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Recent clinical data indicate that tumor hypoxia negatively af-
fects the treatment outcome of both radiotherapy and surgery in
various cancers, emphasizing the need for noninvasive detec-
tion of tumor hypoxia. Several studies have shown an increased
uptake of FDG in hypoxic regions of xenografts, suggesting the
use of PET with FDG as a potential technique. In this study, we
examine the mechanism underlying the hypoxia-induced in-
crease of FDG uptake in the human breast carcinoma cell line
MCF7. Methods: The uptake of 3H-FDG into MCF7 cells was
determined after incubation under hypoxic (0% oxygen) or nor-
moxic conditions, with or without redox agents, for varying time
periods. In addition, the effects of the redox agents on the
glucose transporter activity and the hexokinase activity were
determined independently, and the effects of hypoxia on glu-
cose transporter protein and hexokinase levels were assessed.
Results: A more than twofold increase (2.53 = 0.79; P < 0.005)
in 3H-FDG uptake was observed under hypoxic conditions, but
no changes in the cellular levels of glucose transporter proteins
or hexokinase were observed. A reducing agent, dithiothreitol
(DTT), also caused an increase in 3H-FDG uptake but failed to
affect uptake under hypoxic conditions. This indicates that the
mechanisms by which hypoxia and DTT affect 3H-FDG uptake
might be the same. The oxidizing agent p-chloromercuriben-
zenesulfonic acid (pCMBS) had no effect on 3H-FDG uptake
under normoxic conditions but counteracted the effect of hyp-
oxia. DTT caused an increase in glucose transporter activity,
whereas it had no effect on hexokinase activity. pPCMBS had no
effect on either glucose transporter activity or hexokinase ac-
tivity. Conclusion: The hypoxia-induced increase in 3H-FDG
uptake in MCF7 cells is the result, in part, of an increase in
glucose transporter activity resulting from the modification (re-
duction) of thiol group(s) in the glucose transport protein(s).
Modulation of hexokinase activity is probably not involved in the
hypoxia-induced increase in 3H-FDG uptake in these cells.
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there is significant potential for therapeutic benefit if one
could noninvasively diagnose tumor hypoxia and, corre-
spondingly, use these data to define high-risk populations
and modify therapy. PET imaging witfF-FDG has been
suggested as a potential technique for this purpBse (

Several in vivo and in vitro studies indicate that the
uptake of FDG is increased in hypoxic cells or prenecrotic
(and probably hypoxic) areas in xenografts—8. The
mechanisms underlying this increased uptake remain un-
clear. In one of the in vitro studies, a hypoxia-induced
increase in the cellular level of glucose transporters
(GLUTSs) has been suggested as a possible explandjon (

It has also been suggested that, under hypoxic conditions,
the cellular redox status shifts to a more reduced state. This
might result in modification (reduction) of thiol groups of
cysteine residues in proteins, potentially altering their ac-
tivity (9,10. Here we present data suggesting that this redox
modulation is (in part) the mechanism underlying the hy-
poxia-induced increase in FDG uptake, that is, increased
GLUT activity as a result of reduction of protein-thiol
groups.

In animal tumor models (and probably in human tumors)
both chronic and transient hypoxia occurs. Chronic hypoxia
pertains to tumor cells that remain under hypoxic conditions
for long durations as a result of their distance from the blood
supply. Transient hypoxia is the result of sporadic or inter-
mittent constriction of tumor blood vessels and can render
tumor regions that were previously oxic acutely hypoxic
(11,12. The experiments presented here were performed
under conditions of acute hypoxia (up to 4 h) and will be
more representative for tumor areas that experience tran-
sient hypoxia.

MATERIALS AND METHODS

Induction of Hypoxia
Hypoxia was induced using a modification of the method de-
scribed by Ling et al.13,14. For experiments, X 1 cells were

linical data indicate that the presence of hypoxic reseeded as a monolayer into 152giass flasks in medium cen
gions negatively affects the treatment outcome of bothining 25 mmol Hepes (pH 7.4). To induce hypoxia, the flasks

radiotherapy and surgery in a variety of tumats §). Thus,
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were sealed with soft rubber stoppers through which 19-gauge
stainless-steel needles were inserted for equilibration with humid-
ified N, (<0.002% Q). After the 1-h equilibration period, during
which the cells were maintained at 0°C to prevent uptake of
SH-FDG, the cells were rapidly returned to physiological temper
atures (by immersing the flasks in a 37°C waterbath for 2 min) and
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then placed in a 37°C incubator. No uptake of FDG was observethibitors. The levels of hypoxia-inducible factor (HIFy1HIF-
during the equilibration period. Control experiments showed thap, hexokinase Il, GLUT1, and GLUT3 proteins were analyzed by
the incubation at 0°C and subsequent rewarming to 37°C had swparation of the proteins by SDS-polyacrylamide gel electro-
effect on FDG uptake in normoxic cells (data not shown). Oxygegshoresis followed by Western analysis using standard protocols
measurements inside the culture flasks, using an Oxylite-4090 p@7,18. AntiHIF-1a and antiHIF-]3 antibodies were from Novus
meter (Oxford Optronics, Oxford, UK), were performed to confirngiologicals (Littleton, CO), antihexokinase Il antibody was from
hypoxia. In addition, radiation survival experiments were peSanta Cruz Biotechnology Inc. (Santa Cruz, CA), and antiGLUT1
formed using hypoxic and normoxic cells. The oxygen enhancgnd antiGLUT3 antibodies were from Alpha Diagnostics Interna-
ment ratios (OERs) observed in these experiments 8) were  tional (San Antonio, TX). HRP-conjugated second antibodies
between 2.8 and 3.0, indicating that the cells were radiobiologBoehringer Mannheim, Indianapolis, IN) and the Enhanced Che-
cally hypoxic (data not shown). moluminescence system (Amersham Life Science, Piscataway,
SH-EDG Uptake NJ) were used to visualize the proteins.

For the measurement 8H-FDG uptake, cells were incubated
with 1.5 pCi of *H-FDG (60 Ci/mmol; American Radiolabeled ResuLTS
Chemicals Inc., St. Louis, MO) in 1 mL medium for various . s
periods. Subsequently, the cells were rinsed with cold phosphafiPoxia-Induced Increase of °H-FDG Uptake
buffered saline (PBS) and lysed with 1 mL 0.3N NaOH/1% so- “H-FDG uptake was significantly higher in MCF7 cells
dium dodecyl sulfate (SDS). The lysate was transferred intoiacubated under hypoxic conditior<(Q.002% Q) than in
liquid scintillation vial and neutralized with 3N HCI (0.1 mL), andoxygenated cells (21%4D The increase idH-FDG uptake
the protein content was determined (using the bicinchoninic acig 1 hr, averaged over nine experiments, was 2:53.79-
protein assay kit; Pierce, Rockford, ILJH-FDG activity was fo|g (P < 0.005). Figure 1A presents the results from a
determined by I|qU|d_ s_cmtlllatlon _countlng, and .expressed ?%presentative experiment 8H-FDG uptake, showing an
dpm/mg protein. Statistical analysis of the experimental results . .
) . INcreased uptake in hypoxic cells (hatched bars) compared
was performed using a pairédest. . . . g
with oxygenated cells (solid bar). No differences in the rate
GLUT Activity of uptake were observed during the first 4 h of incubation
[*H]3-O-methylglucose EH]3-O-MG) transport into cells was under hypoxic conditions. Other data (not shown) indicated

used as a measure for the glucose transporting capability of cgigt the increase is observable after 15 min of incubation
(15). The PH]3-O-MG uptake in cells was assayed as described f?éarliest timepoint tested).

SH-FDG uptake, except for the tracer and incubation tirfid]3-
O-MG (80 Ci/mmol) was from New England Nuclear, Boston
MA.

Figure 1B shows the effect of reoxygenation of hypoxic
tells on®H-FDG uptake. Compared with the rate in hypoxic
cells, the rate oPH-FDG uptake in aerated cells that were
Hexokinase Activity first incubated in hypoxia (circles) fdl h followed by 0

Total hexokinase activity was measured using the method (s‘quares) o1 h (diamonds) at normoxic conditions was
Vifiuela et al. £6) as modified by Waki et al16). The cells were sjgnificantly lower, and, in fact, was the same as that for
scraped off, suspended in solution I (50 mmol triethanolamine, g incubated under normoxic conditions (triangles) with-

mmol MgCh; pH 7.6), and homogenized. Supernatants, Comain'%t the hypoxia exposure. This rapid decay of the effect of

free and mitochondria-bound hexokinase, were obtained by cen- "~ "~ binati ith th id fth
trifuging the homogenates at 1000 g at 4°C for 5 min and we poxia, in combination wi € rapid appearance of the

analyzed as follows. Three milliliters of solution I containing 0.81YPOXic effect, indicates that hypoxia-induced increase in
mmol glucose, 5 mmol adenosine triphosphate (ATP), 0.25 mmisi-FDG uptake is not mediated through de novo synthesis
reduced nicotinamide adenine dinucleotide phosphate (NADPH)Y, enzymes involved ifH-FDG uptake or retention. West
and 6 U glucose-6-phosphate dehydrogenase were preincubategratanalysis showed no increase in the levels of the hypoxia-
20°C for 5 min. The supernatants were then added and the mixtiiglucible proteins HIF-&, HIF-18, GLUT1, GLUT3, or
further incubated at 20°C. After 5 and 20 min, samples of thgexokinase Il in our MCF7 cells during incubation under
reaction m_|xture were taken and the absorption measured at ?h oxic conditions for upd 4 h (Fig. 1C). The absence of
nm. The differences in absorbance were calculated and the h F-1a accumulation during hypoxia is not the result of an

okinase activity determined from an NADPH standard curve. O . . .
unit of hexokinase activity will phosphorylate dmol of glucose [ﬁ”:'la deficiency, because a 4-h incubation of the MCF7

per minute at pH 7.6 and 20°C. Aliquots were removed to meast#€llS With 10umol 2-2 dipyridyl (an iron chelator) induces

the protein content of the lysates, and the activity was expressecBastrong increase in the cellular Hifeelevel (data not

milliu/mg protein. shown). The lack of p53 accumulation during hypoxia (not
shown) is probably the result of the failure of hypoxia to

Western Analysis : . induce HIF-x accumulation in this cell line, because a
Total protein extracts of cells incubated under hypoxic condi-

tions, and control cells were prepared in cold SDS sample bufﬁ%trrong increase in the cellular pS3 level is observed within

(2% SDS, 10% glycerol, and 50 mmol tris[hydroxymethyl]amin-4 h of treatment of the cells with ionizing radiation (data not

omethane [Tris]; pH 6.8) containing protease (0.5 mmol phenﬁhown)- T.hus, in these MCF7 ce:lls, hyPOXia induces a rapid
methylsulfony! flouride [PMSF] and 1X Complete [Boehringeiincrease in®H-FDG uptake, which is independent of de
GmbH, Mannheim, Germany]) and proteasome il MG132) novo protein synthesis.
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FIGURE 1. Hypoxia-induced increase in SH-FDG uptake. (A) 3H-FDG uptake in cells under hypoxic (0% O,; hatched bars) or
normoxic (21% O,; solid bar [C]) conditions. Cells were preincubated under hypoxic conditions for various periods (0-3 h), 3H-FDG
was added without disrupting hypoxic conditions (by injection through the stopper), and uptake was determined 1 h later. For
example, in column labeled 3-4, 3H-FDG was added after 3 h and uptake determined at 4 h after the induction of hypoxia. In this
experiment, uptake of 3H-FDG was 3.21 (+0.25)-fold higher in hypoxic cells than in normoxic cells. (B) Cells were incubated for 1 h
under hypoxia, followed by 0-h (squares) or 1-h (diamonds) incubation in air and then assessed for 3H-FDG uptake as function of
time under normoxic conditions. 3H-FDG uptake in cells incubated under hypoxic (circles) and normoxic (triangles) conditions was
measured for comparison. (C) Western analysis of the cellular HIF-1«, HIF-13, hexokinase Il, GLUT1 and GLUTS3 levels in cells
incubated under hypoxic conditions for various periods.

In principle, an enhancement of the rate ¥f-FDG the cellular redox status seems to be the more likely mech-
uptake with a fixed cellular GLUT and hexokinase conterinism underlying the hypoxia-induced increaséHRFDG
can result from translocation of GLUTs from sites withiruptake.
the cell to the plasma membrane or increased activity of the
existing enzymes through either an increase in affinity &ffect of Redox Agents on *H-FDG Uptake
activation of “dormant” or “masked” enzymesg). Trans- By adding dithiothreitol (DTT, a thiol reducing agent) or
location of GLUTs from intracellular sites to the plasm#&-chloromercuribenzenesulfonic acid ()CMBS, an oxidiz-
membrane does not seem to be involved in the mechaniiig agent) to the medium we altered the cells’ redox status
underlying the observed hypoxia-induced increaséHn to study the influence of redox ofH-FDG uptake. As
FDG uptake, because the presence of Brefeldin A, an i®Rown in Figure 2, the effect of DTT oil-FDG uptake is
hibitor of GLUT translocation to the plasmamembranesoncentration-dependent, negligible at 0.1 or 1 mmol but
does not interfere with the effect of hypoxia 8d-FDG inducing a 1.54+ 0.44-fold P < 0.05; n= 5) increase at
uptake (data not shown). Therefore, an increase in th@ mmol. Preincubation (1 hr) of the cells with 10 mmol
activity of the GLUTs or hexokinase as a result of pos®BTT did not enhance this effect. In contrast, pPCMBS had no
translational modification or of a hypoxia-induced change ieffect on®H-FDG uptake (Fig. B These data suggest that
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hypoxia. These results provide strong support for the hy-
pothesis that reduction of protein thiol groups is at least part
of the mechanism underlying the hypoxia-induced, protein-

60x10° r

g synthesis-independent increase’ittFDG uptake.
o
E 40x10° - Effect of DTT on GLUT and Hexokinase
g Cellular uptake ofH-FDG occurs in two steps: translo
= /' cation across the plasma membrane by GLUTs and phos-
D phorylation by hexokinase. To determine which of these is
a 20x10° ¢ affected by redox changes, we studied the effect of DTT on
T GLUT activity and hexokinase activity. Because cytochala-
” sin B has been shown to compete with DTT for interaction
oL , , ‘ ‘ with GLUT 1 (20), total, rather than cytochalasin B inhib-
0 15 30 45 60 itable, 3-O-methylglucose (3-OMG) uptake was used as a
measure for GLUT activity. As shown in Figure 4A, the
Incubation Time (min) effect of DTT on GLUT activity was concentration-depen-

dent, with no effect at 0.1 or 1 mmol but inducing a 147
FIGURE 2. To assess effect of modulation of the redox status ~ 0.18-fold P = 0.1; n= 2) increase in GLUT activity at 10
on 3H-FDG uptake, cells were incubated under normoxic con- mmol. Thus, the effect of DTT on GLUT activity seems to
ditions with 3H-FDG and graded doses of DTT for various peri-  mirror its effect on3H-FDG uptake, both in concentration

ods. Subsequently, cells were lysed and 3H-FDG uptake deter- . .
mined. Relative to control (0 mmol, circles), DTT concentrations dependence and magthde' suggesting that the two effects

of 0.1 mmol (triangles) and 1 mmol (squares) had no effect on  are related. _
8H-FDG uptake, whereas 10 mmol DTT (diamonds) induced In contrast, DTT (at 20 mmol) had no effect on hexoki-

1.54 + 0.44-fold increase (P < 0.05, n = 5). nase activity (Fig. 4B) and pCMBS (up to 2.5 mmol) had no
significant effect on GLUT activity (data not shown). Thus,
DTT (and probably hypoxia) seems to incredseFDG

the reduction of protein thiol groups might be at least part §ftake through modification of the GLUT activity.

the mechanism underlying the hypoxia-induced increase in

SH-FDG uptake.

Interaction of DTT/pCMBS and Hypoxia = 150x103 A
To further examine the mechanism(s) underlying tl‘eg / éyv
effect of hypoxia and DTT ofH-FDG uptake (presumed to| o  120x103 -
be the reduction of protein thiol), we assessed the effect ofg
combining DTT with hypoxia and pCMBS with hypoxia. If| §  gox103 | T
DTT and hypoxia act through different mechanisms, their 5 %
effects onH-FDG uptake should be additive (as has bes ng 60x103
shown for the effects of insulin and hypoxia on glucosea
uptake [L9]). On the other hand, if DTT and hypoxia act o 30x10° - 77 7
through the same mechanism, their combined effect pfi
3H-FDG uptake should be much less than the additive effgct 0 i

of the separate treatments. As shown in Figure 3, this|i
indeed the case. Hypoxia by itself induced a 3:63.12-
fold increase in*H-FDG uptake compared with normoxic
cells, whereas 10 mmol DTT induced a 2.200.06-fold
increase. Compared with hypoxia alone, the combinatipn
with DTT did not induce an additional increase®-FDG
uptake (3.35+ 0.21-fold compared with normoxic cells or
0.92 = 0.12-fold compared with hypoxic cells). The effec
of hypoxia plus DTT is identical to the effect of hypoxia b
itself, indicating that their cellular targets might be th&GURE 3. To test hypothesis that DTT and hypoxia affect
same. On the other hand, pCMBS, which by itself had rﬂi"FDG uptake through same mechanism, effect of combining

3 S ypoxia with DTT or pCMBS was determined. Uptake was
effect on H_FD_G uptake, ?‘lmOSt cpmpletely '_nh'blted th_edetermined in cells incubated for 1 h with 3H-FDG under nor-
effect of hypoxia, suggesting that its mechanism of actiqfoxic or hypoxic conditions with or without 10 mmol DTT or 2.5
(oxidation of protein thiol groups) is antagonistic to that ofnmol pCMBS.

7]

Control

Hypoxia

10 mM DTT
Hypoxia + DTT
2.5 mM pCMBS
Hypoxia + pCMBS
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Experiments conducted with the reducing agent DTT
yielded results indicating that alterations in the cellular
20x103 - redox status may underlie the hypoxia-induced increase in
T SH-FDG uptake. Furthermore, this increase appeared to be

% the result of an increase in GLUT activity, with no change

>

15x103 ¢ in hexokinase activity. Others have reported that hypoxia

_ shifts the cellular redox status to a more reduced state,

77 resulting in the reduction of protein thiol group8,12.
10x108 ¢ 77 %7 / These observations suggest that hypoxia-induced modifica-
/ / tion (reduction) of the cysteine residues in the GLUT may
be the mechanism underlying the hypoxia-induced increase
in 3H-FDG uptake. The same mechanism has previously
been suggested for the hypoxia-induced inhibition of K
and C&' channels §). That the oxidizing agent pCMBS
0~ - counteracts the effect of hypoxia 6H-FDG uptake pre
0 0.1 1 10 vides further evidence for the role of redox modulation of
DTT concentration (mM) protein thiol groups in this phenomenon.
There is a second mechanism by which protein thiol
40 groups may be reduced under hypoxic conditions. Oxygen
(or reactive oxygen species [ROS]) can react directly with
. protein thiol groups. It has been shown that the activity of
30 + T several transcription factors can be regulated by this mech-
anism, at least in vitro21). In addition, it has been shown
/ that membrane protein activity, such as glutamate and do-
pamine transport in rat striatal synaptosomes, can be mod-
ulated through interaction with oxygen or RO32(23.
Thus, the reduced amount of oxygen and ROS (and the
10 + resulting shift of protein-thiol groups to a more reduced
state) under hypoxic conditions may mediate the observed
increase irftH-FDG uptake.

An enhancement of transmembrafté-FDG transport
Control 10 mM DTT without translocation of GLUTs to the plasma membrane
may result either from increased affinity of GLUTSs existing
oty e roxoiassacty. 1 Calz s oo o 30 o Plasma, membrane o acliallon of dormant o
minywit_h graded doses of DYI'I', and _glucosearansporter ac_tivity CmaSket? GLUTs pref)él.St;.ng m. tL‘lepr;isma Tﬁmbrm .('b'l'—
determined as 3-OMG uptake during 2 min. (B) Hexokinase _urren y, we Ca_nno IS '”9“'3_ etween these possibil
captivity was determined spectrophotometrically in cell lysates  ties. Further studies on the kinetics®f-FDG uptake under
using a glucose-6-phosphate dehydrogenase coupled assay. hypoxic conditions will provide the answer to these ques-

tions, because the first possibility will result in a decreased
K., value, whereas the second possibility will result in an
DISCUSSION increased V., for 3H-FDG transport.

Our data show that acute hypoxia increasesFDG Our data with DTT also indicate that the hypoxia-induced
uptake in MCF7 cells. This effect develops rapidly ofincrease irfH-FDG uptake is the result of increased GLUT
hypoxia induction, decays quickly on return to normoxieactivity, rather than hexokinase activity, suggesting that
conditions, and is independent of de novo protein synthesBLUT activity is rate-limiting for 3H-FDG and glucose

Although the MCF7 cells used in this study were noaaptake in MCF7 cells. This is in agreement with the data of
HIF-1« deficient, hypoxia failed to induce accumulation otWaki et al. (L5), that among a panel of 16 tumor cell lines
HIF-1a. Consequently, no increase in the cellular levels @nd one normal cell line, 2-deoxyglucose (2DG) uptake is
p53 (p53 accumulation is the result of stabilization of thigoverned by GLUT activity rather than hexokinase activity.
protein by HIF-Iv) or of the HIF-k-regulated proteins That GLUT activity was increased by DTT does not shed
GLUT 1, GLUT 3, or hexokinase Il was observed. HIk-1 insight as to which GLUT is responsible for the redox-
accumulation could be observed after treatment of the cedlsnsitive®H-FDG uptake increase. It has been reported that
with the iron chelator 2-2 dipyridyl, indicating that thein MCF7 cells only GLUT 1 and GLUT 3 are expressed
absence of hypoxia-induced HIRr:Jaccumulation is prob- (24). However, our result seems to argue against a role for
ably the result of a defect in the hypoxia-sensing sign@LUT 1, because it has been reported that GLUT 1 activity
transduction pathway in these cells. is inhibited by DTT @5,26 as well as by pCMBSZ27) at

5x10°3

3-OMG (dpm/mg prot)

20 ¢t

Hexokinase activity
(milli units/mg prot)
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concentrations similar to or lower than those used in our distribution of 2-deoxy-glucose and monoclonal antibodies in xenografts of

. : human ovarian adenocarcenondaNucl Med 1993;34:75—-82.
experlments. No data are available on the effects of the%.eclavo AC, Wahl RL. Effects of hypoxia on the uptake of tritiated thymidine,
agents on GLUT 3 activity.

L-leucine, L-methionine and FDG in cultured cancer celldNucl Med 1996;
The kinetics for the hypoxia-induced increaséiFDG 37:502-506.
uptake and our postulate of the underlying mechanism a‘Be Kubota R, Kubota K, Yamada S, Tada M, Ido T, Tamahashi N. Active and
. . passive mechanisms of [fluorine-18] fluorodeoxyglucose uptake by proliferating
different from those observed by Clavo et 530 in human and prenecrotic cancer cells in vivo: a microautoradiographic stubliyicl Med
melanoma and human adenocarcinoma cell lines. In their 1994;35:1067-1075.
cell lines. 1.5-h incubation in hypoxia was required before‘?- Fearon IM, Palmer ACV, Balmforth AJ, Ball SG, Varadi G, Peers C. Modulation
. T i . . of recombinant human cardiac L-type CaZhannelalc subunits by redox
an increase irfH-FDG uptake (attributed to an increased ,gents and hypoxial Physiol 1999:514:629—637.
membrane expression of GLUT 1) could be detecteth. Peers C. Oxygen-sensitive ion chann@lends Pharmacol Scil997;18:405—
Whereas the results of Clavo et &,7) suggest a role for 408

. . . .. 11. Siemann DW. The tumor microenvironment: a double-edged swurd Radiat
GLUT 1 in the mechanism underlying the hypoma-mducedl Oncol Biol Phys 1998:42:697—699.

increase in®H-FDG uptake, our results seems to argue. sutherland RM. Tumor hypoxia and gene expressiata Oncol 1998;37:567—

against GLUT 1 involvement in MCF7 cells. It is possible13 5L74- CC. Wond RS, Bacas RD. Glutathione denletion and i of buthi
. . . . . ing CC, Wong RS, Basas RD. Glutathione depletion and cytotoxicity of buthi-

that differences in GLUT Species expressed in the various onine sulphoximine and SR2508 in rodent and human dells] Radiat Oncol

cell lines can account for the disparity in results. Biol Phys 1990;18:325-330.
14. Wong RS, Basas RA, Ling CC. Enhancement of SR 2508 (etanidazole) radio-
sensitization by buthionine sulphoximine at low dose rate irradiatitrd. Radiat

CONCLUSION Biol. 1991;59:133-143.

3H-FDG uptake is increased in MCF7 cells under cendi® Waki A, Kato H, Yano R, et al. The importance of glucose transport activity as
. . .. . . ... the rate-limiti i f 2-d | take in t lIs in vithacl Med
tions of acute hypoxia. This increase is not associated With go oo s eas oy oo piake i imoreets in VEGETHe
a detectable increase in the cellular levels of GLUT Pras. viruela E, Salas M, Sols A. Glucokinase and hexokinase in liver in relation to
tein(s) or hexokinase. Experiments using redox modulators glytlilogf;n synthesisl Biol Chenlﬂl 1963:2381Pflllll75—PC1l77-bl .

. . . . . [T 7. Gallagher S, Winston SE, Fuller SA, Hurrell JGR. Immunoblotting and immu-
(elther alope_ or mlcom_bmatlon with hypOXIa) mdllcate thaj[ nodetectionIn: Ausubel FM, Brent R, Kingston RE, et al., eddurrent Proto-
the hypoxia-inducible increase fii-FDG uptake is most cols in Molecular BiologyNew York, NY: John Wiley and Sons; 1997:10.18.11—
likely the result of an increase in GLUT activity resulting 10.18.21

e . ; ; ; 8. Gallagher SR. One-dimensional SDS gel electrophoresis of protirsisubel
from the modification (reductlon) of t_hIOI group(s_) In thel FM, Brent R, Kingston RE, et al., ed€urrent Protocols in Molecular Biology
glucose transport protein(s). Modulation of hexokinase ac-
tivity is probably not involved in the hypoxia-induced in-19.

New York, NY: John Wiley and Sons; 1999:10.12A.11-10.12A.34
Zhang J-Z, Behrooz A, Ismail-Beigi F. Regulation of glucose transport by
crease irfH-FDG uptake in these cells.

hypoxia.Am J Kidney Dis1999;34:189-202.
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