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SUMMARY 

I. The effect of hyperosmolarity on sugar permeability was assessed in isolated 
fat cells, epididymal fat pads and soleus muscles of the rat. 

2. Hyperosmolarity, whether induced by the addition of sucrose, mannitol 
or sorbitol, gave an up to i5-fold increase in glucose metabolism of isolated fat 
cells. The stimulating effect of mannitol (4oo mM) and a submaximal concentration 
of insulin (5 #units/ml) were similar with respect to the rates of onset and reversal, 
kinetics and sensitivity towards 3-O-methylglucose or phlorizin. 

3. In whole epididymal fat pads and soleus muscles hyperosmolarity produced 
a marked increase in the release of 3-O-methylglucose without causing any decrease 
in K + content. This effect could be abolished by phlorizin (5 raM) and showed nearly 
the same time-course as that induced by a submaximal concentration of insulin. 

4. It is concluded that hyperosmolarity stimulates the carrier system mediating 
glucose transport without impairing the overall integrity of the plasma membrane. 

INTRODUCTION 

Hyperosmolarity has been found to stimulate the uptake and metabolism 
of glucose in adipocytes and musclO -a. In the experiments reported here, an attempt 
was made to determine whether hyperosmolarity resembles insulin in activating 
the system which mediates the.transfer of glucose and other sugars across the plasma 
membrane or, alternativeIy, produces a nonspecific impairment of membrane integrity. 

Furthermore, since it is known that changes in extracellular osmolarity induce 
alterations in the ultrastructural configuration of cell membranes 4-s, the problem is 
of more general interest with respect to an understanding of carrier-mediated trans- 
port processes. 

The present report describes experiments in which the transport of glucose 
and a nonmetabolized sugar was evaluated using epididymal fat pads, isolated 
fat cells and soleus muscle from the rat. The evidence obtained indicates that 
hyperosmolarity mimics the effect of insulin in causing a rapid and reversible 
acceleration of carrier-mediated sugar transport across the plasma membrane. In 
the fat cells, both hyperosmolarity and insulin were found to cause a marked increase 
in the overall apparent Vma x and a decrease in the apparent Km of glucose utilization. 
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METHODS 

Experiments with isolated fat cells 
The animals, chemicals and the methods used for the preparation and incubation 

of isolated fat cells were similar to those described previously 7 with one exception: 
the epididymal fat pads were disintegrated in bicarbonate buffer containing 0.4 mg/ml 
of crude coUagenase (Worthington Biochemical Corp. Lot No. CLS 7 IC). It  should 
be stressed that,  except when stated otherwise, the incubation medium (referred to 
as basal buffer) contained 0.55 /,mole of glucose per ml. The recovery of 14C0, 
and extraction of cell glycerides followed published methodsLS. 

Experiments with epididymal fatpads 
Whole epididymal fat pads from fed Wistar rats (9o-12o g) were loaded for 

6o min in Krebs-Ringer bicarbonate buffer 9 containing 1% bovine serum albumin, 
3-O-[14C~methylglucose (2 /~C/ml) and unlabeled 3-O-methylgiucose (I mM). The 
washout of 14C activity into unlabeled buffer was measured and a rate coefficient for 
this process calculated as earlier described 1°. At stated intervals after the onset of 
the washout period, mannitol, sucrose, urea, NaC1 or phlorizin was added to the 
efflux medium to give the concentrations indicated in the figures. 

Experiments with soleus muscle 
Fed female Wistar rats weighing 6o-7o g were used for these studies. The 

soleus muscles were gently dissected out, rinsed in 154 mM NaC1 and equilibrated 
for 15 min in the incubation medium. All incubations took place at 3 °0 in centrifuge 
tubes containing 3 ml of Krebs-Ringer bicarbonate buffer modified to contain 
1.27 mM of Ca *+ and with the addition of I mM sodium pyruvate. The solution 
was agitated by continuous bubbling with a mixture of O~-CO, (95:5, v/v). For the 
measurement of 3-0-methylgiucose uptake, the muscles were incubated for 60 min 
in buffer containing 14C-labeled 3-0-methylglucose. 14C-labeled inulin was used for 
the determination of extracellular space. For the measurement of 3-O-methylglucose 
release, the muscles were loaded with the 14C-labeled sugar for 60 min. During the 
washout, each individual muscle was attached by its lower tendon to the polyethylene 
tube used for gas distribution. This arrangement minimized the handling of the tissue 
and facilitated its transfer through the series of efflux tubes. At the end of the 
washout period each muscle was blotted, weighed and homogenized in 4 ml of 5 % 
trichloroacetic acid containing o.i mM of carrier 3-O-methylglucose. After centri- 
fugation, 1.5 ml of the clear supernatant was withdrawn for counting and 2 ml for 
the determination of Na + and K + by flame photometry 1°. In order to obtain the 
same counting efficiency, trichloroacetic acid and carrier 3-O-methylglucose were 
added to the washing medium to give the same final concentrations as in the tissue 
extracts. The rate coefficient for the release of 3-O-[14Clmethylghicose was calculated 
as previously described 1°. 

Counting 
The 14C activity in CO, and extracts of lipids obtained in the experiments with 

fat cells was determined using plastic counting vials containing io ml of toluene 
with 0.5 % 2,5-diphenyloxazole, and 0.03 % 1,4-bis-2-(4-methyl-5-phenyloxazolyl )- 
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benzene. For the counting of z4C activity recovered from tissue extracts and buffers 
in the experiments with 3-0-methylglucose, I-I.5-ml aliquots were mixed with IO ml 
of the following scintillator: 2 1 toluene, 1.25 1 Triton X-ioo, 0. 5 1 ethanol, 5 g 2,5- 
diphenyloxazole, and 0.25 g 1,4-bis-2-(4-methyl-5-phenyloxazolyl)benzene. All count- 
ing was performed in a Packard liquid scintillation spectrometer Model 3320, and 
for the quench correction either external standardization or internal standardization 
with [14Cltoluene was used. 

Chemicals, isotopes and hormones 
Bovine serum albumin (Fraction V) was obtained from Sigma (St. Louis) and 

human serum albumin from the Swiss Red Cross (Berne). Both were used after 
dialysis against distilled water for 24 h. D-Ez4Ca]Glucose (specific activity 288 mC 
per mmole) was purchased from the Radiochemical Centre, Amersham; 14C-labeled 
inulin (specific activity 7.7 mC/mmole) and 3-O-[z4C]methylglucose (specific activity 
io mC/mmole) from New England Nuclear (Boston). Unlabeled 3-O-methylglucose 
was obtained from Calbiochem (Los Angeles). Pork insulin (IO times recrystallized, 
24.4 units/rag, Lot No. 018864) was a gift of the Novo Research Institute, Copenhagen. 
All chemicals used were of analytical grade. 

RESULTS 

Effect of hyperosmolarity on glucose metabolism of isolated fat cells 
Hyperosmolarity induced by the addition of sucrose, mannitol, NaC1, LiC1 

or choline chloride was previously found to stimulate glucose uptake in epididymal 
fat pads and diaphragm muscle1, s. In the same tissues mannitol and sucrose have 
been shown to be valid markers for the extracellular spacelZ, 12, and therefore, these 
compounds were used for increasing the osmolarity in most of the present experiments. 
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Fig. I. Dose response  re la t ionship  for t h e  effect of m a n n i t o l  and  sucrose on  glucose me tabo l i sm.  
I so l a t ed  fa t  cells were i ncuba t ed  for i2o rain in K r e b s - R i n g e r  b ica rbona te  buffer  con ta in ing  
i % dia lyzed h u m a n  s e r u m  a l b u m i n ,  o.55 m M  D-glucose, o.o 5 /~Clml D-[tlCa]glucose a n d  t he  

i n d i c a t e d  addi t ions ,  T h e  hor izonta l  do t t ed  l ines show t h e  glucose convers ion  b y  cells i ncuba t ed  
i n  basa l  buffer  w i th  or  ~without insul in  (5 /~units/ml).  The  effects of sorbi tol  a n d  u rea  (4oo raM) 
.are also shown.  E a c h  ~ po in t  r epresen t s  t h e  m e a n  of 3 obse rva t ions  wi th  bars  ind ica t ing  4- i S.E. 
-when th i s  va lue  exceeds t h e  size of t he  symbols .  
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From Fig. I it appears that  in isolated fat  ceils the conversion of D-[14Ce]glucose 
into CO2 and glycerides was increased by  the addition of mannitol in the concen- 
tration range lOO-8OO mM with a maximal effect around 300-400 mM. In the presence 
of a maximal concentration of insulin (IO 8 #units/ml) the addition of mannitol 
(0-4o0 mM) produced no marked change, whereas higher concentrations of mannitol 
clearly diminished insulin-stimulated glucose metabolism (data not presented). The 
action of sorbitol was similar to that  of mannitol, whereas the cells seemed more 
sensitive to sucrose. Urea, which is known to be rapidly equilibrated across the 
plasma membrane of adipocytes 13, did not produce any stimulation of the glucose 
utilization even at a concentration of 400 mM. 

As it is difficult to exclude the possibility of trace contamination of the sucrose 
by glucose, mannitol was chosen for further studies. With 400 mM mannitol glucose 
metabolism was increased to about the same level as that  obtained in the presence 
of insulin (5 #units/ml) (Fig. I), and therefore, the effects of these factors were 
compared with respect to time-course and the kinetics of glucose utilization. 
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Fig. 2. T ime-course  and  reversal  of t he  ac t ion  of m a n n i t o l  and  insu l in  on glucose m e t a b o l i s m  
E x p e r i m e n t a l  condi t ions  as in Fig. I. I sola ted fa t  cells were su spended  in buffer  con ta in ing  e i ther  
5 / ~ u n i t s / m l  insul in  ( × - -  × ) or  400 m M  m a n n i t o l  ( O . . . .  O) .  The  convers ion  of glucose per  rain 
m e a s u r e d  in t ime  in te rva ls  of 7-5 or 15 rain du ra t i on  is i l lus t ra ted  b y  t he  po in t s  in t h e  middle  
of these  periods.  The  hor izonta l  do t t ed  l ines show t h e  m e a n  glucose convers ion per  rain as m e a s u r e d  
t h r o u g h o u t  t he  ent i re  2-h period in basa l  buffer, w i th  m a n n i t o l  or insul in.  The  arrow indica tes  
r ep l acemen t  of h y p e r o s m o l a r  and  insu l in -con ta in ing  buffer  w i th  basa l  buffer.  E a c h  po in t  
r epresen t s  t he  m e a n  of 4 observa t ions .  

Fig. 2 shows that  insulin (5 /uunits/ml) and mannitol  (40o mM) stimulated 
glucose metabolism with almost the same time-lag, the plateau being obtained 
only after about 30 min of exposure. In a separate series of experiments 25, the delay 
in the onset of insulin action was found to be similar over a range of glucose concen- 
trations from 0.55 to 5.5 mM. When the stimulated cells were washed and reincubated 
in the same medium as the controls, glucose metabolism returned to basal levels 
within about 2o min. 
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HYPEROSMOLARITY AND SUGAR PERMEABILITY 237 

Both in the absence and in the presence of insulin the metabolism of glucose 
in fat cells shows saturation phenomena ~4. The results shown in Fig. 3 confirm this 
finding and illustrate that in a hyperosmolar buffer, the metabolism of glucose 
also takes place by a saturable process. I t  appears that  insulin (5#units/ml) caused 
an increase in apparent Vma x from 0.02 to 0.06 mmole/g cell triglyceride per 2 h, 
and a decrease in Kra from 3.4 to 0.74 mM. Mannitol (400 mM) induced very similar 
changes in these parameters. 
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Fig. 3. Effect  of insulin and  hyperosmolar i ty  on the  kinetics of glucose metabol ism.  Exper imenta l  
condi t ions as in Fig. I. The reciprocal value of D-[t4C6]glucose conver ted  into CO 2 and  triglyce- 
r ides (v in /~rnoles/g tr iglycerides per  2 h) is p lo t t ed  against  t he  reciprocal value of t he  glucose 
concent ra t ion  (raM). O - - O ,  basal  buffer;  x - -  × ,  in t he  presence of insulin (5 #units /ml)  ; O - - O ,  
in t he  presence of manni to l  (400 raM). Each  poin t  represents  t he  mean  of 4 observations.  The  
lines were d rawn by  inspection.  

Several s~udies indicate that  3-O-methylglucose and phlorizin can interact 
with the carrier system for glucose transport so as to decrease its capacity for trans- 
locating glucoseS5, TM. From Fig. 4 it appears that,  whether stimulated by insulin or 
by mannitol, the metabolism of glucose displays very much the same sensitivity 
towards these two compounds. I t  should be noted that  in the presence of mannitol 
(400 mM) the glucose metabolism was further increased by insulin at a submaximal 
concentration (5 #units/ml). 
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E~ect of hyperosmotarity on the transport of 3-O-methylglucose 
Previous experiments have demonstrated that hyperosmolarity causes a 

pronounced stimulation of glucose metabolism and glycogenolysis a. In fat cells, 
the sum of the conversion of glucose into CO z and glycerides accounts for about 
80 % of the glucose disappearance both in the absence and presence of insulin 8. 
Nevertheless, it seemed desirable to assess sugar transport in a more direct fashion. 
From Fig. 5 it can be seen that the release of 3-0-methylglucose, which has earlier 
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Fig.  4" E f fec t  of  3-O-methy lg lucose and ph lo r i z in  on the s t imu la t i on  of  glucose metabo l i sm 
induced b y  m a m f i t o l  o r  insul in.  E x p e r i m e n t a l  cond i t ions  as in  Fig.  L No te  t h a t  the  mo la r  r a t i o  
be tween  3-O-methylg lucose  and  glucose is 3 6. E a c h  va lue  is t he  m e a n  of 4 obse rva t ions  wi th  
ba r s  ind ica t ing  4- I S. E. 
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Fig. 5- Effect  of  m a n n i t o l  w i t h o u t  or wi th  phlor iz in  on t h e  ra te  coefficient of ~-O-methylg lucose  
release. Whole  ep id idymal  fa t  pads  were loaded in K r e b s - R i n g e x  b ica rbona te  buffer  con ta in ing  
1 %  dia lyzed boviI~e s e r u m  a lbumin ,  3-O-[x4CJmethylglucose (2 / ,C/ml) and  i m M  3-O-methyl -  
glucose. The  f ract ion of 14C ac t iv i ty  lost  per  m i n  f rom the  t i s sue  du r ing  each  in te rva l  of t he  
w a s h o u t  period is shown  as a func t ion  of t ime.  M a n n i t o l  (2oo raM) was  p re sen t  f r o m  9o  m i n  
onwards  - e i ther  a lone ( ©-  = - 7 O) or w i t h  (5 re_M) phlor iz in  ( •  . . . .  • ) .  E a c h  cu rve  r ep resen t s  
t h e  m e a n  of 3 obse rva t ions  w i t h  ba r s  ind ica t ing  4- i S. E.  w h e n  th i s  Value exceeds t he  size of  the  
symbols .  
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been shown to be accelerated by insulin and a number of other stimuli of glucose 
transport 1°, was also augmented by hyperosmolarity. The fact that this effect could 
be completely abolished by the simultaneous addition of phlorizin (5 mM) argues 
that the increase in 3-O-methylglucose release was due to a stimulation of carrier- 
mediated sugar transport and was not the consequence of an indiscriminate leak of 
intracellular solutes. 

Fig. 6 shows that also when the osmolarity of the efftux medium was increased 
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Fig. 7- Effec t  of  hyperosx~dar i ' ty  and  insu l in  on  t he  ra te  coefficient of 3 -O-methylg lucose  release 
f rom soleus  muscle .  T he  musc les  were loaded in K r e b s - R i n g e r  b i ca rbona te  buffer  con ta in ing  
3-O-[z~C]methylglucose (2 pC]ml), i m M  3-O-methy l  glucose a n d  i m M  s o d i u m  p y r u v a t e .  9o rain 
a f t e r  t he  onse t  of w a s h o u t  t h e  following add i t ions  were m a d e :  (A) A - - A ,  insul in  (lO s pun i t s /m l )  ; 
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by the addition of sucrose or NaC1, the release of 3-0-methylglucose was considerably 
increased, whereas an equiosmolar concentration of urea failed to produce any 
stimulation. 

The release of 3-0-methylglucose from fat pads seemed to be somewhat more 
sensitive to hyperosmolarity than the glucose metabolism of fat cells. Thus, 50 mM 
of mannitol was found to be sufficient to produce a clearly detectable (2-fold) 
increase in the rate coefficient (data not presented). 

Since the transport of glucose in adipocytes is very sensitive to a number 
of factors which have little or no effect on this process in muscle17, TM, the above 
evidence was supplemented by experiments performed with soleus muscle. 

Fig. 7 shows that  in this preparation both mannitol and sucrose (200 mM) 
stimulated the release of 3-0-[14C]methylglucose to about the same level (and with 
approximately the same time-course) as a submaximal concentration of insulin 
(lO 3 #units/ml). As with the epididymal fat pads, the effect of mannitol was nearly 
entirely suppressed by  phlorizin (Fig. 7A). Again, urea (zoo mM) gave a barely 
detectable change in the rate coefficient (Fig. 7B). 

Recent reports indicate that  conditions which lead to a loss of K + from the 
tissue cause an increase in the transport of glucose and 3-0-methylglucose in adipo- 
cytes and musclOg-21, TM. From the data presented in Table I it seems unlikely that  
the stimulating effect of hyperosmolarity on 3-0-methylglucose transport can be 
related to K + loss. Both in the fat pads and in the soleus muscles exposed to hyper- 

TABLE I 

]~FFI~CT O F  I - I Y ~ R O S M O L A R I T Y  O N  T I S S U E  K + 

For one group of measurements, muscles were loaded for 60 rain in Krebs-Ringer bicarbonate 
buffer with or without the listed additions. Alternatively, muscles or fat pads were loaded for 
6o min and washed as described in Figs. 7 and 5, respectively. The additions were made after 
9o min of washing and the K + content determined after the total washing periods indicated. 
The results are given as pmoles of K + per g wet wt. 4- S.E. with the number of observations 
in parentheses. 

Tissue Conditions k, moles K + per g Significance of  
wet wt. difference between 

control and experi- 
ment 

Soleus muscles 

Whole epididymal 
fat pads 

After loading for 60 min 
Controls 83 4- 2 (io) 
Mannitol (200 mM) 93 4- 2 (IO) 
Sucrose (200 mM) 87 4- 3 (9) 

After loading and washing 
for 15o min 
Controls 73 4- 3 (3) 
Mannitol (2oo mM) 84 4- 3 (2) 
Sucrose (200 mM) 82 4- 2 (2) 
Urea (200 mM) 78 4- 3 (2) 

After loading and washing 
for 17o min 
Controls 
Mannitol (ioo mM) 
Mannitol (2oo raM) 
Sucrose (200 mM) 

13.2 + 0. 4 (9) 
14.8 ± 0.7 (7) 
15.9 + 1.o (7) 
15.1 + 2.1 (3) 

P<o.oo25 
P > o . I o  

o.o5 <_P<o. io  
P<o .o 2  
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T A B L E  II  

EFFECT OF HYPEROSMOLARITY ON 3-O-METHYLGLUCOSE UPTAKE IN SOLEUS MUSCLE 

The muscles were incuba ted  for 60 rain in Krebs--Ringer  b icarbonate  buffer conta ining 3-O-[a4C]- 
methylglucose  (o.l /~C/m]) and  0. 3 mM 3-O-methylglucose.  The extracel lular  wa te r  space w a s  

measured  using t h e  contra la tera l  muscles and  the  same incubat ion  media  conta in ing  [14C]inulin 
(o. i /,C/inl). The  to ta l  water  con ten t  of each muscle was de te rmined  and  the  intracelIular concen- 
t ra t ion  of 3-O-[14C]methylglucose calculated as per  cent  of t he  extracellular.  

A dditions % FiUing o/ 
intracellular waer 
(mean 4- S.E.) 

significance o/ 
difference between 
controls and experimental 

Control 42.7 4- 4.1 (5) 
Manni tol  (2oo raM) 81.9 4- 4.9 (5) P < o . o o i  
Sucrose (200 re_M) 76.0 4- 5.3 (5) P < o . o o i  

osmolar buffer, the K + content was similar to, and in some experiments even higher 
than, that of the controls. 

Finally, it could be argued that solvent drag along the osmotic gradient 
across the cell membrane might account for the stimulation of 3-O-methylglucose 
transport. However, measurements of 3-O-methylglucose uptake showed that when 
the tonicity of the incubation medium was increased by the addition of sucrose 
or mannitol (200 mM), considerably more 3-O-methylghicose gained access to the 
cytoplasm (Table II). As found for glucose, hyperosmolarity stimulated the trans- 
port of 3-0-methylglucose against the possible forces of solvent drag. 

The addition of 200 mM sucrose or mannitol was found to reduce the intra- 
cellular water space to 63 4- 4 % of that of the controls. If the muscle cells behaved 
as perfect osmometers one would expect a reduction to 61%. The close agreement 
between these values is a further indication of the cell membrane integrity. 

DISCUSSION 

The aim of the present study has been to characterize the hyperosmolarity- 
induced increase in sugar permeability of adipocytes and muscle cells. In agreement 
with earlier work 2, hyperosmolarity was found to augment the metabolism of glucose 
in isolated fat cells. The considerable suppression of this effect by phlorizin and 
3-0-methylglucose, in addition to the fact that the utihzation of glucose displayed 
saturation kinetics, argues that in a hyperosmolar medium fat cells take up glucose 
mainly by a carrier-mediated process. Both in adipose tissue and in muscle, hyperos- 
molarity also accelerated the uptake and the release of a nonmetabolized sugar, 
which is probably transported by the system mediating the transfer of glucose 
across the plasma membrane 1~. The stimulation of 3-0-methylglucose transport 
was not associated with any decrease in the K ÷ content of the tissue, and it could 
be abolished by the addition of phlorizin. This, together with the reversibility of 
the stimulating effect on glucose metabolism (Fig. 2 and refs. I and 3), adds further 
support to the contention that hyperosmolarity augments the functional capacity 
of the system involved in glucose transport without impairing the overall integrity 
of the plasma membrane. 
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Both in muscle and adipocytes, hyperosmolarity seems to increase the energy 
metabolism1, 3, and as this could lead to a lowering of the ATP availability, the 
stimulation of sugar t r anspor t  might have the same origin as that  seen during 
anoxia or exposure to metabolic inhibitors z*. However, in epididymal fat pads, 
cyanide and dinitrophenol were found to cause a considerably smaller and more 
delayed rise in the release of 3-O-methylgluc0se, which, at variance with hyperosmolar- 
ity, was associated with a marked loss of K + (ref. io). The early effect of hyper- 
osmolarity on both glucose utilization in fat cells and 3-0-methylglucose transport 
in epididymal fat  pads and soleus muscles suggests a more direct effect on the glucose 
transport system. 

In fat  cells hyperosmolarity was found to cause the same change in the apparent 
Vma x and Km of glucose utilization as produced by a submaximal concentration 
of insulin (5 #units/ml). Also, with respect to the rates of onset and return to basal 
level hyperosmolarity produced very much the same pattern as insulin. Again, in 
soleus muscle, hyperosmolarity stimulated the release of 3-0-methylgiucose with 
nearly the same time-lag as insulin (IO 3 /uunits/ml). These observations suggest 
tha t  hyperosmolarity can mimic insulin in causing the structural transformation 
of the plasma membrane required for the activation of the glucose transport system. 

In frog muscle, ultrastructural studies have demonstrated that  the transverse 
tubules are accessible to extracellular markers 2s, and that  the surface of their walls 
is 5-7 times larger than that  of the entire outer plasma membrane of the muscle 
cell 23,24. In addition, hyperosmolarity has been found to produce a rapid and revers- 
ible (up to 4-fold) increase in the diameter of  the T-tubules of both rat heart and 
frog muscle ~-6. This change might render their lumen more accessible to extracellular 
solutes and at the same time augment the area of their walls. If the T-tubules contain 
a glucose transport system, both changes could increase the maximal capacity for the 
exchange of glucose between the cytoplasm and the surroundings. At present, 
at tempts are being made to determine whether hyperosmolarity can induce similar 
alterations in the T-tubules of soleus muscle. 
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