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Cytosolic glucose concentration reflects the balance between
glucose entry across the plasma membrane and cytosolic glu-
cose utilization. In adipocytes, glucose utilization is considered
very rapid, meaning that every glucose molecule entering the
cytoplasm is quickly phosphorylated. Thus, the cytosolic free
glucose concentration is considered to be negligible; however, it
was nevermeasureddirectly. In the present study,wemonitored
cytosolic glucose dynamics in 3T3-L1 fibroblasts and adipocytes
by expressing a fluorescence resonance energy transfer (FRET)-
based glucose nanosensor: fluorescent indicator protein
FLIPglu-600�. Specifically, we monitored cytosolic glucose
responses by varying transmembrane glucose concentration
gradient. The changes in cytosolic glucose concentration were
detected in only 56%of 3T3-L1 fibroblasts and in 14%of 3T3-L1
adipocytes. In adipocytes, the resting cytosolic glucose concen-
tration was reduced in comparison with the one recorded in
fibroblasts. Membrane permeabilization increased cytosolic
glucose concentration in adipocytes, and glycolytic inhibitor
iodoacetate failed to increase cytosolic glucose concentration,
indicating low adipocyte permeability for glucose at rest. We
also examined the effects of insulin and adrenaline. Insulin sig-
nificantly increased cytosolic glucose concentration in adi-
pocytes by a factor of 3.6; however, we recorded no effect on
delta ratio (�R) in fibroblasts. Adrenaline increased cytosolic
glucose concentration in fibroblasts but not in adipocytes.How-
ever, in adipocytes in insulin-stimulated conditions, glucose
clearance was significantly faster following adrenaline addition
in comparisonwith controls (p< 0.001). Together, these results
demonstrate that during differentiation, adipocytes develop
more efficient mechanisms for maintaining low cytosolic glu-
cose concentration, predominantly with reduced membrane
permeability for glucose.

Adipocytes utilize glucose to supply energy needs for cellular
activities and to promote synthesis and storage of lipids in the
cell. Glucose utilization is regulated by the supply of intracellu-

lar glucose-6-phosphate. This, in turn, depends on the trans-
port of glucose across the cell membrane and its phosphoryla-
tion in the presence of hexokinase and ATP. Adipocytes
contain two isoforms of a family of proteins that facilitate trans-
port of glucose across the plasma membrane: GLUT1, the con-
stitutive glucose transporter located mainly at the plasma
membrane, and GLUT4, the insulin-sensitive glucose trans-
porter (1, 2). The effect of insulin to increase glucose uptake is
exerted by stimulating the translocation of GLUT4 from an
intracellular pool to the plasma membrane and thus increasing
the permeability of the plasma membrane to glucose (3, 4).
However, the accompanying changes in dynamics of intracel-
lular glucose concentration in a single adipocyte are not known
as, until recently, it was not possible to measure this parameter
directly. To image and quantify changes in cytosolic glucose,
Fehr et al. (6) constructed a fluorescence resonance energy
transfer (FRET)-based glucose nanosensor, specifically ex-
pressed in cytosol. Nanosensor consists of a bacterial periplas-
mic glucose/galactose-binding protein, flanked with two green
fluorescent protein variants, cyan (CFP) and yellow fluorescent
protein (YFP). This construct undergoes a decrease inYFP/CFP
ratio upon substrate binding and has been used successfully to
estimate changes in cytosolic free glucose concentration in
COS-7, CHO, HEK293, C2C12, and other cell types (5, 6).
Determination of intracellular concentration of free glucose

is of particular interest in insulin-sensitive cells (muscle and fat)
to study the glucose handling under different conditions.
3T3-L1 fibroblasts are derived from mouse embryonic tissue
and differentiate into adipocytes in vitro. Although 3T3-L1 adi-
pocytes do not absolutely reflect the situation in primary adi-
pocytes, because they exhibit different biology and physiology
during maturation (7, 8) in comparison with primary adipose
cells or adipocytes in vivo, 3T3-L1 adipocytes are still a useful
cell type in metabolic studies due to many advantages (9). Dur-
ing cell differentiation, glucose transport becomes highly sen-
sitive to insulin (10, 11) due to the expression of GLUT4, which
is lacking in fibroblasts (12, 13).
Here, 3T3-L1 fibroblasts and adipocytes, expressing the glu-

cose nanosensor FLIPglu-600�, were used to dynamicallymon-
itor intracellular glucose responses to varying external glucose
concentrations and insulin. Sympathetic nervous system activ-
ity has an important role in the regulation of energy metabo-
lism, including energy expenditure and lipolysis (14). Adrena-
line stimulates cAMP production and activation of PKA, which
activates glycogen phosphorylase and stimulates glycogen
breakdown and accumulation of glucose-6-phosphate (15). In
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skeletal muscle, adrenaline-stimulated accumulation of glu-
cose-6-phosphate inhibits hexokinase and free glucose accu-
mulates (16). However, the intracellular glucose concentration
after adrenaline action has not been examined yet.
Our results show that during differentiation from 3T3-L1

fibroblasts to adipocytes, the intracellular free glucose concen-
tration decreases. Insulin significantly increased cytosolic glu-
cose in adipocytes but not in fibroblasts. Furthermore, we
found that adrenaline increased cytosolic glucose concentra-
tion in fibroblasts, but not in adipocytes. Our results provide
new insights into the cytosolic glucose levels in 3T3-L1 adi-
pocytes during differentiation.

EXPERIMENTAL PROCEDURES

Chemicals—Dulbecco’s modified Eagle’s medium (DMEM),
calf serum (CS),3 dexamethasone, isobutylmethylxanthine,
HEPES, KCl, D-glucose (throughout the study referred to as
glucose), NaH2PO4, NaHCO3, Oil Red O, phosphate-buffered
saline (PBS), paraformaldehyde, bovine serum albumin (BSA),
goat serum, TritonX-100, adrenaline,�-escin, iodoacetate, and
2-deoxyglucose were purchased from Sigma. Sorbitol (D-gluci-
tol) was obtained from Calbiochem. Insulin was purchased
from Novo Nordisk (Bagsvaerd, Denmark). NaCl, NaOH, and
isopropyl alcohol were obtained fromMerck (Darmstadt, Ger-
many). CaCl2 � 6H2O was obtained from Riedel De Haen
(Seelze-Hannover, Germany). MgCl2 was purchased from
Kemika (Zagreb, Croatia). Anti-�2-adrenergic receptor and
anti-GLUT4 rabbit polyclonal antibodies were obtained from
Abcam (Cambridge, UK). Goat anti-rabbit IgG antibody and
light antifade kit were purchased from Invitrogen, Molecular
Probes.
Cell Culture and Cell Preparation—3T3-L1 fibroblasts were

grown in DMEM containing 10% CS, as described previously
(17). 3T3-L1 fibroblasts were seeded into tissue culture flasks
(25ml) and allowed to grow to 50–80% confluency tomaintain
fibroblast phenotype or allowed to grow to absolute confluency
for the differentiation procedure, respectively. Differentiation
was induced with DMEM containing 10% CS, 0.25 mM dexa-
methasone, 0.5mM isobutylmethylxanthine, and 174nM insulin
for 2 days (time 0 to day 2). After that, themediumwas replaced
with DMEM containing 10% CS and 174 nM insulin for the
following 2 days (days 2–4). On day 6, most of the cells were
differentiated (judged from their accumulation of lipid drop-
lets) and were transferred to DMEM (with 1000 mg/liter glu-
cose) containing 10% CS. Cells were cultured at 37 °C and 5%
CO2. Experiments were performed 2–6 days after cell prepara-
tion. 3T3-L1 cells kept at subconfluent density and not exposed
to differentiation medium were termed fibroblasts. After the
completed differentiation procedure, 3T3-L1 cells that exhib-
ited lipid droplets in the cytoplasmwere termed adipocytes; the
subpopulation of cells that was exposed to the differentiation
medium and expressed the glucose transporter GLUT4 (data
not shown) but had no lipid droplets was termed preadipocytes.
The bath solution for cell imaging consisted of (in mM) 131.8

NaCl, 1.8 CaCl2, 5 KCl, 10 HEPES/NaOH, 0.5 NaH2PO4, 5

NaHCO3 (pH 7.2). Glucose and sorbitol were added to this
solution at various concentrations. Extracellular solutions with
various glucose concentrations were superfused directly over
the cells using a gravity-fed eight-way superfusion device with
electrically controlled solenoid valves (Warner Instruments,
VC-8 valve controller, Hamden, CT). A constant volume of
extracellular solution within the recording chamber was main-
tained using a vacuum pump. Superfusion had a flow rate
between 5 and 10 ml/min.
3T3-L1 cells expressing the glucose sensor were permeabi-

lized by using �-escin (100 �M for 20–30 s (5)) to estimate the
intracellular glucose level and confirm the activity of the FLIP-
glu-600� sensor. The cell membrane permeabilization was
established when application and removal of outside glucose
caused almost instantaneous change in YFP/CFP ratio. The
bath solution was similar to that used for experimental record-
ings except for Ca2� being omitted from the milieu, and in
some experiments, the bath solution for recordings during cell
permeabilization consisted of (in mM) 145 KCl, 2 MgCl2, 10
HEPES/KOH, 10 D-glucose (pH 7.2) to prove no difference in
the response between the potassium-based and sodium-based
superfusion medium.
Immunocytochemical Staining—To identify the expression

of �2-adrenergic receptors and GLUT4 in 3T3-L1 fibroblasts
and adipocytes, the primary rabbit anti-�2-adrenergic receptor
and rabbit anti-GLUT4 antibodies (Abcam) were used and
markedwith secondary goat anti-rabbit antibody conjugated to
fluorescent dye Alexa Fluor 546 (Invitrogen, Molecular
Probes). 3T3-L1 cells were washed with PBS, fixed in 4% para-
formaldehyde in PBS for 15 min, and then incubated in 0.1%
Triton X-100 for 10 min at room temperature. Nonspecific
staining was reduced by incubating cells in blocking buffer con-
taining 3%BSAand 10%goat serum inPBS at 37 °C for 1 h. Cells
were stainedwith primary antibody (diluted 1:100 and 1:200) in
3% BSA in PBS at 37 °C for 2 h and secondary antibody (diluted
1:600) in 3% BSA in PBS and incubated for 45 min at 37 °C.
Subsequently, they were mounted using the light antifade kit
(Invitrogen, Molecular Probes). Fluorescence and transmitted
light images of immunostained 3T3-L1 fibroblasts and adi-
pocytes were acquired using a Zeiss LSM 510 confocal micro-
scope through a planapochromatic oil immersion objective
(�63, numerical aperture (NA) � 1.4), excited by the 543 nm
helium-neon laser line.
Nucleofection—Plasmid DNA (FLIPglu-600�) was extracted

from Escherichia coli DH5� and purified using a commercially
available protocol, the PureYield plasmid miniprep system
(Promega). Plasmid was introduced into 3T3-L1 cells by using
the Cell Line Nucleofector kit L (for Nucleofector II, Amaxa).
Briefly, after trypsinization and centrifugation of the cell sus-
pension, the pellet (1� 106 to 5� 106 cells) was resuspended in
100 �l of supplemented Nucleofector Solution L and mixed
with 3–5 �g of plasmid DNA. After nucleofection and centri-
fugation of the cell suspension, the cell pellet was resuspended
in cell culture medium. Cells were seeded onto poly-L-lysine-
coated coverslips and incubated in a humidified atmosphere at
37 °C and 5% CO2.
Fluorescence Microscopy—Imaging was performed 24–48 h

after nucleofection using a fluorescence microscope Zeiss
3 The abbreviations used are: CS, calf serum; IAA, iodoacetate; DOG, 2-deoxy-

glucose; ANOVA, analysis of variance; �R, delta ratio.
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Axiovert 135 (Zeiss, Oberkochen, Germany) equipped with a
Till photonics system and a CCD camera. Dual emission inten-
sity ratioswere recorded usingmonochromator Polychrome IV
(Till Photonics, Gräfeling, Germany) with 436 nm/10 nm exci-
tation and two emission filters (465 nm for CFP and 535 nm for
YFP) and neutral density filter (optical density � 0.6). YFP and
CFP images were acquired simultaneously using a Dual View
image splitter (Optical Insights, Tucson, AZ). For analysis,
background light intensity was subtracted from the individual
YFP andCFP emission. Images of fluorescent 3T3-L1 cells were
acquired through a water immersion objective C-Apochromat
(�63, numerical aperture (NA) � 1.2) at intervals of 10 or 20 s.
Exposure time was 700 ms.
Determination of Changes in YFP/CFP Ratio and Statistical

Analysis—FRET was determined as the YFP/CFP emission
intensity ratio. Ratio changes (�R)were calculated as the differ-
ence between average ratios during superfusion with glucose-
freemedium and superfusionwith glucosemedium. Intracellu-
lar glucose concentrations at respective extracellular glucose
were calculated using Equations 1 and 2. The minimum �R
(�Rmin) at the complete absence of glucose was measured
between two superfusions with glucose-free medium, and the
maximum �R (�Rmax), at saturation with glucose, was mea-
sured after permeabilization with �-escin (100 �M) at 10 mM

extracellular glucose.

S[Glc]extra � ��R[Glc]extra � �Rmin�/��Rmax � �Rmin� (Eq. 1)

[Glc]intra � �Kd � S[Glc]extra�/�1 � S[Glc]extra� (Eq. 2)

where [Glc]extra represents extracellular glucose concentration,
S[Glc]extra is the normalized value of �R at certain extracellular
glucose concentrations, andKd is the glucose binding affinity of
FLIPglu-600� and was determined in vitro to be 0.589 mM (6).

Unless stated otherwise, statistics are in the format of
mean � S.E. Differences between two samples were tested by
Student’s t test. If the normality test failed, we used a Mann-
Whitney rank sum test. Differences between three or more
samples and data with two independent variables were tested
by ANOVA analysis, as indicated, and tested post hoc by the
Holm-Sidak method when appropriate. If variances of samples
were not equal, we used ANOVA on ranks and tested post hoc
by the Dunn’s method when appropriate. Regression analysis
was carried out by standard techniques (Sigma Plot software;
SPSS, Inc., Chicago, IL).

RESULTS

Effect of Extracellular Glucose Concentration on YFP/CFP
Ratio in 3T3-L1Cells—3T3-L1 cells were nucleofectedwith the
low affinity glucose nanosensor FLIPglu-600�, which was tran-
siently expressed in the cytosol (Fig. 1A, right). To study and
quantify changes in cytosolic glucose due to different concen-
trations of extracellular glucose supply, the YFP/CFP ratio of
the nanosensor was recorded. Fig. 1B shows a representative
recording of the average YFP/CFP ratio of an entire cell in an
adipocyte. The addition of 7.5 mM extracellular glucose
induced a decrease in YFP/CFP ratio due to accumulation of
free glucose in cytosol. Upon removal of extracellular glucose, the
YFP/CFP ratio returned to its original value, indicating utilization

and clearance of cytosolic glucose. During this process, the delta
ratio (�R)was ameasure for changes in cytosolic free glucose con-
centration.Fig. 1B, rightpanel, showspseudocoloredcell imagesof
theYFP/CFP ratio at low (upper image) and at high (7.5mM, lower
image) extracellular glucose concentrations.
To examine the dynamics of changes in the YFP/CFP ratio

due to external glucose supply, cells were superfused with
increasing concentrations of extracellular glucose alternating
with glucose-free superfusions (Fig. 2). The data of the YFP/
CFP ratio changes were compared among three groups of
3T3-L1 cells: fibroblasts, preadipocytes, and adipocytes (see
“Experimental Procedures”). The transfection efficiency of
FLIPglu-600� was 6.4% in fibroblasts and 1.4 and 2.5% in prea-
dipocytes and adipocytes, respectively. Interestingly, in many
transfected cells, the nanosensor did not respond to alternating
extracellular glucose concentrations (Fig. 2D). To further study
this phenomenon, we counted responsive and unresponsive
cells to alternating extracellular glucose concentrations for
each of the three cell groups and calculated the corresponding
percentages (Table 1). Glucose nanosensor in fibroblasts and

FIGURE 1. The expression and the activity of glucose nanosensor. A, a
transmitted light image (left) and a fluorescence image (right) of a 3T3-L1
adipocyte transiently expressing the glucose nanosensor FLIPglu-600� in the
cell cytoplasm. Black spots on the fluorescent cell image are lipid droplets and
cell organelles. Scale bar, 20 �m. B, diagram showing modulations of the ratio
between fluorescence intensities of YFP and CFP in response to changes in
external glucose concentration in a single cell. The cell was incubated in
extracellular glucose-free medium (bottom straight horizontal line), and dur-
ing superfusion, the cell was supplied with 7.5 mM extracellular glucose (rec-
tangular box). The diagram also presents the parameters measured in exper-
iments. The red dashed line marks the rate of ratio decline over time (dR/dt)
during the time of superfusion with glucose medium until the steady state in
YFP/CFP ratio was reached, as a measure for the rate of glucose load, and the
green dashed line marks the rate of ratio increase over time (dR/dt) during the
time of superfusion with glucose-free medium until the steady state in ratio
was reached, as a measure for the rate of glucose clearance. The vertical arrow
marks the amplitude (�R) of the YFP/CFP ratio change after the addition and
removal of glucose from the extracellular solution, respectively (left panel).
Pseudocolored ratio images (right panel) show glucose-dependent YFP/CFP
ratio changes. Red indicates high ratio or low glucose (1, upper cell image; 0
mM Glc in extracellular solution), and blue indicates low ratio or high glucose
(2, lower cell image; 7.5 mM Glc in extracellular solution). Scale bar, 10 �m.
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preadipocytes responded in about half (56 and 45%, respec-
tively) of cells examined, whereas in adipocytes, the responsive-
ness was only 14%. In all three cell groups (Fig. 2, A–C), a step-
wise increment of external glucose concentration led to an
increasing delta ratio in responsive cells. The maximal average
delta ratio of adipocytes (Fig. 2C) was lower than in fibroblasts
(Fig. 2A). In 86% of adipocytes, no YFP/CFP ratio change was
observed upon the addition and removal of extracellular glu-
cose (Fig. 2D).
Membrane Permeabilization Increases the Responsiveness of

3T3-L1 Cells—To test whether the non-responsive cells
express an active glucose nanosensor, we permeabilized the cell
membrane of 3T3-L1 cells with �-escin (100 �M) to facilitate
glucose entry into the cell (18). After permeabilization of non-
responsive cells, the addition and removal of extracellular glu-
cose resulted in an almost instantaneous change in YFP/CFP

ratio (Fig. 3A), indicating that the lack of response was not due
to an inactive glucose nanosensor. In addition, normally
responsive cells exhibited an increase in delta ratio after mem-
brane permeabilization in comparison with the delta ratio
beforemembrane permeabilization (Fig. 3B). Exposure of fibro-
blasts to extracellular glucose (10 mM) resulted in the average
delta ratio of 0.105 � 0.007 (n � 11), whereas after membrane
permeabilization, the average �R increased to 0.125 � 0.013
(n � 6; Fig. 3C, black columns) which was, however, not signif-
icantly higher. In adipocytes, the average delta ratio at 10 mM

extracellular glucosewas significantly lower (0.060� 0.008;n�
8) when compared with fibroblasts (Fig. 3C, p � 0.01, two-way
ANOVA). However, after membrane permeabilization with
�-escin, the delta ratio in adipocytes increased significantly to
0.118 � 0.007 (n � 9; p � 0.001, Fig. 3C, white columns). Com-
parisons of the rates of the YFP/CFP ratio changes after appli-
cation of �-escin show no significant differences in the rate of
glucose load (dR/dt) between adipocytes and fibroblasts (data
not shown). To verify the activity of nanosensor in the cytosolic,
potassium-rich environment, we used a potassium-based
superfusion medium during the cell permeabilization with
�-escin. The results were similar (data not shown) to that in
which the sodium-based medium was used, confirming that
under both conditions, the nanosensor was operational.
To further test whether the activity of hexokinase signifi-

cantly contributes to the non-responsiveness of adipocytes, we
treated cells with the glycolytic inhibitor iodoacetate (IAA).
IAA selectively blocks the glycolytic enzyme glyceraldehyde-3-
phosphate dehydrogenase, which leads to accumulation of glu-
cose-6-phosphate and thus inhibition of hexokinase. After pro-
longed exposure of non-responsive cells to IAA (100 �M), cells
still did not respond to increased extracellular glucose concen-
tration (n � 4, Fig. 3C).
Differentiation State-dependent Response of 3T3-L1 Cells to

External Glucose Supply—We plotted the delta ratios obtained
at different external glucose concentrations; the curves were
determined by non-linear regression (Fig. 4A). In all three cell
groups, delta ratios increased with increasing extracellular glu-
cose concentration until saturation was reached above 5 mM

external glucose. Statistical analysis (one-way ANOVA)
showed that delta ratios obtained upon the addition of extra-
cellular glucose in adipocytes (Fig. 4A, filled triangles) are sig-
nificantly smaller when compared with both fibroblasts (Fig.
4A, filled symbols) and preadipocytes (Fig. 4A, filled squares) at
a concentration of 5 mM (p � 0.001) and when compared with
fibroblasts at a concentration of 10mM (p � 0.05), respectively.
There were no significant differences between delta ratios of
fibroblasts and preadipocytes. At 5 mM extracellular glucose,
insulin was applied to fibroblasts and to adipocytes, respec-
tively. Although there was no particular effect of insulin on �R
(0.111 � 0.005 before and 0.113 � 0.005 after insulin stimula-
tion) in fibroblasts (Fig. 4A, gray circle), there was, however, a
significantly higher �R obtained after insulin stimulation
(0.088� 0.017) in adipocytes (Fig. 4A, gray triangle) when com-
pared with non-stimulated conditions (0.055 � 0.005; p �
0.05). In Fig. 4A, open symbols denote delta ratio in cells with no
apparent response to extracellular glucose. To estimate the
intracellular glucose concentrations at different extracellular

FIGURE 2. Effect of a stepwise increment of extracellular glucose concen-
trations on YFP/CFP ratio. Representative glucose-dependent YFP/CFP
ratio changes are shown in a fibroblast (A), in a preadipocyte (B), and in an
adipocyte (C). D, a representative recording of adipocytes with no response to
extracellular glucose (in 86% of cells). Numbers under the gray step-like traces
indicate the concentration of extracellular glucose (in mM). Scale bars on all
images: 20 �m.

TABLE 1
Responsiveness (in percentages) to extracellular glucose in three
3T3-L1 cell groups
n represents number of cells examined.

n
% of responsive

cells
% of unresponsive

cells

Fibroblasts 32 56.3 43.7
Preadipocytes 109 45.0 55.0
Adipocytes 133 14.3 85.7
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glucose supply, we usedEquations 1 and 2.�Rminwasmeasured
during two superfusions with glucose-free medium, �Rmax was
determined as the average �R obtained after permeabilization
with�-escin, andKd is 0.589�Masmeasured in vitro (6). Results
are summarized in Fig. 4B. Cytosolic glucose levels increasedwith
increasing extracellular glucose. In fibroblasts, the cytosolic glu-
cose concentration yielded values up to 5 mM, and in preadi-
pocytes, the cytosolic glucose concentration yielded values up
to 2.5 mM; however in adipocytes, cytosolic glucose did not
exceed 1 mM. Fitting the one-site saturation ligand binding
curve to the data of cytosolic glucose concentrations yielded the
predicted maximal values of cytosolic glucose concentration
(Fig. 4B, dashed lines): 10.23 mM for fibroblasts, 2.63 mM for
preadipocytes, and 0.58 mM for adipocytes. In insulin-stimu-
lated adipocytes (gray triangle), cytosolic glucose concentration
(1.57 mM) increased by a factor of 	4 when compared with
non-stimulated adipocytes (0.44 mM), whereas in fibroblasts,
the cytosolic glucose concentration did not increase signifi-
cantly after insulin stimulation. Rates of glucose load and clear-
ance were calculated as derivatives of the YFP/CFP ratio over
time (dR/dt). The rate of glucose load was calculated from the
time of glucose addition in extracellular solution to the time
when the ratio reached a steady state (Fig. 1B, red dashed line),
and the rate of glucose clearancewas calculated from the begin-
ning of superfusionwith glucose-freemedium to the timewhen
the ratio reached a steady state (Fig. 1B, green dashed line).
Results are summarized in Fig. 4C. We compared the rates
between different external glucose supplies (one-way
ANOVA). In fibroblasts (black bars), there was a significantly
smaller rate of glucose load measured at 1 mM glucose when
comparedwith 2.5 and 5mMglucose concentrations (p� 0.01).
In preadipocytes (gray bars) and in adipocytes (white bars),
there were no significant differences in glucose load at different
external glucose concentrations. We then compared the rates
of glucose load between all three cell groups. Statistical com-
parison shows a significantly slower rate of glucose load in adi-
pocytes when compared with preadipocytes at external glucose
concentrations of 5 mM (p � 0.05). There were no significant
differences between basal and insulin-stimulated (data not
shown) rates of glucose load. Fig. 4C, right panel, summarizes
the rates of glucose clearance, which were normalized to the
glucose concentration gradient across the plasma membrane;
we have taken into account the measured values of cytosolic
glucose concentrations in Fig. 4B at particular extracellular glu-
cose levels. In fibroblasts, the rate of glucose clearance
decreased with increasing glucose concentration gradient
across the plasma membrane (p � 0.001 for 1 mM versus all
higher concentrations). Preadipocytes show a significantly
higher glucose clearance rate (p � 0.01) at 1 mM when com-
pared with 5, 7.5, and 10 mM external glucose concentrations,

FIGURE 3. Intracellular glucose levels increased in cells permeabilized
with �-escin. A, the initial part of the recording shows a representative
recording of the YFP/CFP ratio in a 3T3-L1 adipocyte devoid of response to
the exposure to 10 mM extracellular glucose concentration. However, the
application of 100 �M �-escin (black box) for 20 –30 s caused the nanosensor
to respond reversibly to the 10 mM extracellular glucose pulses (rectangular
boxes), indicating the normal function of the FLIPglu-600� sensor. The appli-
cation of �-escin caused an artifact, which was not displayed (//). B, represent-
ative recording of the YFP/CFP ratio in a 3T3-L1 adipocyte that normally
responded to the addition of extracellular glucose before the �-escin appli-
cation. However, after the membrane permeabilization, the delta ratio signif-
icantly increased. C, representative recording of the YFP/CFP ratio changes in
3T3-L1 adipocyte unresponsive to 10 mM extracellular glucose concentration.
The exposure of cell to iodoacetate (100 �M), an inhibitor of glycolysis, failed

to provoke a response to extracellular glucose. Subsequent application of
�-escin caused the nanosensor to respond reversibly to the 10 mM extracel-
lular glucose pulse. D, histogram shows delta ratio during changes in extra-
cellular glucose from 0 to 10 mM in fibroblasts (black columns) and in adi-
pocytes (white columns) before and after permeabilization with �-escin.
Numbers above columns indicate numbers of cells tested; error bars show S.E.
Asterisks indicate significant differences (**, p � 0.01 and ***, p � 0.001, two-
way ANOVA).
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FIGURE 4. Determination of cytosolic glucose concentration at different external glucose levels. A, extracellular glucose-dependent mean �R of 3T3-L1
fibroblasts, preadipocytes, and adipocytes. Delta ratios were calculated as the difference between the average YFP/CFP ratios during superfusion with and
without glucose in the superfusion medium. The numbers adjacent to the symbols indicate the numbers of measurements for explicit extracellular glucose
concentrations (conc.) obtained from responsive (filled symbols) and unresponsive (open symbols) cells to alternating extracellular glucose concentration. Gray
symbols denote insulin (INS)-stimulated measurements. White diamonds are mean measurements of permeabilized cells with �-escin. Differences in delta ratios
were compared: �R of adipocytes versus �R of fibroblasts (*); �R of adipocytes versus �R of preadipocytes (a); �R of insulin-stimulated versus �R of non-
stimulated conditions (b); �R of permeabilized versus �R of non-permeabilized cells (�). Statistical significance is denoted: * and b, p � 0.05; ��, p � 0.01; aaa
and ***, p � 0.001. For statistical comparison of groups, Student’s t test and ANOVA analysis were employed. The curves represent best fits obtained by
non-linear regression and the equation �r � (�Rmax � [Glc]extra)/(Kd � [Glc]extra). B, ratio changes were transformed into cytosolic glucose concentrations using
Equations 1 and 2. Gray symbols denote mean values of cells stimulated with insulin. Note that in insulin-stimulated adipocytes, cytosolic glucose concentration
increased by a factor of 3.6 when compared with non-stimulated adipocytes. Solid lines are best fits of one-site saturation ligand binding curve. Dashed gray
lines represent the predicted maximal values of cytosolic glucose concentrations: 10.2 mM in fibroblasts, 2.6 mM in preadipocytes, and 0.6 mM in adipocytes.
C, rates of glucose load and clearance at different external glucose supply in fibroblasts (Fibro, black bars), preadipocytes (Preadipo, gray bars), and adipocytes
(Adipo, white bars). Statistically significant differences between rates of different cell groups at the same external glucose supply are denoted: *, p � 0.05; **, p �
0.01; ***, p � 0.001. The rate of glucose load in fibroblasts at 1 mM extracellular glucose is significantly slower from all higher concentrations of glucose supply
(aa). The rate of glucose clearance in fibroblasts at 1 mM is significantly slower when compared with rates at all higher external glucose concentrations (aaa),
and the rate of glucose load in preadipocytes at 1 mM is significantly slower when compared with rates at 5, 7.5, and 10 mM external glucose concentrations (bb).
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respectively. Adipocytes show no significant differences of glu-
cose clearance rate at different external glucose supply. Com-
parison of the glucose clearance rates between all three cell
groups revealed a significantly higher rate in fibroblasts when
compared with preadipocytes (p � 0.05) at 1 mM extracellular
glucose concentration. Adipocytes show a significantly higher
rate of glucose clearance when compared with fibroblasts and
preadipocytes at 5, 7.5, and 10 mM extracellular glucose con-
centrations (p � 0.001). These results are consistent with the
view that the rate of glucose load is slower in adipocytes than in
fibroblasts and that the rate of normalized glucose clearance is
higher in adipocytes than in fibroblasts.
Glucose Dynamics in the Presence of 2-Deoxyglucose—The

glucose analog 2-deoxyglucose (DOG) is widely used in glucose
metabolic studies as it inhibits hexokinase by the accumulation
of 2-deoxyglucose phosphate (19, 20) and thus acts as an inhib-
itor of glucose metabolism and also as a competitive inhibitor
for glucose transport. The glucose nanosensor FLIPglu-600� is
insensitive to DOG concentrations of 	10–30 mM, which is
lower than the reported sensitivity of the FLIPglu-600� at
100
mM (5, 6). We superfused cells with DOG in the absence and
presence of 10 mM glucose (Fig. 5A). The rate of glucose load
during the first glucose/DOG superfusion was reduced in both

cell groups, likely due to competition between glucose and
DOG for glucose transporters (Fig. 5B). In fibroblasts, the rate
of glucose load was significantly reduced (in 10�3 arbitrary
units/s) from 0.79� 0.14 to 0.30� 0.07 (p� 0.01; two-way RM
ANOVA), whereas in adipocytes, the reduction was not signif-
icant, from 0.41 � 0.04 to 0.21 � 0.05 (Fig. 5B, left panel).
During the second glucose/DOG superfusion, the glucose load
rate increased in fibroblasts (0.69 � 0.12), as well as in adi-
pocytes (0.57 � 0.12, p � 0.01, when compared with glucose
load rate during the first glucose/DOG superfusion). This indi-
cates that although the glucose influx is partially inhibited due
to the competition with DOG, glucose phosphorylation is even
more reduced, probably due to the inhibition of hexokinase;
therefore, free glucose accumulates. This is also supported by
lower YFP/CFP ratio in both cell groups (Fig. 5A). After first
and secondwashout of glucose from extracellularmediumwith
superfusion in the presence of DOG, in fibroblasts (Fig. 5B,
right panel), the rate of glucose clearance gradually decreased
(0.65� 0.05 and 0.38� 0.05; p� 0.05)when comparedwith the
rate of clearance in the absence of DOG (0.91 � 0.16). This
result is consistent with hexokinase inhibition byDOG (19, 20).
In adipocytes, the rate of glucose clearance significantly
increased after the first (0.99 � 0.19; p � 0.001) and also after

FIGURE 5. Intracellular glucose levels in the presence of 2-deoxyglucose. A, representative recordings of the YFP/CFP ratio in a 3T3-L1 fibroblast (left panel)
and a 3T3-L1 adipocyte (right panel) superfused with DOG (30 mM) in the presence or absence of 10 mM extracellular glucose (rectangular boxes). B, the effect
of DOG on the rate of glucose load (left panel) after the addition of extracellular glucose (10 mM) and clearance (right panel) obtained after superfusion with
glucose-free extracellular solution in fibroblasts (black dots) and in adipocytes (white dots), measured as dR/dt. The numbers adjacent to the symbols indicate
the numbers of cells tested; error bars show S.E. Significant differences are denoted: a and *, p � 0.01; **, p � 0.01; ***, p � 0.001, two-way RM ANOVA.
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the second (0.89 � 0.13) washout of glucose when compared
with the rate in the absence of DOG (0.54 � 0.12; Fig. 5B, right
panel). Experiments were performed on 5 fibroblasts and 10
adipocytes, and data were analyzedwith two-way RMANOVA.
Effect of Insulin and Adrenaline on YFP/CFP Ratio in Fibro-

blasts and Adipocytes—To study the effect of insulin on the
YFP/CFP ratio, cells were superfused alternately with high glu-
cose (5 mM) and glucose-free medium, and during these alter-
nations, insulin was added to reach a final concentration of 100
nM (Fig. 6, A and B). Consistent with experiments shown in
Table 1 and Fig. 4, there was again a high percentage of cells
(33% of fibroblasts and 93% of adipocytes) where no response
was detected to alternating extracellular glucose concentra-
tions, and also, none of these cells responded after insulin appli-
cation (data not shown). In responsive fibroblasts (Fig. 6A),
insulin caused a small, but not statistically significant, decrease
in the delta ratio. Importantly, in responsive adipocytes, insulin
stimulation at high glucose concentrations resulted in a signif-
icantly increased (p� 0.01) delta ratio when comparedwith the
delta ratio recorded prior to the application of insulin (Fig. 6B).
This result is consistent with the view that insulin augments the
permeability for glucose entry into adipocytes.
The effect of adrenaline onbasal and insulin-stimulatedYFP/

CFP ratio changeswas examined. The presence of�-adrenergic
receptors in fibroblasts and in adipocytes was confirmed by
immunocytochemical labeling (data not shown). Cells were
superfused with extracellular solution containing alternating
glucose concentrations without (Fig. 6,C andD) or with 100 nM
insulin (Fig. 6, E and F). During the experiment, adrenaline was
added into the superfusion solution to reach a final concentra-
tion of 1 �M. In basal conditions, adrenaline increased �R in
both cell groups, whereas in insulin-stimulated conditions,
adrenaline did not cause any significant change in the delta
ratio (Fig. 6, E and F).
Statistical analyses of delta ratios of responsive cells due to

glucose entry after insulin and adrenaline stimulation, respec-
tively, are summarized in Fig. 6G (two-way RM ANOVA). In
fibroblasts, the average�R at 5mM external glucose was 0.12�
0.01; after insulin action, �R did not change significantly and
was 0.11� 0.01 (n� 8). Adipocytes responded to 5mM glucose
with �R of 0.06 � 0.01. Insulin stimulation caused a significant
increase in �R to a value of 0.09 � 0.02 (n � 5; p � 0.01),
consistent with data in Fig. 4 (non-paired) and the view that
insulin enhances the permeability of the plasma membrane for
glucose in adipocytes. In cells stimulated with adrenaline, there
was an increased cytosolic glucose concentration. In fibro-
blasts, �R increased from 0.09 � 0.02 to 0.12 � 0.02 (n � 7),
which is statistically significant (p � 0.05). Adipocytes
responded to 5mM extracellular glucose after adrenaline appli-
cation with �R of 0.07 � 0.01, which was higher but not signif-
icantly different from �R before adrenaline application (0.06 �
0.01). Adrenaline application had no significant effects on cyto-
solic glucose dynamics in insulin-stimulated 3T3-L1 cells; in
fibroblasts, the �R decreased from 0.12 � 0.01 to a 0.11 � 0.01
(n � 7), whereas in adipocytes, �R slightly increased after
adrenaline application from 0.068 � 0.003 to 0.074 � 0.004
(n � 7).

FIGURE 6. Effects of insulin and adrenaline on �R. A and B, the graphs show
a real time recording of the YFP/CFP ratio during the superfusion with alter-
nating glucose concentrations (0 and 5 mM). Insulin (100 nM) was present in
extracellular medium during the second half of the experiment (lower bar).
Gray arrows represent the delta ratio before (�R) and after (�R�) the addition
of insulin. The numbers in the boxes indicate the concentration of extracellular
glucose (in mM), and the lines between the boxes indicate the glucose-free
solution. C and D, the graphs show YFP/CFP ratio recordings in a fibroblast (C)
and in an adipocyte (D) during the superfusion with alternating glucose con-
centrations (0 and 5 mM) before and after adrenaline application. ins, insulin.
E and F, representative recordings of the effect of adrenaline on insulin-stim-
ulated YFP/CFP ratio change in fibroblast (E) and adipocyte (F). Insulin (100
nM) was present in the extracellular solution from the start of the recording
(ins, middle bar), whereas adrenaline (adr, 1 �M) was added in the second part
of the experiment (lower bar). Gray arrows represent delta ratio before (�R)
and after (�R�) the addition of 1 �M adrenaline. G, scatter-line plot shows �R
before and after insulin addition (left), adrenaline addition (middle), and
adrenaline addition in insulin-stimulated cells (right) in fibroblasts (Fibro,
black symbols) and in adipocytes (Adipo, white symbols). Numbers adjacent to
symbols indicate number of cells tested; error bars show S.E. Asterisks indicate
significant differences (*, p � 0.05; **, p � 0.01; aaa, ***, p � 0.001; two-way
RM ANOVA).
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To further study the effect of adrenaline on intracellular glu-
cose dynamics, we measured the rate of the YFP/CFP ratio
change. The rates of glucose load and clearance were measured
as the derivative of the YFP/CFP ratio change over time (dR/dt)
(see results in Fig. 4C and the legend for Fig. 1B). The average
rates of the YFP/CFP ratio changes during insulin or adrenaline
stimulation are shown in Fig. 7. In basal conditions, the rate of
glucose load (in 10�3/s) after adrenaline addition did not
change significantly (Fig. 7A) in fibroblasts (from 0.75� 0.14 to
0.79� 0.21; n� 6) or in adipocytes (from 0.35� 0.07 to 0.39�
0.05; n � 7). Similar changes were observed in insulin-stimu-
lated conditions; the rate of glucose load after adrenaline addi-
tion slightly increased in fibroblasts from 0.61 � 0.04 to 0.68 �
0.04 (n � 7) and also in adipocytes from 0.57 � 0.08 to 0.61 �
0.07 (n � 7). In insulin-stimulated conditions, the rate of glu-
cose load in adipocytes reached that in fibroblasts. The rate of
the YFP/CFP ratio increase due to washout of external glucose
(Fig. 7B) did not change significantly after adrenaline addition
in basal conditions (from 1.17 � 0.18 to 1.08 � 0.11 in fibro-

blasts, n� 6, and from 0.35� 0.08 to 0.57� 0.14 in adipocytes,
n � 7), but the overall clearance rate was significantly slower in
adipocytes when compared with fibroblasts (Fig. 7B, left panel).
In insulin-stimulated conditions (Fig. 7B, right panel), the rate
of glucose clearance after adrenaline addition did not change in
fibroblasts (from1.51� 0.04 to 1.59� 0.07; n� 7). However, in
adipocytes, it increased significantly (p � 0.001) with adrena-
line stimulation to 1.38� 0.21when comparedwith 0.92� 0.16
(n � 5). In adipocytes, the rate of glucose clearance was lower
than in fibroblasts only before the adrenaline addition (p �
0.01). All statistics were analyzed with two-way RM ANOVA.

DISCUSSION

We investigated the dynamics of intracellular glucose con-
centration in single 3T3-L1 cells. We used a FRET-based glu-
cose nanosensor FLIPglu-600�, which undergoes a decrease in
YFP/CFP ratio upon binding of glucose and is insensitive to
phosphorylated glucose or glycolytic intermediates (6). Intra-
cellular glucose concentration reflects the balance of glucose

FIGURE 7. The effect of adrenaline (adr, 1 �M) application on the rate of glucose load and clearance measured as dR/dt. A, the rate of glucose load
obtained after the addition of extracellular glucose (5 mM) in fibroblasts (Fibro, black columns) and in adipocytes (Adipo, white columns) in basal (left panel) and
insulin-stimulated (ins, 100 nM, right panel) conditions. B, the rate of glucose clearance obtained after superfusion with glucose-free extracellular solution in
fibroblasts (black columns) and in adipocytes (white columns) in basal (left panel) and insulin-stimulated (100 nM, right panel) conditions. Numbers above
columns indicate the number of cells tested; error bars show S.E. Asterisks indicate significant difference (*, p � 0.05; **, p � 0.01; ***, p � 0.001; two-way RM
ANOVA).
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entry across the plasma membrane and glucose phosphoryla-
tion. Biochemical analysis of intracellular concentration of free
glucose in intact tissue is difficult because correction of extra-
cellular glucose is hard to do accurately. Here, we examined the
effect of alternating extracellular glucose concentration on
YFP/CFP ratio and the effects of insulin and adrenaline on
intracellular glucose dynamics.
TheEffect of Alternating ExtracellularGlucoseConcentration

on YFP/CFP Ratio and on Cytosolic Glucose Concentration—
3T3-L1 cells were transfected with DNA construct encoding
FLIPglu-600� glucose nanosensor, which was expressed in the
cytosol (Fig. 1A). After exposing cells to high glucose, the YFP/
CFP ratio dropped, indicating an elevated concentration in
cytosolic glucose (Fig. 1B). Removal of extracellular glucose led
the YFP/CFP ratio to return to a starting value, demonstrating
the reversibility of glucose binding to the nanosensor (Fig. 1B),
as reported for other cell types (6).
We compared YFP/CFP ratio changes due to different con-

centrations of externally supplied glucose among three groups
of cells: fibroblasts, preadipocytes, and adipocytes (see “Exper-
imental Procedures”). Ratio changes (�R) were calculated as
the difference between average ratios during superfusion with
glucose-free medium and superfusion with glucose medium. A
stepwise increment of external glucose concentrations led to an
increase of delta ratio in all three cell groups (Fig. 2, A–C). The
surprising observation was that in many cells, especially adi-
pocytes, external glucose did not cause a change in YFP/CFP
ratio (Fig. 2D).
From all cells tested (Table 1), we found that a major portion

of adipocytes (86%) did not respond to external glucose; among
fibroblasts and preadipocytes, 45 and 56% of cells were unre-
sponsive, respectively. It is unlikely that the unresponsiveness is
due to an inactive sensor because membrane permeabilization
with �-escin (5) restored the responsiveness (Fig. 3A). We can-
not exclude the possibility that in unresponsive cells, the glu-
cose uptake is reduced to such an extent that the glucose utili-
zation equals glucose uptake, and therefore, no free glucose is
available to be detected by the nanosensor. Therefore, it is likely
that in non-responsive cells, mechanisms responsible for glu-
cose handling prevent any free glucose from appearing in the
cytosol.
Membrane permeabilization by �-escin in cells that

responded to altering extracellular glucose concentration re-
sulted in an increase in the response. This indicates that cyto-
solic free glucose concentration considerably depends on the
membrane permeability for glucose (Fig. 3B). Treatment with
�-escin resulted in an increased delta ratio in fibroblasts and in
adipocytes. However, in fibroblasts, this difference was not sig-
nificant (Fig. 3C, left columns), whereas in adipocytes, there was
a statistically significant increase in the delta ratio after permea-
bilization with�-escin (Fig. 3,B andC, right columns), reaching
the value recorded in fibroblasts. This result suggests that the
membrane permeability of adipocytes is relatively lower in
comparisonwith that in fibroblasts. Consequently, the free glu-
cose that enters the cell is rapidly phosphorylated by hexoki-
nase, and therefore, its concentration is low or even below the
level of detection by FLIPglu-600� (	70 �M). These results are
also consistent with recent findings (5) that the rate of glucose

uptake has a profound effect on the level of intracellular free
glucose.
In all three cell groups, the delta ratiowas increasing until the

saturation reached above 	5 mM external glucose (Fig. 4A). In
adipocytes, the average delta ratios at 5 mM extracellular glu-
cosewere significantly smaller when comparedwith both fibro-
blasts and preadipocytes (Fig. 4A). We estimated the cytosolic
glucose concentration by using the Kd determined in vitro (6)
and �Rmax measured after membrane permeabilization in cal-
culations. Results indicate that there is a lower concentration of
free glucose in adipocytes when compared with fibroblasts or
compared with preadipocytes in the same extracellular glucose
environment, which can be explained by at least two simulta-
neous mechanisms. 1) Adipocytes have a relatively diminished
resting membrane permeability for glucose, which leads to a
lower influx of glucose into the cell and therefore to a smaller
ratio change after binding to nanosensor. 2) Themetabolism in
adipocytes may be very efficient in glucose utilization, and
therefore, glucose that enters into the cytosol is rapidly phos-
phorylated, and therefore, not detected by the nanosensor. The
gradually smaller cytosolic free glucose concentration from
fibroblasts to adipocytes could be explained by the maturing of
glucose-handling machinery in the direction of maintaining
low cytosolic glucose concentration, which includes increased
glycogen synthesis and glucose metabolism and decreased
membrane permeability for glucose. It has been already
reported that GLUT1 on the surface of 3T3-L1 adipocytes has
attenuated intrinsic activity when compared with GLUT1 of
fibroblasts (21). Due to differences in the expression of glucose
transporters (1, 2, 12, 13, 23), the fibroblast membrane is con-
stitutively relatively more permeable for glucose, whereas the
plasma membrane of adipocytes becomes more glucose-per-
meable only after insulin action and translocation of GLUT4 to
the plasma membrane, which we demonstrated by the 3.6-fold
increase in cytosolic glucose concentration (Fig. 4B). The lower
glucose load rate in adipocyteswhen comparedwith both fibro-
blasts and preadipocytes at high (5 mM and above) external
glucose concentrations (Fig. 4C) also supports the notion of a
relatively lower membrane permeability for glucose in adi-
pocytes versus fibroblasts. Furthermore, results obtained with
the glycolytic inhibitor (22) IAA show that even after prolonged
exposure of non-responsive adipocytes to IAA, glucose does
not accumulate in cells (Fig. 3C). This result suggests that either
IAA does not adequately inhibit glycolysis (which is possible
but less likely) ormembrane permeability for glucose is low.On
the other hand, very efficient metabolism in adipocytes is sup-
ported by the significantly higher rate of glucose clearance in
adipocytes when compared with fibroblasts and preadipocytes
(Fig. 4C, right panel). Results with DOG show a significantly
higher rate of glucose load after second treatment with Glc/
DOG (Fig. 5B), indicating that glycolysis was inhibited in both
fibroblasts and adipocytes. In fibroblasts, a gradually decreased
rate of glucose clearance after inhibition of glycolysis by DOG
also supports this. In adipocytes, however, the rate of glucose
clearance in the presence of DOG was significantly increased,
which cannot be explained by the inhibition of glycolysis; thus,
themechanism remains to be studied in the future. Still, after 10
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min with DOG, intracellular glucose increased as expected
when external glucose was added (Fig. 5A).
The Effect of Insulin and Adrenaline on Cytosolic Glucose

Concentration—Insulin plays an important role in adipocytes,
not only for glucose permeability but also in metabolism of
these cells (24–27). Although the concept of glucose-induced
insulin resistance is well documented, the underlying mecha-
nisms are still not well understood.
We examined the effect of insulin on cytosol glucose dynam-

ics. Fibroblasts responded to insulin with no significant change
in the cytosolic glucose concentration (Figs. 4B and 6A). Adi-
pocytes responded with a significant increase in the delta ratio
(	50%) following the insulin addition (Fig. 6B), resulting in
3.6-fold increase in cytosolic glucose concentration, which
reached 1.6 mM (Fig. 4B). These results are consistent with an
increase in cytosolic glucose due to insulin-facilitated glucose
transport across the cell membrane by GLUT4 in adipocytes
(10, 11). However, the novel aspect obtained by these experi-
ments is that the value of 1.6 mM intracellular free glucose is
considerably below the glucose concentration measured in
fibroblasts (4.3 mM) at the same extracellular glucose environ-
ment. Considering the fact of increased glucose permeability in
insulin-stimulated adipocytes, these data support the idea that
glucose utilization in adipocytes becomes even more efficient
after insulin action. In skeletal muscle, insulin does not
increase the intracellular concentration of free glucose (16)
unless the extracellular concentration of glucose is high (28).
These data indicate that in the flux through the glycolytic
pathway, glucose transport is slower than the activity of
hexokinase in 3T3-L1 cells in basal and in insulin-stimulated
conditions. The fact that some, but not all, cells responded
with elevated concentration of free glucose shows that
3T3-L1 adipocytes are a heterogeneous population, which is
not observed in biochemical analysis.
3T3-L1 adipocytes express three subtypes of �-adrenergic

receptors (29), and the �3-adrenergic receptor has been found
to be dramatically increased (30) after differentiation. Several
mechanisms have been proposed by which �-adrenergic recep-
tor stimulation may affect insulin-stimulated glucose uptake in
3T3-L1 and rat adipocytes (12, 31–34).
To investigate how adrenergic receptor stimulation affects

YFP/CFP ratio changes, we treated basal and insulin-stimu-
lated cells with 1�M adrenaline. In basal conditions, adrenaline
caused a significant increase in �R only in fibroblasts (Fig. 6, C
and G, middle plot; p � 0.05); however, in insulin-stimulated
conditions, adrenaline had no significant effect on cytosolic
glucose concentration in 3T3-L1 cells (Fig. 6G, right plot). It has
been shown that insulin-stimulated glucose uptake in rat and
3T3-L1 adipocytes could be reduced upon treatment with
adrenaline, nor-adrenaline, and isoproterenol (33–36). Some
studies report that �-adrenergic receptor agonists attenuate
insulin-stimulated glucose uptake by decreasing the transloca-
tion of GLUT4 in rat and 3T3-L1 adipocytes (31, 34). Other
studies (37) report that the binding of insulin to its receptor is
attenuated, which probably results in a less stimulatory signal
and, as a consequence, in a reduced increase in the rate of glu-
cose uptake. Our data on 3T3-L1 cells also contrast the data
from skeletal muscle in which adrenaline causes accumulation

of free glucose because glucose-6-phopsphate accumulation
inhibits hexokinase, whereas insulin-stimulated glucose trans-
port is not reduced (16). Therefore, it is possible that the lack of
change in cytosolic free glucose concentration after adrenaline
application in adipocytes could be the result of adrenaline-in-
hibited glucose influx accompanied by an inhibition of hexoki-
nase by stimulation of glycogen breakdown. Adrenaline did not
cause any significant change in the rate of glucose load in adi-
pocytes or in fibroblasts (Fig. 7A), whereas it substantially
increased the rate of glucose clearance in adipocytes but only in
insulin-stimulated conditions (Fig. 7B). Therefore, it is also
possible that adrenaline, when combined with insulin, in-
creases the glucose efflux from adipocytes. Together, these data
demonstrate that although adrenaline does not alter the cyto-
solic glucose concentration, it has an important effect on cyto-
solic glucose dynamics in 3T3-L1 adipocytes.
We conclude that differentiation of 3T3-L1 fibroblasts into

adipocytes leads to a progressively reduced cytosolic glucose
concentration, reflecting major changes in glucose permeabil-
ity and metabolism.
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