosphorylation. These observations are
important in understanding how RES may affect cancer cell
growth in vivo where hypoxia is common in growing tumours.

Introduction

Cancer cells use exceptionally high rates of glucose catabolism
to produce ATP, NADPH, and anabolic building blocks needed
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for the production of daughter cells, a metabolic phenotype
termed ‘the Warburg effect’ (1-3). Although the Warburg effect
was originally attributed to mitochondrial defects compro-
mising oxidative phosphorylation, it is now appreciated to
occur in cells with competent oxidative phosphorylation (4).
Strategies targeting the Warburg effect by inhibiting glucose
fermentation and shifting cellular metabolism toward oxida-
tive phosphorylation can slow the growth of cancer cells (5,6).
Since hypoxia inducible factor-1 plays a key role in estab-
lishing the Warburg phenotype, this protein in particular is an
important target for inhibiting cancer growth (7,8).

The plant polyphenol resveratrol (RES) inhibits cell
cycle progression (9) and thus proliferative growth in many
cancer cell lines (10). Coincident with these growth inhibi-
tory effects, RES promotes mitochondria network fusion (11),
mitochondrial biogenesis, and oxidative phosphorylation (12)
in a variety of cancer cell lines. Thus, RES appears to reverse
the Warburg effect in many cancer cells. RES has also
been reported to reduce HIF-1a expression in vitro (13) and
in vivo (14), suggesting that this could underlie the metabolic
phenotype.

Here we used PC3 prostate cancer cells, in which RES
inhibits growth and reduces HIF-1a levels to investigate the
interactions between RES's effects on the metabolic phenotype
and growth. We show that the inhibition of PC3 cell growth
by treatment with 10 xM RES is coincident with increased
mitochondrial network fusion, biogenesis, and respiration.
We then prevented RES-induced metabolic switching from
the glycolytic to oxidative metabolism by growing cells in
galactose medium, which does not support glucose fermen-
tation (15) or stabilizing HIF-1a using pharmacological or
genetic approaches. Under these conditions, the effects of
RES on growth and metabolism were either attenuated or
abolished. These observations suggest that the metabolic and
growth effects of RES on PC3 cells are inter-dependent. The
ability of RES to reduce HIF-1a levels suggests that it could
be particularly effective in hypoxic conditions, as are common
in growing tumours. Indeed, RES inhibited PC3 cell growth
more strongly and at lower concentrations under hypoxic
conditions. These observations have important implications
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for understanding how RES may inhibit cancer growth under
conditions prevailing in vivo.

Materials and methods

Materials. Dulbecco's modified Eagle's medium (DMEM)
high glucose (4,500 mg/l) containing L-glutamine, sodium
pyruvate and sodium bicarbonate (cat. no. D6429), supple-
ment-free DMEM powdered media (cat. no. D5030), fetal
bovine serum (cat. no. F1051), non-essential amino acids,
penicillin/streptomycin solution, 0.25% trypsin/EDTA solu-
tion, bovine serum albumin (BSA), Glucose Oxidase from
Aspergillus niger (cat. no. G2133), Horseradish Peroxidase
(2KU; cat. no. P6140), Bradford reagent (cat. no. B6916),
10X2 (cat. no. SML0652), MG132 (cat. no. C2211) and defer-
oxamine mesylate salt (DFO; cat. no. D9533) were obtained
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
trans-Resveratrol (Product no. 70675) and Amplex Red
reagent were purchased from Cayman Chemical (Ann Arbor,
MI, USA). Dimethylsufoxide (DMSO), DL-dithiothreitol
(DTT), Bradford reagent, D-galactose, L-glutamine, HEPES
[(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] and
Trypan blue were obtained from BioShop (Burlington, ON,
Canada). Tissue culture dishes (100x20 mm and 60x15 mm)
and cell scrapers were obtained from Sarstedt, Inc (Newton,
SC,USA). MitoTracker Red CMXRos and Lipofectamine 2000
transfection reagent was purchased from Life Technologies
Incorporated (Burlington, ON, Canada). Mouse anti-human
HIF-1o. (Product no. 610958; Lot no. 5174837 and Product
n0.610959; Lotno.4073775) was obtained from BD Biosciences
(Franklin Lakes, NJ, USA). Rabbit polyclonal Lamin Bl
antibody (Product no. ab16048; Lot no. GR-263244-1)
was obtained from Abcam (Cambridge, UK). Ham's F12
Nutrient Mix powdered media (cat. no. 21700-075) and Alexa
Fluor® 647-conjugated secondary (IgG) antibody against
mouse (cat. no. A-31571; Lot no. 1069838) were purchased
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).
HA-HIFla-pcDNA3 (plasmid no. 18949), and HA-HIFla
P402A/P564A-pcDNA3 (plasmid no. 18955) were purchased
from Addgene (Cambridge, MA, USA). Human HIF-la
recombinant protein (cat. no. GWB-184E1F) was purchased
from GenWay Biotech, Inc. (San Diego, CA, USA).

Cell lines and culture conditions. PC3, LNCaP, C2C12, and
SHSYSY cell lines were acquired from ATCC and cultured in
high glucose DMEM unless otherwise indicated. For experi-
ments performed in galactose medium, cells grown in glucose
were harvested and then seeded in glucose-free DMEM
supplemented with 10 mM galactose, 6 mM L-glutamine,
10 mM HEPES, 1 mM sodium pyruvate for at least 3 days
before starting experiments. Cells were cultured at 37°C in
humidified 5% CO, atmosphere, 18% O, atmosphere, unless
otherwise indicated. Cell density and population doubling time
were determined by hemocytometer counting using trypan
blue exclusion to identify live cells. Treatments were added
directly to the culture media for 48 h. Media and treatments
were refreshed every day.

Hypoxia conditions. For atmospheric hypoxia experiments,
cells were grown within a humidified hypoxia modulator
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incubator chamber (MIC-101; Billups-Rothenberg, Del
Mar, CA, USA) maintained at <0.4 O,%, 5% CO, with the
aid of a Roxy-1 Universal O, Controller (Sable Systems,
North Las Vegas, NV, USA). Culture media was refreshed
daily with pre-conditioned hypoxic media kept in the same
chamber. Alternatively, in some experiments (where indi-
cated) ‘pseudo-hypoxia’ was induced through chemical means
via treatment with the PHD inhibitor IOX2 (25 uM). Cells
were incubated overnight with IOX2 prior to commencing
experiments of interest.

Preparation of whole cell lysates. Cells were harvested and
washed in PBS then lysed in ice cold lysis buffer (10 mM Tris
pH 8.0, 150 mM NaCl, 2 mM EDTA, 2 mM DTT, 40% glycerol
(v/v), 0.5% (v/v) NP40) with either periodic vortexing or soni-
cation (Sonicator W-375; setting 3; Heat Systems Ultrasonics
Inc., Wehnrath, Germany) for 30 min on ice. Subsequently,
lysates were centrifuged at 10,000 x g at 4°C for 10 min (IEC,
Micromax/Micromax RF; Thermo Fisher Scientific, Inc. ) and
the pellet discarded. The protein concentration of the resulting
supernatant was determined by the Bradford method. BSA was
used as the protein standard. Cell lysates were stored at -80°C.

Preparation of nuclear lysates. Cells were lysed on the plate
with cold homogenization buffer (10 mM HEPES pH 7.9,
1.5 mM MgCl,, 10 mM KCIl, 2 mM DTT, 2 mM MGI132,
200 uM DFO), with subsequent centrifugation at 450 g for
5 min. After centrifugation, the cell pellet was resuspended
in 200 1 homogenization buffer and disrupted with the aid
of a pre-chilled glass pestle and tube. The homogenate was
then centrifuged for 10 min at 10,000 x g at 4°C and the pellet
was gently re-suspended in 150 ul of extraction buffer (20 mM
HEPES pH 7.9, 1.5 mM MgCl,, 1.4 M KCl, 0.2 mM EDTA,
25% glycerol, 2 mM dithiothreithol, 2 mM MG132, 200 pM
DFO), followed by a 30 min incubation on ice in an orbital
shaker (Madell Corporation, USA). After incubation, cell
lysates were centrifuged at 15,000 x g (4°C) for 30 min (IEC
Micromax/Micromax RF; Thermo Fisher Scientific, Inc.). The
supernatant was then transferred to a fresh centrifuge tube and
stored at -80°C.

Lactate Dehydrogenase (LDH) activity. LDH activity was
measured in a solution containing 20 mM HEPES buffer
(pH 7.3),0.2 mM NADH, 10 mM pyruvate and 5 ug of sample
protein. The conversion of NADH to NAD™* after pyruvate
addition was followed spectrophotometrically (340 nm) using
a Varian Cary 100 UV-visible spectrophotometer (Agilent
Technologies, Inc., Santa Clara, CA, USA). Assays were
performed at 30°C.

Western blots. Nuclear lysates were electrophoresed in a 6%
SDS-PAGE gel and electroblotted onto a polyvinylidene fluo-
ride membrane using a Bio-Rad Trans-Blot semi-dry transfer
apparatus. Membranes were blocked for an hour at room
temperature and incubated overnight at 4°C independently
with primary antibodies to HIF-1a (1:100; w/v) or the nuclear
loading control Lamin B1 (1:500; w/v). Incubations with
either an Alexa Fluor 647-conjugated anti-mouse antibody
(1:500; w/v) or an infrared fluorophore-conjugated anti-rabbit
antibody (1:1,000; w/v) were performed at room temperature
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(2 h). Membranes were visualized using a VersaDoc MP 4000
Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

Glucose oxidase activity. Cellular glucose uptake was assessed
by observing the generation of Amplex Red reagent red-fluo-
rescent oxidation product, resorufin, in a Varian Cary Eclipse
fluorescence spectrophotometer equipped with a microplate
reader (Agilent Technologies, Inc.). Briefly, 5x10° cells were
seeded in high glucose DMEM and then treated with either
RES or DMSO for 48 h at 0.4% O, (hypoxia). After 48 h
the cells were incubated under the same conditions for 5 h
in a 5 mM glucose media. A sample of the media was then
mixed with a solution containing HEPES buffer (20 mM,
pH 7.3), Glucose oxidase from Aspergillus niger (0.1 U/ml),
Horseradish peroxidase (0.2 U/ml) and Amplex Red (50 yM).
The formation rate of resorufin was continuously measured
for a period of 3 min by using excitation and emission wave-
lengths of 535 nm and 595 nm, respectively. Maximal reaction
rates [Arbitrary Fluorescence Units (AFU) per minute] were
calculated during the reaction linear range by using the Cary
Eclipse Kinetics software (Walnut Creek, CA, USA). For each
experiment a standard curve was used to quantify glucose
concentration in media. At the end of each experiment, cells
were counted in order to assess cell density and glucose uptake
was converted into nmol glucose-10° cells-min™.

Plasmid DNA transfections. HA-HIF1o P402A/P564A-
pcDNA3 (Addgene plasmidno. 18955)and HA-HIF1a-pcDNA3
(Addgene plasmid no. 18949) were gifts from William Kaelin.
pCl-Hyper-3 (Addgene plasmid no. 42131) was a gift from
Vsevolov Belousov. Plasmid DNA was initially isolated and
purified from bacterial cultures via a plasmid DNA Miniprep
kit (Norgen Biotek Corp., Thorold, ON, Canada). Plasmid
DNA purity (260 nm/280 nm absorbance ratio) and concen-
tration were assessed by using a NanoPhotometer (Montreal
Biotech Inc., Dorval, QC, Canada) Transfections were
performed with Lipofectamine 2000 reagent in accordance
with manufacturer's instructions. PC3 cells stably expressing
HA-HIFla P402A/P564A-pcDNA3 or HA-HIF1a-pcDNA3
were selected and maintained with G418.

Fluorescence microscopy and image analysis. Fluorescence
images using structured illumination of live PC3 cells
were obtained using a Zeiss Axio Observer.Z1 inverted
light/epifluorescence microscope equipped with ApoTome.2
optical sectioning and a Hamamatsu ORCA-Flash4.0 V2
digital camera. Cells were cultured on MatTek 35 mm
poly-D-lysine-coated glass bottom culture dishes with
phenol red-free culture media and were viewed with a
Plan-Apochromat 63x/1.40 oil objective. The microscope
stage was maintained at 37°C and 5% CO, (O, levels were
not regulated). MitoTracker Red CMXRos signal was imaged
using excitation and emission wavelengths of 587 nm and
610 nm, respectively. Mitochondrial network morphology
in MitoTracker Red-labelled PC3 cells were quantitatively
analyzed using the ImagelJ tool ‘MiNA’ (16).

Cell cycle analysis. Approximately 5x10° cells were harvested
via trypsinization and centrifugation (5 min at 240 x g). The
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resulting pellets were washed once with PBS and then fixed
via drop-wise addition of ice-cold ethanol (75% v/v) with
routine vortexing. After an overnight incubation at -20°C, the
suspension was centrifuged (5 min at 240 x g) and washed
twice with ice-cold PBS. The fixed cells were then incubated
with 0.5 ml Propidium Iodide (PI)/RNase Staining Buffer
(BD Pharmingen, San Diego, CA, USA) in darkness at room
temperature for 15 min. The DNA content was immedi-
ately measured using a BD Accuri C6 flow cytometer (BD
Biosciences, San Jose, CA, USA). The PI signal was detected
using a 562-588 nm band pass filter. For each sample, 100,000
events were recorded using a medium data acquisition rate, as
per the manufacturer guidelines. The percentages of cells in
GO0-Gl, S, and G2-M phases were determined using the CFlow
Plus software (BD Biosciences).

Cellular respiration measurements. Oxygen consumption
rates of intact cultured cells were measured using a Clark-type
oxygen electrode (Rank Brothers Dual Digital Model
20 Respirometer; Bottisham, UK) within a chamber main-
tained at 37°C. Cells were harvested via trypsinization and
centrifugation before being re-suspended in 1 ml of complete
culture media. The chamber was capped and the rate of
oxygen consumption was recorded via an attached polygraph
unit. All respiration rates were converted to nanomoles O,
consumed-minute™-10° cells™.

Statistics. Where T-tests were performed, they were done using
Microsoft Excel (Redmond, USA). t-tests (unpaired, two-tailed)
were used for data sets containing two experimental groups.
P<0.05 was considered to indicate a statistically significant
difference. For data sets including more than two experi-
mental groups, ANOVA followed by Bonferroni comparisons
of means were performed using GraphPad Prism 5 software
(GraphPad Software, Inc., La Jolla, CA, USA).

Results

In PC3 cells growing in high glucose media, 48 h treatment
with 10 M RES stimulated cellular respiration rates (Fig. 1A),
mitochondrial biogenesis (measured here as ‘mitochondrial
footprint’, i.e., area of cell image occupied by mitochondria,
Fig. 1B) and increased the mean mitochondrial network size
(number of branches per network, Fig. 1B). Coincidentally,
growth rates were reduced (Fig. 1C) and cells accumulated in
GO0/G1 phase (Fig. 1D).

To investigate the potential role of the metabolic shift
toward oxidative phosphorylation in RES's growth effects, the
experiment was repeated using PC3 cells cultured in the same
medium but with galactose replacing glucose as carbon fuel.
Cells growing in galactose medium cannot meet ATP demand
by glucose fermentation and become reliant on oxidative
phosphorylation (15). Growth in galactose medium increased
respiration rates relative to high glucose medium (Fig. 2A),
but abolished the RES effect on these rates. Similarly,
while the mitochondrial footprint (Fig. 2B) was greater in
galactose medium compared to glucose medium, the effect
of RES on this parameter was absent. Other mitochondrial
network features were also not affected by RES treatment
in cells growing in galactose (Fig. 2B). Coincidentally with
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Figure 1. Resveratrol stimulates PC3 cell respiration and mitochondrial fusion while slowing cell growth. (A) RES increased basal (open bar; solid bar) and
FCCP uncoupled (vertical striped bar; horizontal stripe bar) cellular respiration rates. (B) In the same experiment, RES stimulated increased mitochondrial
fusion (mean number of branches per network) and mitochondrial footprint (area of cell image occupied by mitochondria). (C) Population doubling time
increased and the (D) distribution of cells in different cell cycle phases was altered such that cells accumulated in G/G,. In all experiments, PC3 cells were
treated for 48 h with 10 xM RES (filled bars) or an equal volume of DMSO (open bars). Data shown are means + SEM of (A) 6; (B) 35; (C) 17; and (D) 6
independent measurements. ‘P<0.05 RES-treated vs. DMSO vehicle control cells.

the absence of metabolic effects, RES did not inhibit PC3
cell growth (Fig. 2C) or cell cycle distribution (Fig. 2D) in
galactose medium. Thus, in the absence of a switch between
glycolytic and oxidative metabolism RES had no metabolic or
growth effects.

Given the role of HIF-1 as a metabolic regulator, and
previous reports of RES effects on HIF-1 activity (17,18),
we hypothesized that the metabolic switch observed with
RES involves HIF-1 regulation. HIF-1 heterodimer activity
is regulated by HIF-la levels, which are in turn regulated
by the hydroxylation by prolyl hydroxylases (PHDs) of key
prolines 402 and 564. We used two strategies to prevent
this proline hydroxylation and thus stabilize HIF-1a in PC3
cells growing in high glucose medium: PC3 cells were either
stably transfected with a mutant HIF-1a lacking prolines 402
and 564 (19), or were treated throughout the experiment with
10X2.10X2 is a selective PHD inhibitor that stabilizes HIF-1a
in normoxia (20).

HIF-1a was detectable in cells stably expressing the mutant
protein (Fig. 3A). In these cells, the effects of RES on respiration
(Fig. 3B) and mitochondrial network characteristics (Fig. 3C)

were absent. The effects of RES on cell growth (Fig. 3D) and
cell cycle distribution (Fig. 3E) were reduced in PC3 cells
expressing mutant HIF-1a., though they were not absent entirely.
Interestingly, rather than accumulating in GO/G1 phase cells
expressing the RES treated HIF-1a mutants showed a slight
accumulation in S-phase. Similar results were observed using
10X2, with the exception that this treatment more fully abol-
ished RES's effects on respiration (Fig. 4A) and mitochondrial
network characteristics (Fig. 4B). The effects of RES on cell
growth (Fig. 4C) were reduced in PC3 cells treated with I0X2,
while RES effects on cell cycle distribution appear to be absent
(Fig. 4D). To determine whether the ability of [IOX2 to modulate
RES's growth effects were specific to PC3 cells, this experiment
was repeated with another prostate cancer cell line (LNCaP),
and two non-prostate cancer cell lines: C2C12 mouse myoblasts
and SHSYS5Y human neuroblastoma. Interestingly, although
I0X2 similarly abolished RES's effect on growth in LNCaP
cells, it was either partially effective or ineffective in the two
non-prostate cancer cell lines (Fig. 5).

Given the implication of HIF-1 in mediating RES's
effects on PC3 cells, we hypothesized that RES might be a
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Figure 2. Growth in galactose medium abolishes effects of resveratrol. No effect of resveratrol on (A) respiration or (B) mitochondrial network characteristics
when PC3 cells were grown in galactose medium. Similarly, RES had no effect on (C) cell growth or (D) cell cycle distribution. Experiments were done as in
Fig. 1, but cells were cultured in galactose medium (without glucose) except where indicated. In all experiments, cells were treated for 48 h with 10 uM RES
(filled bars) or an equal volume of DMSO (open bars). Data shown are means = SEM of (A) 6; (B) 35; (C) 12-17; and (D) 6 independent measurements. ‘P<0.05

RES-treated vs. DMSO-treated cells.

particularly effective inhibitor of PC3 cell growth under
hypoxic conditions, as would be prevalent in vivo (21). Indeed,
RES treatment prevented the stabilization of HIF-1a under
hypoxia (Fig. 6A and B), prevented the increase in LDH
activity (Fig. 6C), associated with hypoxia and reduced the
rate of glucose import (Fig. 6D). RES strongly inhibited PC3
cell growth under hypoxic conditions (Fig. 6E). Importantly,
PC3 cell growth under hypoxic conditions was inhibited at
lower concentrations of RES (Fig. 6F).

Discussion

Cancer cells are generally typified by a high flux of glucose
through glycolysis and the pentose phosphate pathway and this
metabolic predisposition has emerged as a pharmacological
target (22,23). Strategies aimed at inhibiting these pathways
and/or shifting glucose catabolism toward complete mitochon-
drial oxidation have been effective in slowing cancer cell and
tumour growth (5,6,24).

In our experiments, RES treatment stimulated a shift
toward oxidative metabolism in PC3 cells concomitantly
with the inhibition of growth, and when this metabolic shift
was absent growth effects were also absent. The RES effects
on PC3 cell mitochondrial and growth characteristics were
completely abolished when the cells were grown in galactose

medium containing no glucose. Growth of mammalian cells
in galactose medium increases the contribution of oxidative
phosphorylation to glucose oxidation (15), apparently related
to the relatively slow multi-step Leloir pathway converting
galactose to glucose-1-phosphate (25) that limits rates of ATP
synthesis from glycolysis. PC3 cells grown in galactose had
higher rates of respiration and more mitochondria (mitochon-
drial footprint, Fig. 2), suggesting the metabolic shift toward
oxidative metabolism observed in glucose-grown PC3 cells
treated with RES was already present. The inability of RES
to affect cell growth under these conditions suggests that
the metabolic shift from glucose fermentation to oxidation
is an essential component of RES's growth inhibition effect.
Interestingly, we have observed similar results previously (26);
rho® PC3 cells that are unable to respire also show no growth
inhibition by RES. Similarly, mouse embryonic fibroblast cells
lacking the mitofusin-2 have compromised respiration and
growth that is insensitive to RES (11). Taken together, these
observations suggest that RES's growth inhibitory effect in
PC3 cells (and perhaps also other cell types) is related to its
ability to shift metabolism toward oxidative phosphorylation.
HIF-1 is a key mediator of the Warburg effect in cancer
cells (22,27), and thus a target of strategies to promote oxidative
metabolism and slow growth. Our results strongly suggest that
HIF-1 is involved in the metabolic switch stimulated by RES
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Cells were treated with the PHD inhibitor IOX2 (25 yM) or vehicle control
(DMSO) overnight prior to commencing experiments. RES treatments were
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and RES) were refreshed every 24 h. Data shown are means + SEM of
6 independent measurements. "P<0.05 RES-treated vs. DMSO-treated cells;
"P<0.05 RES-treated vs. IOX2+ RES treated.

treatment, since changes in HIF-1a stabilization were required
for RES's effects on cellular respiration, mitochondrial network
characteristics, and cell growth to manifest. The most complete
abolishment of RES's effects was observed when PHD was
inhibited by I0X2. PHD post-translationally modifies multiple
proteins to exert broad effects on cellular metabolism (28-30).
Though we focused here on HIF-1a, other PHD targets including

“P<0.05 RES-treated vs. DMSO-treated cells.

HIF-2a may also be involved. This could explain why HIF-1a
stabilization only partly abrogated RES's effects.

Given the evidence above for a role of PHD and HIF-1, it
follows that RES might be a particularly strong inhibitor of growth
in hypoxic PC3 cells where the importance of the HIF-1 pathway
is enhanced. We found this to be the case, as PC3 cell popula-
tion doubling time (PDT) was increased by more than two-fold
in hypoxia, compared to an approximately 50% increase in PDT
under atmospheric oxygen levels. Perhaps even more importantly,
much lower concentrations of RES could elicit increases in PDT
in hypoxia (1 #M in hypoxia vs. 10 xM in atmospheric oxygen).
This observation has practical significance. One of the contradic-
tions apparent in the literature on RES and cancer is that, while
10-100 M RES is typically required to slow cell growth in vitro,
the RES concentrations reached in mammalian blood plasma and
tissues in vivo are much lower (10). And yet, RES treatment by
various means has nonetheless been shown to slow tumour growth
in many instances, including prostate cancer (31). The observation
that RES interferes with HIF-1 activity may explain this apparent
disjunction, given HIF-1's role in the growth of some cancers. In
this respect, it is interesting that LNCaP cells responded similarly
to the PHD inhibitor IOX2 in terms of the RES effect on growth,
while this was largely absent in C2C12 or SHSYSY cells. It will
be interesting to investigate the connections between RES, HIF-1,
mitochondrial respiration, and growth in other cancer cell types
in which HIF-1 is known to play a particularly critical role (32).
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