
Hiroshima Journal of Medical Sciences 
Vol. 33, No. 1, 65,...__. 71, March, 1984 

HIJM 33-10 

Characterization of the Lag Phase of Insulin Action 
on Glucose Transport in Rat Isolated Adipocytes*> 

Keiji KUBO, Junichiro OGAWA, Akiko KOBUKE, 
Kyoko TAKAMI, Yunus TANGO, Genshi EGUSA, 

Tohru KAW ASE, Shinichi YAMAMOTO, Hitoshi HARA, 
Yukio NISHIMOTO and Fukashi ISHIBASHI* 

The 2nd Department of Internal Medicine, Hiroshima University School of Medicine, 
1-2-3, Kasumi, Minami-ku, Hiroshima 7 34, Japan 

*Hataka National Chest Hospital, 287-1, Hataka, Senogawa-cho, Aki-ku, Hiroshima 736, 
Japan 

(Received December 22, 1983) 

Key words: Fasting, Insulin analogues, Low pH, Low temperature 

ABSTRACT 

Insulin action on glucose transport in isolated rat adipocytes was assessed using the 
method originally reported by Whitesell et al. Insulin increased the Vmax of glucose 
transport without affecting the Km. So far as concentration dependence of insulin 
action it had pH and temperature dependency, and analogue specificity quite similar to 
previous reports. 

The lag phase (time necessary for full exhibition) of insulin action has never been 
paid much attention, since suitable system for studying it has never been developed, 
and since only recently post receptor processes of insulin actions were interested in 
detecting insulin resistance. Insulin action on glucose transport reached the maximum 
in 3 min with half maximal response at 1. 8 min. Lowering the pH or temperature of 
incubation medium prolonged the period for half maximal response. On the other 

hand, various insulin analogues required comparable period with insulin for full 
exhibition of their actions. When isolated adipocytes were obtained from rats fasted 
for 48 hours, the period for half maximal response was markedly prolonged (12 min). 

It might be suggested that in some insulin resistant conditions such as diabetic 
ketoacidosis and hunger, the delayed initiation of insulin action may be involved. 
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INTRODUCTION 
with insulin action by means of sensitivity 
and responsiveness in steady state8• 9, w. 

In 1979, Whitesell et al.17> have reported a 
reliable method to measure glucose transport 
using the oil floatation technique and 3-0-
methyl-glucose which is transported very rap­
idly but not further metabolized. Since it takes 
less than 10 sec for 3-0-methyl-glucose to 
saturate intracellular space in the presence ot 
insulin, this method made it possible to assess 
the period required for insulin to exhibit full 
biological activity (insulin receptor-effector cou­
pling time, lag phase of insulin action). 

Until now, many investigations have dealt 

In the present study, using a modified meth­
od2> of Whitesell et al., we characterized our 
system for insulin action on glucose transport, 
and examined the situations in which the lag 
phase for insulin action was prolonged. 

MATERIALS AND METHODS 

Reagents 
3-0-methyl-3H-glucose (4. 9 Ci/mmol) was 

purchased from Radiochemical Centre, Amer­
sham, Searle, collagenase (type 1) was from 
Worthington Biochem. Co., and porcine crystal· 
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line insulin (lot 615-07}-256) was a generous 
gift from Eli 1Lilly Co .. Porcine proinsulin and 
fish insulin were generous gifts from Shimizu 
Pharm.- Co.. 3-0-methyl-glucose, phloretin, 
bacitracin and fatty. acid-free .bovine serum 
albumin were obtained from Sigma Chem. 'Co .. 
Fat Cell Preparation 

Rat isolated adipocytes were prepared accord­
ing to Rodbell13> using Wistar male rat (200-
220 g) fed ad libituin unless stated otherwise. 
All incubations were performed in Krebs-Ringer 
HEPES buffer· (pH 7. 4) containing (in mM) 
Na+, 140; K+, 4. 7; Ca2 +, 2. 5; Mg2+, 1.25; 
c1-, 142; H2PO~/H2PO.i2 -, 2. 5'; so~2-, 1. 25; 
HEPES, 10, and 3. 0 g/ dl crystalline bovine 
serum albumin. Bacitracin (50 mg/dl) was 
added in order to prevent extracellular insulin 
degradation. All experiments were performed . 
at 37°C. · 
3-0-meth:)Z~3 H-cglucose Transport 

The trahsp~rt of 3-0-methyPH-glucose was 
assessed as described by Whitesell and Gliemann 
with some modifications2>. Uptake ·of labeled 
3-0-methyl-glucose was measured in round 
bottom' polypropylene culture tubes. Albumin­
free buffer (35 µl) with 0. 1 µCi labeled 3-0-
methyl-glucose was placed in the bottom of the 
tube. 80 ,Ut aliquots of -the cell suspension (35 
%v /v) were -~qui~ted. on to the isotope. The 
incubation was terminated at the indicated times 
by the addition of 400 µ1 of albumin-free buffer 
containing 0. ·3 mM phloretin. A 300 µl aliquot 
of the mixture 'was added to a niicrocentrifuge 
tube containing 10'0 µ1 of dinonyl phthalate. 
The microfuge tube was spun within · 2 min in 
a Beckman microcentrifnge B for 30 sec, cut 
through the oil layer and -the cell pellet w·as 
then added -to sciritilla:rit for the determination 
of radioactivity. 

The -non-specific uptake was determined by 
·adding phloretin -before squirting cells, and riet 
uptake was 6-btained by subtracting non-specific 
uptake from total uptake. 

Saturated space by 3-0-methyl-glucose was 
obtained by incubating cells for 15 min with 
3-0-methyl-3H-glucose, and all results were 

presented ·as · %. saturation ~f distribution space. 
For the time course of 3-0-methyl-glucose 

uptak~ -cells were incubated' with 3-0-methyl-
3H~gh.~cose for the indic-ated periods in· the 
presence · (10 ng/tnl) or absence of insulin. 

When substrate' dependence of· 3-0--methyl-

glucose uptake was examined, cells were pulsed 
for 5 sec with 3-0-methyl-3H-glucose contain­
ing varied concentrations of 3-0-methyl-glucose 
(0. 5:.....20 mM). . 

When the time required for insulin to elicit 
maximal activation was assessed, lQ ng/ml iP­
sulin was added at zero time to fat cell suspen­
sion, and at indicated times 3-0-methyl-3H­
glucose uptake was measured by 5 sec pulse 
with labeled 3-0-methyl-glucose. 

The concentration dependence of insulin ac­
tion was determined by 5 sec pulse with 3-0-
methyl-3H-glucose in the presence of varied 
concentrations of insulin or insulin analogues. 

RESULTS 
:The time course of 3-0-methyl-glucose up­

take is shown in Fig. 1. 3-0-methyl-glucose 
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Fig. 1. Time course of 3-0-methyl-glucose up­
take. The uptake was measured at 37° C as 
described "Materials and Methods" in the absence 
of insulin or in cells pretreated with 10 ng/ml 
insulin. The lines represent exponential curves 
with half-times as indicated. Values are mean of 
4 experiments. SEMs of experiments were less 
than 7 % of mean. 

rapidly reached an equilibrium. Preincubation 
of fat cells with insulin (10 ng/ml) for 10 min 
increased the rate of uptake about 6 folds. - -In 
the presence of insulin this equilibrium reached 
in 7 sec with time for half maximal response 
(t 1/2) of 3 sec. On the other hand, the absence 

of insulin resulted in prolonged t 1/2 (18 sec). 
Fig. 2 reveals the substrate dependence_ of 3-

0-methyl-glucose equilibrium exchange. When 
the transport rate is analyzed using Hane's plot, 
insulin activates the transport by increasing the 
Vmax (0;43xl0-12 M/5sec/100µ1 cell t() 1.5x 
10-12M/5 sec/100 pl cell) without affectillg the 
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Fig. 2. Hane's plot of 3-0-methyl-glucose trans­
port in basal and insulin-stimulated (10 ng/ml) 
state. Cells were preincubated for 30 min at 37°C 
with or without 10 ng/ml insulin. Methylglucose 
concentrations ranged from 0. 5 to 20 mM. Values· 
are mean of 4 experiments. SEMs of experiments 
were less than 5 % of· mean. , 
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Fig. 3. Time course. of insulin action on 3~0-
methyl-glucose uptake. l~sulin (10 ng/ml) was. 
added at time 0 to fat cell suspension, and at the 
indicated times the transport was determined over 
5 sec as described "Materials and . Methods". 
Values are mean of 4 experiments. SEMs of 
experiments were less than 6 % of mean. 

Krp. . (3~ 0 mM). This result is in agreement 
with other previous reports10, 17>. 

Fig. 3 shows the time course of insulin action 
on, _3-0-methyl~glucose transport. The time 
required for insulin to cause maximal activation 
(lag phase) was about 3 min with t 1/2 of 1. 8 
min. The maximal stimulation occupied 71.5 ± 
4. 2% of the .equilibrium space . 

.Dose related insulin action qn 3-:-0-m~thyl ~. 

0.8 

<]) 

~ 0.6 
0.. 

if.) 

s 
. ::i 

'i:: 
~ ·g.. 0.4 
w 
...... 
0 

c 
._g 
() e 0.2 

µ_, 

0 

~ 

Ins 50 =0.4ng/ml . 

--~....,.-,~~--.~~~~~--.-~~\..----, 

o o.;s · 1 · 2.s s 10 

Insulin · (r)g/ml) 

· Fig. 4• · Concentration dependence of insulin action 
on 3-0-methyl-glucose transport in fat cells. Fat 
cell suspension was incubated for 30 min at 37° C 
with insulin in the concenttations indicated on 
the abscissa. The uptake was measured by 5 sec 
pulse with labeled 3-0-methyl-glucose. Values 
are mean of 4 experiments. SEMs of experiments 
were less than 5 % of mean. . 

.glucose transport in steady state· is demonstrated 
in Fig. 4. Half-maximal stimul,ation (lns50) was 
obtained at 0. 4 ng/ml with .·the submaximal 
response at 1 ng/ml insulin. 

Fig. 5 and Fig. 6 show the pH and tempera­
ture dependency <?n 3-0-methyl-glucose uptake, 
respectively. Lowering the pH of incubation 

. medium from 7. 4 to 7.2, 7.~0, increased t 1/2 
from 1. 8 min to 11 min, .15 min, respectively. 

·Insulin concentration for half-maximal stimula­
tion (Insso)· Was increased .from 0. 4 ng/ml to 
1. 5 ng/ml, 1. 6 ng/ml by fowering the pH from 
7. 4 to 7. 2, 7. 0, respectively (Fig. 5). Lowering 
temperature fro·m B7°C ·to . 32°C resulted in 

prolonged t 1/2 from 1. 8 min to 3. 6 min, but 
the Ins50 was not affected (0. 3 ng/ml) (Fig. 6).: 

The effect of insulin analogues .• on .3.~0-meth­
yl-glucose transport is studied and shown: in 
Fig. 7. When proinsulin· was used •instead·: of 
insvlin, the t 1/2 did not alter. ·, (L 7min);. 
wher.eas the half-maximal effect of. proinsulin 
(Proinss0) was obtained at 25 ng/mt Fish. in.-: 
sulin, similarly, required more peptide than 
porcine insulin for half maximal responce (Fish 
In~so ;. .32 ng/ml) ·. without affecti11g t· 1:/2 _ (2~ 6 
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Fig. 5. Effect of pH on 3-0-methyl-glucose transport in fat cells. 
Fat cell ~uspension was incubated at various pH at 37°C, Left; Effect 
of pH on time course of insulin action on 3-0-methyl-glucose uptake. 
Right; Effect of pH on concentration dependence of insulin action on 
3-0-methyl-glucose uptake, Values are mean of 4 experiments. 
SEMs of experiments were less then 6 % of mean. 
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Fig. 6. Effect' of low temperature on 3-0-methyl-glucose transport 
in fat cells. Fat cell suspension was incubated at 37°C or 32°C. Left; 
Effect of low teml>erature on time course of insulin action on 3-0-
methy l-glucose uptake. Right; Effect of low temperature on concen­
tration dependence of insulin action on 3-0-methyl-glucose uptake. 
Values are mean of 4 experiments. SEMs of experim~nts were less 
than 5 % of mean. 

min). insulin action on the glucose transport system 
in rat adipocytes. 3-0-methyl-glucose is trans­
ported rapidly into adipocytes in the presence 
of insulin and reaches an equilibrium within 7 
sec with t 1/2 of 3 sec. Under these conditions, 
insulin stimulates 3-0-methyl-glucose transport 
in a dose-dependent manner with lns50 of 0. 4 
ng/ml. Thus, physiological levels of insulin 
can stimulate glucose transport in our assay 
system. As in other reports15, 17>, a Bane's plot 

Fig. 8 shows the effect of fasting on 3-0-
methyl-gl ucose transport. When adipocytes 
were isolated from rats fasted for 48 hrs, fasting 
markedly prolonged the t 1/2 (12 min). Fast­
ing, however, did not affect insulin sensitivity 
(Insso; O. 5 ng/ml). 

DISCUSSION 

3-0-methyl-glucose is used to investigate the 
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Fig. 7. Time course and concentration dependence of action of insulin 
analogues on 3-0-methyl-glucose transport in fat cells. Fat cell 
suspension was incubated with insulin analogues instead of insulin. 
Left; Time course of insulin analogqes stimulation of 3-0-methyl­
glucose uptake, Right; Concentration dependence of acti9n of insulin 
analogues on 3-0-methyl-glucose uptake. Values are mean of 4 
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demonstrates that insulin enhances the v max 

of 3-0-methyl-glucose transport but does not 
influence the Km. PH and temperature de­
pendency is shown in the steady state insulin 
dose-responce relationship on 3-0-methyl-glu­
cose transport. Ciaraldi et al. 0 and Pedersen & 
Gliemann12> reported this dependency in recent 
observations. In order to examine the specifi­
city of insulin action on glucose transport, 
potencies of various insulin analogu~s are com-

pared. The order of potencies for stimulation 
of glucose transport is similar to those reported 
previously4

1 
6>. · When adipocytes from rats fast­

ed for 48 hrs are examined, dose-responce rela­
tionship on glucose transport reveals decrease 
in responsiveness without affecting sensitivity, 
which is in agreement with the results of 
OlefskyW and of Kasuga et al8>. 

Previous in vitro studies on insulin action in 
rat adipocytes have focused on sensitivity and 
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responsiveness to insulin .in steady state819, rn, was significantly decreased. There seem to 
and insulin resistance have been discussed only be disorders in coupling insulin receptor and 
at the level of insulin receptors. On lhe other glucose transpo'rt ·in · fasting8>. In our present 
hand, much interest is concentrating on post- study, fasting definitely prolongs the lag phase. 
receptor defects in insulin resistance. In this These observations indicate that insulin resist-
study, we examined time required for insulin , .. ance in fasting is due to disorders at the levels 
to elicit maximal effect (lag phase). As shown of postreceptor. Recently, Suzuki & Kono14> 
in Fig. 3, under physiological condition (pH have reported ''translocation theory" that insulin 
7. 4 and 37°C), it passed about 3 min before ·stimulates recruitment of glucose transport car-
the full effect of insulin was achieved; and the riers from an intracellular pool to the plasma 
half of the full effect was obtained at 1. 8 min. membrane. Although the lag phase of insulin 
Since time required for insulin to cause maximal action on glucose transport involves many 
effect represents the process~s · which couple unknown processes, we speculate that the in-
receptor binding and glucose tra~sport activity, hibitiorr of' re·cruitment ·of glucose carriers may 
we can suggest the mechanisms ' of· insulin.· play a. r6le in disturbed postreceptor mechanisms 
resistance at postreteptor 'leveL Then,\ we ex- · of ins'ulin action. . , ... 
amine the lag phase· i~· ~arious cqnditi.~ns, and · · .. Ill 'thi& : f/t~dy,' .;ve find· the fact that there 
discuss the mechanisIIl . o! .insulln _resistance ,in : . . exi_st ~ev.er~i'conditiops 'in . ~hich the lag phase 
pathological states, such .a~Aia~etic k~toa~.iposis .. ::,:of :Jnsulii;i., a9~ion O,I;l glµG-O~~ transport is pro-
and hunger. longed without affecting insulin sensitivity. 

The lag phase of insulin is pH and tempera- In conclusion, the prolonged lag phase of 
ture dependent. Previous study3> demonstrated insulin action on glucose transport may play a 
that insulin receptor affinity decreased with role in mechanism of insulii;i resistance such 
decreasing pH. This has been proposed as a as diabetic ketoacidosis and hunger, and cha-
mechanism for the insulin resistance of diabetic racterization of the lag phase of insulin 
ketoacidosis7>. In this study we show that low action . will be a useful tc;iol to study the 
pH also prolongs the lag phase. Therefore, postreceptor transmission of insulin action. 
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