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(1) A flow-tube apparatus suited for measurement of rapid efflux of sugars from adipocytes is described. (2) 
Due to heterogeneity of fat cell populations, a conventional analysis of the time-course of net efflux of 
3-O-methylglucose based on the integrated rate equation can produce gross errors in estimates of kinetic 
parameters. (3) The half-saturation constant and maximum transport capacity for 3-O-methylglucose 
transport were found to be about 3-fold higher for net efflux than for equilibrium exchange flux, both in 
insulin-stimulated and non-stimulated adipocytes. This suggests asymmetric kinetic parameters for 3-O-meth- 
ylglucose transport. 

Introduction Methods 

Transport of 3-O-methylglucose in isolated fat 
cells has been studied in order to explore the 
properties of the glucose transporter [1-4] and to 
assess whether changes of the membrane permea- 
bility to glucose Contributes to the changes in 
glucose uptake brought about by various agents or 
physiological conditions [5,6]. For measurement of 
transport, the method of Vinten et al. [1] and later 
the method of Whitesell and Gliemann [3] or 
various modifications hereof [4] have been used. 
From measurements using these modifications it 
has been concluded that the kinetic parameters for 
3-O-methylglucose transport are symmetrical and 
that the kinetic parameters for equilibrium ex- 
change flux and net fluxes are the same [4]. This 
implies that at any given concentration of 3-0- 
methylglucose, the initial rate of net efflux should 
be identical with the initial rate of equilibrium 
exchange flux. A preliminary attempt to confirm 
this by use of the method of Vinten et al. [1] was 
not successful, and this precipitated the present 
study. 

Experimental procedure 
Chemicals and cell preparation. Labelled sugars 

were obtained from New England Nuclear, col- 
lagenase was from Worthington (Type 1), and 
phloretin from K&K laboratories. Porcine insulin 
was from Novo, and (when present) was used in a 
final concentration of 1 ~tmol. 1-1. The composi- 
tion of the isotonic, albumin-containing, buffered 
salt solution used for washing and incubations was 
given earlier [1]. Other chemicals were obtained 
from Sigma. Isolated fat cells were prepared from 
the epididymal fat pads of male Wistar rats weigh- 
ing 110-130 g using the method of Foley et al. [7]. 
During incubation with collagenase, 3-[3H]glucose 
(0.7/~Ci/ml, 12.0 Ci/mmol) was present in order 
to label the intracellular lipids. After washing of 
the fat cells, 3H activity concentration in intracell- 
ular lipids was determined. This made it possible 
to correct subsequent measurements for variations 
in sample size. 

Flow-tube measurements. When efflux of 3-0- 
[14C]methylglucose was rapid, the rate was mea- 
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Fig. 1. Sketch of the flow-tube apparatus used for measurement 
of rapid 3-O-[14C]methylglucose exit. Cell suspension and di- 
luting medium are led to the primary mixing chamber by 
polyeth~,lene tubes (i.d. 0.51 mm and 2.0 mm, respectively) 
replaced by silicone rubber tubes at magnetic clamps. Polyeth- 
ylene reaction tube (i.d. 2.0 ram) connects the primary mixing 
chamber with the secondary mixing chamber, in which efflux is 
stopped by addition of phloretin. Suction is applied to the 
outlet and the system is operated by magnetic clamps. Effluent 
is collected by switching a clamp on outlet (shown in the insert) 
after a period of time sufficient to flush tubes thoroughly. The 
system together with the diluting medium and cell suspension 
was kept at 37 o C by immersion in a water bath, and air to the 
inlet was taken near the water surface. The air segments served 
as a means of obtaining rapid mixing. This could alternatively 
be achieved by using a high linear flow rate but the resulting 
turbulent flow tended to disrupt the fat cells. 

sured by means of  a flow-tube apparatus  made  of  
polyethylene tubes connected with silicone-rubber 
tubes and machined pieces of  plexiglas, shown in 
Fig. 1. Fat  cells in a stirred suspension (25-30% by 
vol.) were allowed to equilibrate with 3 -0 -  
[14C]methylglucose (5 /~Ci /ml )  at the desired ini- 
tial intracellular concentrat ion.  Hereafter, flow, 
driven by a subatmospheric  pressure applied to the 
effluent collecting vial (insert), was initiated by 
releasing the magnetic  clamps. The flow of  fat cell 
suspension fused with a flow of  albumin-free buffer  
( 'Di lu t ing medium'  in Fig. 1) in a mixing chamber  
whereby the fat cell suspension was diluted about  
50-times. In  equilibrium exchange experiments the 
buffer  contained unlabelled 3-O-methylglucose in 
a concentra t ion identical to that  used for the ini- 
tial equilibration, while it contained none in net 
efflux experiments. The latter situation is often 
named  'zero- t rans  efflux' in the literature [4,8,9]. 
At  this point,  the flow of  diluted suspension was 
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divided into segments by bubbles of air f rom an 
air inlet. Two light beams passing transversely to 
the travelling direction of  the segments were re- 
corded by means of  a storage oscilloscope. F rom 
the recording, the transit time of  the segments in 
the reaction tube could be calculated. As the seg- 
ments  left the reaction tube they were diluted 
1.6-fold in a second mixing chamber  with a 
buffered, isotonic salt solution containing phlore- 
tin (0.4 mmol . .1 -1 ,  ' inhibi tor '  in Fig. 1). This 
s topped efflux of 3-O-[14C]methylglucose. The cells 
in 7-ml port ions of  the effluent were recovered by 
centrifugation (1200 × g, 40 s) through silicone oil 
( d =  0.96 g /ml ) ,  and their 3H and 14C activities 
were determined by scintillation counting. Differ- 
ent  transit times in the reaction tube were ob- 
tained by changing its length a n d / o r  the suction 
applied to the effluent collecting vial. The amount  
of  3-O-[14C]methylglucose in the cells at the start 
of  washout  was determined by moving the inlet for 
the phloretin solution to the pr imary mixing cham- 
ber. For  determinat ion of  the amount  present after 
an infinite time, diluted cell suspension collected 
f rom the pr imary mixing chamber  was incubated 
for 5 min whereafter phloretin solution was added 
manually.  

The performance of  the mixing chambers  was 
checked by observing the colour-shift  of  a pH-in-  
dicator  (Bromocresol  purple) added to the cell 
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Fig. 2. Ne t  e f f lux  o f  3-O-[z4C]methy l~ucosc ( in i t ia l  in t raccl lu-  

lar concentration 25 mmo]. ]-z) in insulin-stimulated fat cells. 
Filled symbols measured by the method of Ref. 1, open sym- 
bols measured by the flow tube. The curve represents Eqn 2 
with parameters K" =15 mmol.1-1, J~ = 5.1 mmol.l-Z.s -1, 
r = 0.55. 



246 

suspension in test experiments. In these tests, pH 
and buffer capacities of the solutions were ad- 
justed so that a colour shift required a near com- 
plete mixing. As an alternative control of the 
apparatus, the rate of 3-O-[14C]methylglucose ef- 
flux from human erythrocytes was measured at 
38 o C with the present apparatus (this required as 
the only modification that a silicone oil with d = 
1.04 was used for recovery of cells by centrifuga- 
tion) and with the flow tube described by Brahm 
[10]. The two methods were found to agree within 
10% and the rate coefficient for efflux of 3-0- 
[14C]methylglucose in human erythrocytes (100 
gmol .  1-1) was 2.2 s -1 (Vinten, J. and Brahm, J., 
unpublished data). When efflux of 3-O-[14C]meth - 
ylglucose was slow, a previously described method 
was used [1]. In some experiments (e.g., Fig. 2) 
efflux was measured by both methods. All experi- 
ments were performed at 37 o C. 

Calculations. The time-course of net efflux of 
3-O-[14C]methylglucose was compared to the pre- 
dictions of two models: 

t = [ ( 1 +  K~/2/c~sm )(  Co - Ct app) 

+ (c~sm/c~sm) K~/2 loge ( Co/Capp)]/Jn m 

~, t = y ( c?pp ) 

• * c?pp = / - l ( t )  

(a) 

(1) 

and 

(2) 

where t is the time after start of efflux, C O the 
intracellular concentration of 3-O-[14C]methylglu - 
cose at start of efflux, Ct app is the arhount of 
intracellular 3-O-methylglucose at time t divided 
by the initial intracellular volume, C~ sm the osmo- 
lar concentration of non-permeating solutes in the 
diluting medium, C~ sm the corresponding con- 
centration in the intracellular water. K~/2 and Jm ~ 
are, respectively, the half saturating concentration 
(mmol • 1-1) and maximum flux (retool • s -1 .  (liter 
of intracellular water) -1) for net efflux. Eqn. a is 
equivalent to Eqn. 2 of Ref. 11. Func t ion f  -'1 is the 
inverse of f ,  and g is the log-normal probability 
density function of Jm" with arithmetic mean equal 

i 
to J,~ and (relative) dispersion equal to r. Thus, 
Eqn. 1 describes the saturable net efflux in a 
regular two compartment system or a system com- 
posed of identical cells in an infinite dilution 
medium, whereas Eqn. 2 describes the efflux from 
a sample of cells with a log-normal distribution of 
cellular maximum fluxes. Note that the predictions 
of the models are indistinguishable for small val- 
ues of t (i.e., in the initial part of the time-course). 

Equilibrium exchange efflux data were treated 
as described earlier [1] with the exception that the 
gamma distribution function was replaced by the 
log-normal distribution which has been used for 
similar purposes by others [12,13]. Since this pro- 
duced no perceptible change in the fit, the ad- 
vantage of using a commonly known distribution 
was considered more important than the ease of 
computation offered by the gamma distribution. A 
relative dispersion of 0.55 was used throughout. 
The function f-1 and the definite integrals were 
calculated numerically on a digital computer using 
standard methods. The symbol A x which appears 
in the figures is the ratio 14C-activity/3H-activity 
in a sample of cells at time x. A, is thus propor- 
tional to Ct app. 

Results 

Kinetic parameters for net and equilibrium exchange 
efflux 

The concentration dependencies of the initial 
rate of net and equilibrium exchange efflux of 
3-O-[14C]methylglucose in insulin-stimulated fat 
cells are shown in a Hanes-type plot in Fig. 3. It 
appears that Jm ~ and K~/2 are substantially larger 
than the corresponding parameters for equilibrium 
exchange efflux. Parameter estimates obtained by 
linear regressions are given in Table I. Since this 
analyses is based on initial rates, the estimates are 
independent of whether cell populations are as- 
sumed to be heterogeneous or not. 

In Fig. 4 the net and equilibrium exchange 
efflux of 3-O-methylglucose (initial concentration 
50 mmol.  1-1) in cells not stimulated by insulin 
are shown. The rate of both types of efflux is 
about 13-times lower than the corresponding rates 
measured in insulin-stimulated cells, and in a series 
of six similar experiments this factor varied in the 
range from 8.3 to 13.6. In these experiments the 
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Fig. 3. Concentration dependencies of net and equilibrium 
exchange efflux in insulin-stimulated fat cells. Initial rates (k) 
of 3-O-[x4C]methylglucose exit were determined in plots like 
those shown in Figs. 2 and 5. Each point is the mean of the 
reciprocals of four individual determinations of k, except the 
point at a near zero concentration (®) which is the mean of 
eight determinations. Bars denote S.E., crosses (x) represent 
equilibrium exchange conditions, open circles (O) net efflux, 
lines represent linear regressions. Parameter estimates are given 
in Table I. 

presence of extracellular 3-O-methylglucose (50 
m m o l .  1 -~) reduced the initial rate of 3-0-  
[14C]methylglucose efflux to (43 + 8)% (mean + 
S.E.) of that obtained when 3-O-methylglucose 
was absent from the diluting medium. Fig. 4 also 
shows the efflux of 3-o-[t4C]methylglucose ini- 
tially present in a concentration of 50/~mol .  I - ]  
(tracer efflux). At this concentration, which is 
practically zero compared to K~/2 and K~/2, no 
difference was found between initial rate of net 
and equilibrium exchange efflux. Furthermore, the 
ratios between initial rates of tracer efflux and 
effluxes at 50 mmol .  1 - ]  were the same as the 
corresponding ratio in insulin-stimulated cells. This 
indicates that insulin is without effect on both 
K~e/2 and K~/2. 
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Fig. 4. Effhix of 3-O-[a4C]methylglucose in fat cells not stimu- 
lated by insulin. Concentrations of 3-O-[14C]methylglucose: 
open circles (O) 50/~mol.l -] ,  closed circles (e) 50 mmol-I -]  
net exit, crosses (×)  50 mmol. 1-1, equilibrium exchange. 

Progress curve for efflux of 3-O-[lgC]methylglucose 
Fig. 5 shows a comparison of the time-course of 

equilibrium exchange (50 mmol .  1-1, crosses) and 
net efflux (50 mmol .  1-1, open circles) in insulin- 
stimulated cells. The fraction of releasable activity 
still present in cells at time t is plotted on a 
logarithmic ordinate as function of time. In addi- 
tion to the experimental results five calculated 
curves (A-E)  are shown. Curves A to D all simu- 
late net efflux and the values used for parameters 
J~  and KT/2 are those given in Table I for net 
efflux conditions. Curve A represents efflux from 
a homogeneous cell population (Eqn. 1) and curves 
B and C represent efflux from heterogeneous cell 
populations (coefficient of variation for arm" be- 
tween cells 0.55). For curves B and C osmolarities 
of 350 and 300 mosmol • 1- t of the diluting medium 
were used, respectively. These curves are thus il- 
lustrating the effect of 'osmotic balancing', assum- 
ing that fat ceils behave like osmometers with 
infinite water permeability. Curve D is a straight 
line extending the common initial slope of curves 
A to C. Curve E is a simulation of equilibrium 
exchange efflux in heterogeneous cells, Jm ~e and 
K ~  z from Table I, coefficient of variation 0.55. 
The modest deviation from a straight line is due to 
the fact that only the early part  of the progress 
curve is shown. In the experiment shown the net 
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TABLE I 

KINETIC PARAMETERS FOR 3-O-METHYL-D-GLUCOSE EFFLUX IN INSULIN-STIMULATED FAT CELLS 

(mmol .  1-1. s - 1 ) ,(mmol. 1 - 1 ) (mmol.  1 - 1. s-i ) (mmol- 1 - 1 ) 

Present results 5.06 + 0.30 14.8 + 2.2 1.82 + 0.04 5.15 + 0.64 
Ref. 4 1.19+0.07 2.66+0.26 0.84_+0.002 4.45 _+0.26 
Ref. 21 5.65 _+ 2.05 
Ref. 1 1.7 5 
Ref. 2 1.7 6 

efflux was initiated by diluting the extracellular 
phase by a medium with osmolarity identical to 
that of the loading medium, mannitol replacing 
3-O-methylglucose. In other experiments the dilut- 
ing medium contained only sucrose or NaC1 or 
KC1 in osmotic concentrations equal to that of the 
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Fig. 5. Net (open circles, O)  and equilibrium exchange (crosses, 
× )  efflux of 3-O-[14C]methylglucose (50 m m o l - i  - l )  in 
insulin-stimulated fat ceils. The curves represent: A, saturable 
net efflux in an ideal two-compartment system Eqn. 1 ( ,~ Eqn. 
2 with r = 0); B, saturable net efflux in a parallel multicompart-  
ment  sys!em, (Eqn. 2, r ffi 0.55), 50 mmoi .1-1  of mannitol  
present in the diluting medium; C, as B, but  no mannitol  and 
with 57 mmol .1-1  of 3-O-[14C]methylglucose intracellularily 
prior to dilution; D, monoexponential  process with initial rate 
identical to A, B and C; E, equilibrium exchange efflux in a 
mult icompartment  system with r =  0.55. The appropriate 
parameter  estimates from the experiment shown in Fig. 3 were 
also used for computat ion of curves. 

loading medium. These changes produced no de- 
tectable effects on the time-course of net efflux in 
insulin-stimulated cells (initial concentration of 3- 
O-[14C]methylglucose was 50 mmol. 1-1, data not 
shown). To test the effect of 'osmotic balancing' 
efflux of 3-O-[14C]methylglucose from cells loaded 
to a concentration of 57 mmol. 1-i and diluted in 
a medium with osmolarity 300 mosmol-1-l was 
compared to efflux from cells equilibrated with 50 
mmol. 1 -~ and diluted in a medium with 350 
mosmol. 1 -l .  This difference in conditions pro- 
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Fig. 6. Linearized plot of net efflux progress data in insulin- 
stimulated cells. Lines represent Eqn. 1 with parameters of the 
present paper (A) and with those of Ref. 4 (B). Broken curves 
are the predictions of Eqn. 2 with parameters from. the present 
paper, the numbers  indicate the initial concentrations of 3-O- 
[z4C]methylglucose. Data  obtained at these concentrations are 
also shown. 



duced no detectable difference between the first 
75% of the time-courses (data not shown). This 
was compatible with the predictions of of Eqn. 2 
(see Fig. 5). 

Estimation of kinetic parameters in a linearized plot 
of the integrated rate equation 

Fig. 6 shows a plot commonly used [4,11] for 
linearization of integrated rate equations similar to 
Eqn. 2. In the plot a line satisfying this equation 
intersects the abscissa and ordinate at points close 
to 1/J~ and - 1 / K ~ / 2 ,  respectively. All measure- 
ments from experiments on systems conforming to 
Eqn. 1 and differing only with respect to initial 
concentrations should give points situated along 
the same straight line. It appears from Fig. 6 that 
this can only apply to points representing very 
early parts of the time courses of experiments with 
different initial concentrations. Furthermore, all 
points representing measurements at the different 
initial concentrations fit the respective (broken) 
curves derived from Eqn. 2 quite well. 

Discussion 

Shape of the progress curve for 3-0-[ 14C]methylglu- 
cose exit 

The presently observed time courses of 3-0- 
[14C]methylglucose net exit from samples of more 
than 104 fat cells are clearly incompatible with the 
predictions of a two compartment model based on 
simple saturation kinetics. It has earlier been 
established that a multicompartment model is nec- 
essary to account for the lack of log-linearity of 
the time-course of 3-O-[14C]methylglucose exit in 
the equilibrium exchange situation and that het- 
erogeneity of the cells with respect to the ratio 
between maximum cellular transport capacity (m- 
mol.  s -1 per cell) and cellular distribution space 
for 4-O-[~4C]methylglucose (1 ~per cell) was re- 
sponsible for this [1,14]. It was to be expected that 
a similar model for net efflux would fit the ob- 
servations with the same value for the relative 
dispersion as that found to fit with equilibrium 
exchange experiments, when in both experimental 
situations transport is mediated by the same in- 
tegral membrane protein (the glucose transporter 
[15,16-20]) and originates from the same distribu- 
tion space. 
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Since the predictions of Eqn. 2 produces an 
acceptable fit to the net efflux data, the estimate of 
K~/2 from initial rate measurements can still be 
regarded as representing a property of the glucose 
transporter, and more complicated models (e.g., 
based on a concentration dependent substrate af- 
finity) can be left out of consideration. 

It is evident that the integrated rate equation 
plot of Fig. 6 is of limited value for estimation of 
kinetic parameters from progress curves in het- 
erogeneous cell populations, since all but the ini- 
tial measurements are biased due to over-represen- 
tation of cells with a low transport/distribution- 
space ratio. 

A recent report on 3-O-[14C]methylglucose 
transport in adipocytes describes no deviations 
from the predictions of Eqn. 1 [4]. The reason for 
this is not clear, but it could be suggested that the 
narrower range of initial concentrations used by 
the authors has made a deviation from two com- 
partment kinetics less conspicuous. Also, it cannot 
be ruled out that the cell pools used by the quoted 
authors were less heterogeneous than those of the 
present paper. 

Accelerated net exit 
The present results clearly show that K~/2 and 

Jm ~ for 3-O-methylglucose efflux are larger than the 
corresponding parameters for equilibrium ex- 
change. It is likely that this is due to asymmetry of 
the kinetic parameters for net fluxes, since it has 
been claimed that the initial rate of 3-0- 
[laC]methylglucose net influx is the same as that 
found in equilibrium exchange flux [3,4] and since 
a marked asymmetry of the inhibitory properties 
of several non-transported glucose analogues has 
been demonstrated [21]. On the other hand it has 
been reported that the kinetic parameters for net 
efflux and equilibrium exchange are the same 
[4,21]. In these reports, however, different values 
for K~/2 are given, and the experimental methods 
differ (cf. Table I). Furthermore, calculations are 
based on the integrated rate equation, and they are 
thus dependent on the implicit assumption that fat 
cells are homogeneous with respect to the ratio 
between transport and distribution space for 3-0- 
methylglucose. 

The present results show that the (relative) ef- 
fect of extracellular 3-O-methylglucose on efflux 
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of 3-O-[14C]methylglucose was the same whether 
cells were stimulated by insulin or not. This im- 
plies that insulin produced no qualitative changes 
in 3-O-methylglucose transport, and is thus in 
accordance with the hypothesis that insulin acts by 
recruiting transporters to the cell membrane from 
an intracellular store [15,17-20]. 

The fact that changes in transmembrane ion 
gradients (and likely also in membrane potential) 
was without impact on the accelerated net exit 
suggests that this property is inherent in the glu- 
cose transporter of fat cells. It has been reported 
that the binding site for cytochalasin B on the 
glucose transporter of human erythrocytes faces 
the cell interior [22,23]. If this is the case also in 
fat cells, the difference between the glucose con- 
centration reported to half-inhibit cytochalasin B 
binding to the glucose transporter from fat cells 
(about 35 mmol. 1-1, [17]) and the glucose con- 
centration reported to half-inhibit entry of non- 
metabolizable sugars (about 8 mmol-1-1, [3,24]) 
could indicate an asymmetry of the kinetic param- 
eters for glucose transport similar to that found in 
the present studies on 3-O-[14C]methylglucose 
transport. 
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