
porter proteins. The factors that regulate glucose-transporter
gene expression in vitro include oncogenes (7), growth fac
tors, insulin, oral hypoglycemic agents, vanadate, glucocor
ticoids, glucose levels and the state of cellular differentiation
(8); however, invivo, glucose-transportergeneexpressionin
adipose cells, skeletal muscle and liver is markedly affected
by nutritionaland metabolicstates (9).

Glucose can enter cells by two types of catalyzed pro
cesses: facilitated diffusion and sodium-dependent active
transport. With facilitated diffusion, glucose transportoc
curs froma regionof higherto lower concentrationthrough
specialized lipid-soluble transport proteins (gates) that
form an integralpartof the membrane. Active transportis
also mediated by membrane transport proteins (pumps) but
requires a primary source of energy, with glucose being
carried into the cell against a concentration gradient (10).
Increased glucose utilization is common in malignancies
and can be imaged using PET by assessing the distribution
of [â€˜8Fjfluorodeoxyglucose([â€˜8F]FDG).Although we and
others have shown that FDG accumulates into tumor cells
in proportion to the number of viable cancer cells, such in
vitro studies were performedunderconditions of excellent
oxygenation (11â€”13).Malignant neoplasms exhibit regions
of low oxygenation due to poor perfusion and have in
creased rates of glucose utilization. Cells near the necrotic
area of the tumor display an increased glucose (FDG) up
take as demonstratedby autoradiographicstudies (14,15).
Since hypoxia has clinical significance in the outcome of
conventional radiotherapyand some forms of chemother
apy treatments (16), we have evaluated FDG uptake in
cancer cells in the presence of several levels of oxygen
ation, including hypoxia. These in vitro studies may help
explain the mechanism(s) responsible for increased FDG
uptake in both PET tumor imagingand cells near necrotic
regions of tumors.

MATERIALSAND METHODS

Cell Unes
The humanmelanomaHTB 63andovariancarcinomaHTB 77

cell lines were purchasedand handledas described by the Amer
lean Type Culture Collection (ATCC, Rockville, MD). The 1P3
sublineof the HTB 77 cell line, originallydescribedby WahlCtal.
(17), was used. Briefly, HTB 63 and HTB 77 1P3cells were grown
in either McCoy's 5a or RPM! 1640medium(Sigma,St. Louis,

Malignant neoplasms commonly have increased rates of glu
cose utilization, poor perfusion and areas of low oxygenation.
Autoradiographicstudies of excised tumors have shown in
creased FDG uptake in viable cells near necrotic portions of
tumor. We evaluated in vitro whether tumor cell FDG uptake
increased with hypoxia.Methods: The uptake of 3H-FDGinto
two human tumor cell lines (HTB63 melanoma and HTB 77 IP3
ovarian carcinoma) was determined after exposure to differing
oxygen atmospheresrangingfrom0% to 20% 02 forvarying
timeperiods.Glucosetransportwas independentlydetermined
as well as estimates of the level of Glut-i glucose transporter
membrane protein.Results: FDGuptake inboththe melanoma
and the ovarian carcinoma cell lines increased significantly
(39.6%Â±6.7%and36.7%Â±9%,respectively)overbasal(20%
02) conditionswhencellswereexposedto a mildhypoxicenvi
ronment (5%O@)for 1.5 hr.Witha 4-hrexposure to 1.5%02, the
increase in FDG uptake was greater at 52.3% Â±8.9% and
43.5% Â±19%, respectively. With 4 hr of anoxia, the increase in
FDG uptakeoverbasalconditionswas 42.7% Â±10% and
63.3% Â±13.7% for melanoma and ovarian carcinoma cells,
respectively. Membrane transport of 3-O-meth@1glucose (3-
0MG) was increased by hypoxiafor melanomaand ovarian
carcinoma. Immunochemicalassays for Glut-i showed an in
crease in the membrane expression of the Glut-i transporter in
cells exposed to hypoxia.Conclusion: Hypoxiaincreases eel
lularuptake of FOG in two differentmalignanthuman cell lines.
Increased glucose transport, inpart due to increased membrane
expression of the Glut-i glucose transporter, contributesto this
phenomenon. Increased FDG uptake in tumors visualized dur
ing PET imaging may be partly reflective of tumor hypoda.

Key Words: fluorodeoxyglucose;methylglucose;hypoxia;im
munocytochemistry;cancer cell lines
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ncreased glycolysis is one of the most common bio
chemical characteristics of malignant tumors (1â€”6).Glu
cose transport in mammalian tissues is mediated by a family
of structurallyrelatedbut geneticallydistinctglucose-trans
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MO)andmaintainedina 5%C02-humidifiedatmosphereat37Â°C
(Forma, Marietta,OH) until ready for use. All media were sup
plementedwith10%fetalbovineserum,2 mM L-glutamine,50
IU/ml penicillin 0 and 50 @g/mlstreptomycin sulfate. D-(+)
glucose (10%w/v) was added to glucose-free RPM! to obtain the
desired final concentration. Generally, experimentswere con
ducted at 100 mg/dl glucose (5.5 mM) unless otherwise indicated.
All additives (antibiotics and supplements), enzymatic dispersing
agents and bufferssuch as HBSS (Hanks' Balanced Salt Solution
without Ca@2or Mg@2)and phosphate buffer saline (PBS) were
obtainedeither fromSigmaor Celox(Hopkins,MN). Feedingof
the cultures was conducted on alternate days with a complete
changeof media.At confluency, cells were dissociatedwith either
trypsin (0.25%)or trypsin-EDTA(0.05%trypsin;0.02%EDTA),
their concentration adjusted as needed and used as described in
the specific protocol. Tumor cell viability was assessed by the
Trypan Blue dye exclusion technique using an Olympus (Lake
Success, NY) IMT-2 inverted microscope.

Oxygen Studies
Medical gas mixtures containing different oxygen concentra

tions (0, 1.5, 5, 10or 20%02:5%C02:balance N2)were obtained
from Aga Gas (Cleveland, OH) and furthertested in an ABL-30,
COOximeter282(Radiometer,Copenhagen,Denmark)bloodgas
analyzerfor accuracy of oxygen concentrations.The gasses were
delivered into sterile, no additives, Vacutainer@ (Becton Dick
inson, Rutherford NJ) tubes containing 0.5 x 10@cells in RPM!
media (either 2 or 3 ml) using a N2 CGA 580 regulator(Victor
EquipmentCo., Denton, TX) to provide a constant low pressure
of 86.2 kPa (1 psi = 6.895 kPa) for up to 4 hr and of 43.1 kPa for
the longerperiods. Incubationtimes at the desiredoxygen tension
varied from 20 mm to 4 and 24 hr before addingthe radiolabeled
compoundand 1hr longerfor the uptakestudy, alwaysmaintain
ing the 37Â°Ctemperature. The 1-hr tracer uptake period was
selectedto mimicthe invivo uptakedurationfor FDG-PETstud
ies in cancer patients.

Tritlated DG Tracer Uptake
FDG and 3-0MG were obtained from American Radiolabeled

Chemicals, Inc. (St. Louis, MO). Cells were seeded at an initial
density of 1 x 106cells/ml in 150 cm2 tissue culture flasks, fed with
a complete change in mediaon the second and fifthdays and used
on the sixth day. This procedureassuredthe use of cells in a near
plateau phase as assessed by flow cytometric assays (data not
shown). After dissociation, 0.5 x 10@cells in RPM! media (2 ml)
were aliquotedinto sterileVacutainer@ tubes andexposed to the
desired02 tensionfor 20mm, 1.5,4 or 24 hr. Radioactivetracer
was diluted in RPM!, added to cells (2 pCi in 100 @lof growth
media) and incubation continued for approximately 60 mm.
Tracerincorporationwas eitherhaltedby using ice-cold HBSS or
cells were spun at 250x g for 10 mm at 4Â°Cand the supernates
were saved in sterile Vacutainer@ tubes for lactate and glucose
determinations. Cell pellets were resuspended, washed three
times with 4.5 ml of ice-cold HBSS and immediately lysed with
0.3 M NaOH:1%SDS (incubated30 mm at room temperature).
Whole-cell extracts were transferredto scintillationvials contain
ing 10ml Hionic Fluor(Packard,Meridien,CT)andthevials were
stored overnight, in the dark, at 4Â°C.Bound radioactivity was
measuredby beta countingthe followingday in a 1600TRPackard
liquid scintillationanalyzer (Meridien,CT). Tracer uptake was
expressedas countsper minuteper totalnumberof cellsin a tube
(total traceruptake)or the percent basal levels and representsthe
mean of four determinationsÂ±s.e.m., unless stated otherwise.

Glucose and Lactate Determinations in the Growth
Media

Lactic acidwas measuredby UV endpoint(Sigma,St. Louis,
MO).Thecatalyticactionof lactatedehydrogenase(LD)permits
measurementof lactate by monitoringthe generation of NADH
spectrophotometricallyat 340nm (18).Glucosein the mediawas
estimated with an Accu Check !!m and ChemstripsbG (Boehr
ingerMannheim,!ndianapolis,IN). Results representthe meanof
four determinations Â±s.d.

3-0MG Transport
Transportassayof thisnonmetabolizablesugarwas performed

as previouslydescribed by Reeves (19) with slight variations.
Cells were grown until near confluence and dispersed into single
cell suspensions.They were aliquotted in sterile Vacutainer@
tubes to obtain 1 x 10@cells in a finalvolumeof 50 @lof RPM!.
Tubeswere incubatedfor 2 hr at 37Â°Cin RPM!containingeither
100 or 500 mg/dl glucose (5.5 and 28 mM, respectively). Ra
diotracer (1 @Ciequal to 10 j.@Mof 3H-3-OMGin 50 j.@lgrowth
media per sample) was added to the tubes and the incubation
proceeded for at least another 10 mm at 37Â°Cin a water bath!
shaker. At the end of this period, cold HBSS buffer was added
simultaneouslyto all tubes to stop tracerflux, and the cells were
immediatelyharvestedon a Whatman(Hillsboro, OR)GFIBfilter
using a Brandel apparatus (Gaithersburg,MD), and automated
solid-liquid separation device. Filters (1.0 @tmpore size) were
presoaked for at least 2 hr in 50 mM glucose. After the diluted
cells were aspirated,tubeswere rapidlyfilledfourmoretimes with
cold bufferto ensure complete collection of sample cells. !ndivid
ual filter paper disks were placed into labeled scintillation vials
and the cells were lysed as described above for FDG uptake. The
results representthe average of four individualdeterminationsÂ±
s.d. When transport was measured in the presence of varying
levels of oxygen (1.5%or 20%), the same numberof cells were
first incubated in 2 ml RPM! with 100 mg/dl glucose for 4 hr and
then 2 @Ci(in 100 @alof the same growth media) of tracer were
added. Samples were rapidlycollected and processed as before
except a Reeves Angel (1.5 jim pore size) filterwas used. The
results, unless indicatedotherwise, were expressed as the percent
averageof 18individualdeterminationsÂ±s.d. The rateof 3-0MG
uptakewas determinedby curve fitting.Thus, transportwas mea
sured over several minutes after tracer introduction.

Immunocytochemistry
Cells were grown as described and seeded on sterile 11 x

22-mmcoverslipsat 4 x 10'@cellsper slide.The feedingschedule
of the cells involveda completechange in growth mediaon the
third day with experimentsbeing performedon the fourth day.
Each coverslip was placed into a sterile Vacutainer@ tube con
taming 3 ml RPM! growth media, and blood gas mixtures were
delivered as previously described. After 4 hr of incubationat the
desiredoxygenatmosphere,theslideswereremovedoneat a time
from the tube, dip-washedthree times in HBSS and fixed imme
diately in buffered formalin (4%, pH 7.2) for 10 mm at room
temperature.They were then rinsed three times (7 mm each) in
HBSSandstoredovernightinahumidifiedchamberat4Â°C.Glut-i
and Glut-2 expression were evaluated by immunostaining the
cultures according to the ABC method (20) using rabbit anti
glucose transporter antibodies diluted 1:500 as previously de
scribed (21 ). The percentage of transport-positive cells from the
total numberof cells assessed undera given conditionwas calcu
lated. Each experiment consisted of one to six cultures or slides
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exposure to a 20% 02 atmosphere. Increased FDG accu

mulationwas also observed in both melanoma and ovarian
carcinoma cell lines (Fig. 2) when the cells were exposed
for 4 hr to an anoxic (0%oxygen) or hypoxic (moderately
1.5% or mild 5% oxygen) environment, as compared to
normoxic conditions (baseline 4 hr at 20% oxygen). The
maximal increase in uptake seen over baseline for the mel
anoma cells was approximately52%(Fig. 2A) and 44%for
the ovariancarcinomacells incubatedat 1.5%oxygen (Fig.
2B). When cells were incubatedat 0%oxygen, there was a
43% increase in uptake for the melanoma cells (Fig. 2A)
and approximately a 63% increase for the ovarian cancer
cells (Fig. 2B). For the other two time points tested (0.3
and 24 hr), FDG uptake varied and hypoxic effects were
not as pronounced. After 24 hr of exposure under such
conditions, cell viability declined, especially in the anoxic
group, as did total FDG uptake. Lactate values in the final
growth media increased over time (from about 9 to 100
mg/dl) but were not significantly different at each time
point for the different oxygen concentrations tested (0%,
1.5%, 5% and 20%), except for 1P3 (p < 0.005) cells incu
bated for 4 hr (Fig. 3). Glucose levels remainedessentially
unchangedover time and within groups except for a mod
est decline seen after 24 hr of incubation (Fig. 4).

Effect of Hypoxia on 3-0MG Uptake
When cells were exposed to a moderately hypoxic en

vironment (1.5% 02) for 4 hr, uptake was significantly
increased over basal levels for the cell lines tested (Table 1
and Fig. SB). Entry of the tracer in 1P3 cells preincubated
for 2 hr in RPM! containingeither 100or 500 mg/dlglucose
was rapid and linear for the first 60 sec with good curve fits
(r > 0.96) over a full lO-minuptake period, as shown in
Figure 5A. Differences in transport were found, with
greater transport membrane for cells incubated at the lower
glucose concentration from 30 sec to 10 min following
tracer exposure.

FiGURE1. FDGuptakeoverlhrinhumanmelanoma(HTB63)
and ovarian adenocarcinoma (HTB77 1P3)cell lines after 1.5 hr of
exposureat the gwenoxygentension.Traceruptake(countsper
minute)was higherinthe presence of a mildlyhypoxicenvironment
(5%O@)comparedto basaloxygenationlevels (20%Os).Therewas
a 39.6% Â±6.7% increase in uptakeforthe melanomacells and a
36.7% Â±9% increase for the ovariancells. Data represent the
percentagemean Â±s.e.m.oftwotothree independentexperiments
(n = 4 per experiment).

and three to four fields per slide were counted. Each field mea
sured 0.9 x 0.9 mm in size, and the average number of cells
counted per field was 449 Â±97 cells for the normoxic state and
452Â±147cellsfor the hypoxiccondition.A totalof ten normoxic
(38 fields) and nine hypoxic (34 fields) cultures were studied for
Glut-i and one normoxic(3 fields)and two hypoxic(6 fields)
cultures for Glut-2.

RESULTS

Effect of Hypoxia on Trltlated-FDG Accumulation
Figure i shows an increase in FDG accumulation over

60 min for both cell lines (about 40% for melanoma cells
and near 37% for ovarian carcinoma cells) following a
1.5-hr exposure to a 5% 02 atmosphere versus a 1.5-hr

FiGURE 2. FDGuptakeover 1 hrinHTB63 (A)and HTB77 1P3cell lines (B)withdifferentexposuretimes and variedoxygen tensions.
One-hourtraceruptake(countsperminute)was higherafter4 hrof incubationthanafter0.3 or24 hrof incubationregardlessofthe oxygen
tension.At4 hr,therewas a 52.3% Â±8.9% (p < 0.006) IncreaseinFDGuptakeforthe melanomacells (A)incubatedat I.5%oxygen and
a 42.7%Â±10%(p< 0.03)increaseInFDGuptakeinthepresenceof0%oxygenversusnormoxiccells.Ukew@e,therewas a 43.5%Â±
19% (p < 0.06) increase in FDG uptakeforthe ovarian cancercells (B) incubated at 1.5% oxygen and a 63.3% Â±13.7% (p < 0.01) increase
in the presence of 0% oxygen (anoxia) versus normoxic cells. After 24 hr, cell viability was poor, wh@h aceounts for the low tracer uptake.
Data represent the percentage mean Â±s.e.m. of four indMdual samples per condftion.

FDG Uptake in Cancer Cells Is Increased by Hypoxiaâ€¢Clavoat al. 1627
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FIGURE 3. Lactateproductionby humanmelanoma (A)and ovarianadenocarcinoma(B)cells. There was no significantdifferencein
lactateproductionover baseline 20%oxygen values amongthe varyingoxygen concentrationsat anytimepointforthe melanomacells. At
the 4-hrtime point,lactateproductionwas modest butsignificantlygreaterforthe anoxic1P3cells at 4 hrthanforthe cells exposed to 20%
oxygen for the same period oftime (p < 0.005). Lactate levels were mainly related to the duration of incubation, notthe oxygenation level.
Data representthe mean Â±s.d. of fourindMdualsamples percondition.

Effect of Hypoxia on the Cellular Expression of Glut-i
and Glut-2

Exposure of ovarian carcinoma cells to moderate hy
poxia (1.5% 02) for 4 hr resulted in the increased mem
brane expression of Glut-i (p < 0.05) but not Glut-2 trans
porters, as indicated in Table 2 and Figure 6.

DISCUSSION

While tumors generally consume glucose excessively,
the contribution of hypoxic cells [a common feature of
human tumors (22)] to the increased utilization of glucose
or FDG uptake is less clear (23). FDG is a glucose analog
that competes for glucose transport sites on the membrane
of cells and for phosphorylation by enzyme hexokinase.
Unlike glucose, however, this analog cannot be signifi
cantly metabolized further (24,25) and accumulates within
the cell because it cannot leak out nor enter most metabolic
pathways (26). FDG-6-phosphate may be dephosphory
lated, but the rate of conversion depends upon the tissue
involved (27), with many tumors having low dephospho
rylation rates. We observed a reasonably rapid enhance
ment in glucose (FDG) uptake in both melanoma and ovar
ian carcinoma cell lines in response to 1.5 hr of exposure to

hypoxia. By contrast, 20 min of hypoxia were insufficient
to induce such an effect. When the hypoxic incubations
were prolonged to 4 hr, FDG accumulation increased even
more over basal conditions. The increase in FDG accumu
lation, if any, in hypoxic cells maintained for the longest
incubation period (24 hr), was modest, but as stated before,
the number of viable cells also had somewhat declined by
this time. These latter results are in agreement with our
earlier findings of FDG uptake being correlated with the
number of viable cancer cells (12).

A lower net FDG signal was seen with the melanoma
and ovarian carcinoma cell lines after a 20-min incubation
period. This is in contrast to the much higher tracer uptake
obtained after 4 hr of incubation under the same condi
tions. The differences between 20-min and 4-hr incubation
uptake values may be partly attributed to the effects of
trypsin on cellular membranes and glucose transporters.
Indeed, uptake at 20 mm was lower than that of cells in
normoxic conditions for 4 hr. It has been shown that treat
ment of Ehrlich cells with trypsin can produce a deep
enzymatic cleavage which affects the structural integrity of
the bilayered cell membrane (28) and reduces sodium
coupled amino acid transport, reduce ATP levels and abol

FIGURE 4. Glucose concentrationinthe growthmediaofthe humanmelanoma(A)and ovarianadenocarcinoma(B)cell lines incubated
for0.3, 4 and 24 hrat varyingoxygen concentrations.Approximatevalues (byglucometer)were stable throughoutthe 4-hrincubation,but
the HTB63 lineshowed a slightdeclineat24-hr.Thus,afteredmediaglucose levelswere notresponsiblefortheincreasedFDGuptakeseen
with 4 hr of hypoxia Data represent the mean Â±s.d. of four indMdual samples per condition.
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20% oxygen1 .5%oxygenCell

line No. Mean*Â±s.d.Mean* Â±s.d. p value
20% oxygen1.5%oxygenTransporter

Mean Â±s.d.*n@ Â±SD* p valuet

20 40

Priorto uptakestudies,cellswereexposedfor4 hrto either20%or
1.5% oxygen atmosphere. Tracerwas added and after 10 mm of incu
bation,totaltraceruptake(*expressedas cpm)was determined.Mean
Â±s.d. of 18 indtv@uaideterminations.

ish cation gradients (29). Moreover, tryptic digestion of
erythrocyte ghosts has been shown to increase affinity of
the residual transporter for D-glucose and inward-binding
of sugarbut to decrease the affinityfor the outward-binding
of sugar (30), as well as induce loss of the Glut-4 signal in
a time- and concentration-dependent fashion (31 ). Thus,
while we used as little trypsin as possible, this cell disso
ciation process may have induced the transient decrease of
FDG uptake observed when tracer uptake was measured
immediately after trypsin treatment. Nonetheless, under
comparable conditions, hypoxic cells accumulated more
FDG than well-aerated cells.

In general, glucose levels did not decrease over 4 hr,
indicating that glucose deprivation was not responsible for
the increased cellular FDG uptake seen with hypoxia.
These results in tumor cells are in partial agreement with

*Percenf@ of cells (mean Â±s.d.) staining positivelyfor either trans
porter.Ineach cutture,3-4-fields(0.9 x 0.9 mmeach) werecounted.For
Glut-i , ten normo@ocand nine hypoxiccuftures were counted. For Glut-2,
onenormoxicandtwohypoxiccultureswerestudied.

tOne.tallt-test.

those reportedby Bashan et a!. (32), who studied rat mus
cle cells. The increase in FDG uptake seen in our studies
with short-term and long-term hypoxia versus basal 20%
oxygenation could partlybe due to the well known Pasteur
effect. This effect (decrease in glycolysis broughtabout by
oxygen), recognized for more than 60 years and first de
scribed by Warburg(3), occurs when cells are made hy
poxic. Under such circumstances, both glycolysis and lac
tic acid productionincrease. Consideringthatwe observed
an increase in FDG uptake without an increase in lactate
(at a given incubation time versus normoxic conditions),
the Pasteur effect does not seem to represent the sole
mechanism for the phenomenon we describe here. Rather,

60 80

TABLE i
3-0-MethyiglucoseTransport and Accumulationin Melanoma

and OvarianCarcinoma Cancer Cells

TABLE 2
lmmunoperoddase Detectionof Glut-i and Glut-2on Ovarian

CarcinomaCells Incubatedfor Four Hours Under Hypoxic
(1.5%02) or Normoxic(20%O@)Conditions

HTB63 18 886Â±91 1248Â±57 0.0009
HTB77IP3 18 734Â±42 1371Â±210 0.0027 Glut 1

Glut 2
44.3 Â±13.3 53.3 Â±12.9 0.0331
35.7 Â±3.5 32.1 Â±3.9 0.4261
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FiGURE 5. (A)Time course of 3-0MG entryintoovariancarcinomacells. Transport(totalcounts per minute)in cells was rapklwitha
plateau.Duringthe linearportionof transport(from0 to 60 see), 3-0MG transportwas reducedby 15.1%inthe 500-mg/dlglucose group.
Cellvolumes were comparablebetween groups (datanot shown). Data representthe percentage mean Â±s.d. of fourindMdualsamples
per condition.(B)Time course of 3-0MG entryintonorrnoxic(20%oxygen) and hypodc (1.5%oxygen) ovariancarcinomacells. Faster
transport in the hypoxiogroup is apparent. The transport rate is increased approximately4.5-foldby hypoxla (p < 0.03).
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FiGURE6. Glut-iexpressionin humanovariancarcinomacellculturesexposedto normo,dc(A)or hypoxic(B)atmospheres.The
number of Glut-i positive cells (darkly stained cells) was 44.3% for the normoxic state and 53.3% for the hypoxic condition. Arrowheads
indicatecellsundergoingmitosis.Nu = nucleus;bar = 20 pm; mag = 670x.
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our findings suggest that the increased transportis an im
portantfactor in the higherFDG uptakeseen with hypoxia.

The invivo relationbetween rates of transportandphos
phorylation of deoxyglucose duringlong-termincubations
can be complex (33). Complicationsin measuringtransport
can be avoided by performingmeasurements under condi
tions where no substratemetabolismoccurs, such as when
3-0MG is used. This sugaranalogis accepted by the D-glu
cose transport system (34) and taken into the cell, but it
cannot be phosphorylated by hexokinase (35) nor further
metabolized (36). Several researchers have demonstrated
that 3-0MG uptake occurs by carrier-facilitateddiffusion
into transformedand primarycell lines (37â€”43).Ourtrans
port data indicate that cells grown in the high-glucose me
dium (28 mM) exhibit an 8%â€”20%reduction of 3-0MG
transport activity compared to the reduction (67%) re
portedby Whitesell et al. (43) for 3D-Li fibroblasts.Their
results may be accounted by the fact that the sugar con
centration they chose (0.29 mM) was much higher than
ours (10 pM). When transportwas measured under nor
moxic or hypoxic conditions, our results (1.4 to 1.9-fold
increase in 3-0MG uptake for melanoma and ovarian car
cinoma cells, respectively) are consistent with those re
ported by Reeves (19) for normal rat thymocytes under
hypoxic conditions. Our experiments assessed transport
during anaerobic conditions, which more closely resembles
physiological tumor conditions.

Expression of an increased number of the Glut-i trans
porter protein molecules on the membrane of hypoxic
ovariancarcinomacells, as detected by immunocytochem
istry, suggests the Glut-i transporter has a role in the
increased FDG uptake by these tumor cells. In fact, the
glucose transporter content in the plasma membrane of
perfused rat hearts increased about 50% in response to
anoxia, as compared to a 150% increase in glucose trans
port, suggesting that transporter translocation accounted
for at least a thirdof the effect (44). Therefore, an increase
in transporterexpression does not always exactly corre
spond to an increase in sugar uptake, since other intrinsic

properties of the transporter (changes in affinity and/or
Vmax; translocation, etc.) have to be considered as well.
More recently, translocation of Glut-4 transporters in fat
and muscle cells in response to hypoxia has been demon
strated (45). The higheruptake of FDG seen in melanoma
cells as compared to the ovarian cancer cells in some
assays (e.g., Fig. 2) may partly explain our inability to
measure by immunochemistry changes in the level of
Glut-i transporter expression in the melanoma cell line
(even a 1:1000 dilution of the antibody showed no differ
ences between controls and experimental cultures). Thus,
Glut-i expression was high (essentially 100%)in the HTB
63 melanomacells duringboth normoxiaand hypoxia (data
not shown).

Hypoxic cells are commonly seen within cancers, par
ticularly in adenocarcinomas. It is therefore tempting to
speculate, based on these invitro data, that increased FDG
uptake in tumors is at least partly indicative of tumor
hypoxia. Some aspects of the distribution of FDG uptake
in tumors on a microscopic level support this hypothesis.
For instance, Brown et al. (14) observed increased FDG
uptake in apparently viable Glut-i-positive cancer cells
located near necrotic areas of tumors in studies of ovarian
carcinoma xenografts. Glut-i, in particular, was regularly
expressed in several cell layers surrounding necrotic areas
within large basophilic tumors, while Glut-2 expression
was reduced in the cells comprising those tumors (46).
Since tumornecrosis is commonly due to outgrowthof the
tumor's blood supply, viable cells near the necrotic area
might logically be expected to be hypoxic. Kubota et al.
have suggested that tumor cells near necrotic areas have
high FDG uptake in vivo, despite their being dead or nearly
dead, due to increased leakage of FDG into those cells
(15). The mechanism for this proposed phenomenon is
unclear, since continuous accumulation of FDG inside
cells requires phosphorylation and therefore AlP. More
over, Minn et al. (11) demonstrated that FDG uptake in
nonhypoxic tumor cells in vitro has a positive correlation
with intracellularAlP levels. Thus, it is feasible that tumor
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hypoxia may be contributing to the increased FDG uptake
seen in viable tumor cells located near necrotic areas of
tumors.

Whether high FDG uptake in tumors is generally related
to tumor hypoxia is not resolved by our study. Ultimately,
in vivo studies comparing tumor oxygenation by direct
measurement with the level of FDG uptake in tumors
would be of considerable interest. Clearly, if high FDG
uptake was indicative of tumor hypoxia, PET could be
particularly useful for planning tumor treatments because
hypoxic cells are more effectively treated with hyperfrac
tionation, hypoxic sensitizers or particle beam treatments
than with standard methods.

We cannot conclude that tumor hypoxia is the predom
inant reason for increased FDG uptake in tumors. Indeed,
in preliminary studies, Zasadny et al. (47) have shown that
tumor blood flow and FDG uptake are generally correlated
in patients with untreated primary breast cancers, with
areas of high flow having higher FDG uptake, which is
consistent with the importance of radiotracer delivery.
Since well-perfused regions are less likely to be hypoxic,
hypoxia alone would not seem to be the sole explanation
for these regions of increased FDG uptake in viable breast
cancers. Rather, increased FDG uptake in viable cancer
cells would seem the more likely rationale, as proposed by
Higashi et al. (12). Therefore, it seems more probable that
hypoxia is a modifying factor for FDG uptake in a given
tumor, and that hypoxic cells would probably accumulate
more FDG than normoxic cells for a given level of tracer
delivery and viable cell number. It will also be of interest to
determine if modifiers of tumor oxygenation can alter FDG
uptake in tumors. While the role of tumor oxygenation on
the FDG signal will need more study in vivo, our in vitro
study clearly shows that FDG uptake is substantially en
hanced by hypoxia.

CONCLUSION

FDG uptake is increased in both human melanoma and
ovarian carcinoma cell lines exposed to varying degrees of
hypoxia, including anoxia, as compared to uptake under
normal conditions of oxygenation in vitro. The hypoxia
induced increase in FDG uptake was not generally associ
ated with measurable increases in lactate production but
was associated with an increase in the expression of the
Glut-i glucose transporter and with increased membrane
transport of glucose. Hypoxia increases FDG uptake in
tumor cell lines and may be an important contributing
factor to the â€˜8Fsignal detected in PET imaging studies of
cancer with FDG.
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