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SUMMARY 

I. Effects of Ca e+, Mg ~+ and PO~ a- on glucose metabolism and transport by fat 
cells have been studied in the presence and in the absence of insulin. 

2. The omission of Ca e+ and Mg e+ singly or together, as well as the omission of 
POa a- does not alter glucose transport by fat cells. 

3- In the absence of insulin, reciprocal replacement of Na + and K + increases 
glucose transport. 

4. In the presence of insulin, the absence of K + does not alter glucose transport, 
while it is decreased in the absence of Na +. 

INTRODUCTION 

The coupling between electrolytes and the transport of noncharged molecules 
through biological membranes is well established in many tissues 1,", and the general 
biological mechanism underlying it has been recently discussed by CRANE ~. It has 
been studied most frequently in insulin-insensitive tissues performing uphill transport 
of amino acids and sugars ~. However, the same coupling has been observed in diaphragm 
muscle for active transport of amino acids 6, whereas the reports on sugar transport in 
this tissue have been conflicting. While KIPNIS 6 did not find an effect of electrolytes 
on the transport of 2-deoxyglucose in diaphragm muscle, CLAUSEN ~,~ and CROXE 9 have 
reported that glucose uptake and its subsequent metabolism were affected by the 
ionic composition of the incubation medium. 

Published studies dealing with the effects of electrolytes on glucose metabolism 
in intact adipose tissue and isolated fat cells are few and, again, conflicting. HaGEn," 
et al. ~° have shown that the absence of either K + or Na + increases the net CO, produc- 
tion by fat tissue incubated in the presence of glucose, while omission of Na + depres- 
sed insulin- stimulated metabolism. On the other hand, BAKER A~'D RUTTER 1~ reported 
findings suggesting that CI- was necessary for the maintenance of insulin responsive- 
ness of adipose tissue, while cations were without effect. More recently, RODBELL ~e 

" Address reprint  requests:  l n s t i tu t  de Biochimie Clinique, Sentier de la Roseraie, ~2~ ~ Ge- 
nbve 4, Switzerland. 
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reported that  isolated fat cells from rats exhibited decreased basal glucose metabolism 
in the absence of Na +, while maximal stimulation by insulin required the presence 
of K +, not of Na +. ROD~ELL concluded that  K + may be involved in the insulin- 
stimulated transport  process for glucose, while Na + seemed to be necessary for normal 
glucose metabolism. 

In 196o ZAHND el al.  ~ reported that  replacement of K + by Na ÷ alone, or by 
the combination of Na+ and Ca 2+ or Mg ~+, increased the baseline activity of glucose 
metabolism by adipose tissue, while somewhat decreasing insulin-stimulated meta- 
bolism. The principal result reported by these authors thus was a decreased insulin 
effect in the absence of K +. They also reported a greatly diminished rate of glucose 
metabolism, with or without insulin, when bicarbonate in the medium was replaced 
by  phosphate, an observation which has since been repeatedly confirmed and related 
to the requirement of acetyl-CoA carboxvlase for CO2 in this tissue specialized for 
lipogenesis ~. 

Although the detailed mechanism of insulin action on glucose transport remains 
unclear, it is of interest that  in at least five types of tissue preparations, namely 
muscle'S, TM, toad bladder ~, skin TM and colon TM, and finally intact adipose tissue 2° or 
isolated fat cells ~1, the hormone has been shown to modify the electrical activity of 
the membrane and most probably the intracellular K + and Na + content 2e-'7, even in 
the total absence of glucose ~. These observations clearly suggest that  insulin may  exert 
a pr imary and direct effect on the properties of the plasma membrane toward electro- 
lytes~S, ~" and they have prompted us to reinvestigate in some detail the nature of ionic 
effects on glucose transport  and metabolism by the highly insulin-sensitive adipose 
tissue cell. In so doing, we have utilized the isolated fat cell preparation introduced by 
RODBELL 3°, because of the advantages offered by a cell preparation in which the plas- 
ma membrane is widely exposed to the bathing medium, yet retains a high degree of 
sensitivity to insulin. Some of the findings to be reported have been published pre- 
viously in preliminary formalin. 

MATERIALS AND METHODS 

Fed Swiss albino mice (Ivanovas, Germany) 5-7 weeks old, were used through- 
out. Unless otherwise stated, reagents, enzymes, insulin and incubation techniques 
were as described by  Ho ANI~ JEANRENAU'D 3:~. 14CO 2 was collected according to the 
method of GLIEMAN M. The basal buffer solution, called the normal buffer, was a 
Krebs-Ringer bicarbonate buffer containing 3.5 % dialyzed human serum albmnin 
(pH 7-4) equilibrated with O2-CO 2 (95:5, by  vol.), and was prepared as described by 
YOUXG 3.. I t  contained in raM: Na + ~ 143.3; K + = 5.9; Ca2+ = 1.2; C1------ 126; 
PO43- = 1.2; HCO-~ ~ 24.6; SO4 ~ - =  1.2. When a component of the medium was 
omitted, it was replaced by an equimolar amount  of Na+ or C1-. 

The metabolic ~ndices measured, namely incorporation of glucose carbon into 
CO~ and total lipids, were used as the best approach to the indirect estimation of 
glucose uptake ~. Together they account for 9 ° % or more of the total  glucose uptake 
by adipose tissue~, ~, glucose metabolism to glycogen and lactate being almost negligi- 
ble in this preparation. Since C R O ~ O ~  A~I) RExOI~ 3~ have established that  in this 
tissue and under the conditions utilized here, glucose is transported by a mobile carrier 
across the fat cell wall and that  this step is rate limiting for the overall glucose meta-  
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b o l i s m  of t h e  f a t  cell, i t  s e e m e d  r e a s o n a b l e  to  a c c e p t  t h e  a s s u m p t i o n  t h a t  t h e  s u m  of 

g lucose  c a r b o n  i n c o r p o r a t e d  i n t o  CO2 a n d  t o t a l  l ip ids  does  r e p r e s e n t  t h e  b e s t  a v a i l a b l e  

a p p r o x i m a t i o n  of g lucose  u p t a k e .  T h e  d i s a d v a n t a g e  e n t a i l e d  b y  t h e  fac t  t h a t  g lucose  

u p t a k e  a n d  f a t  cell  w a t e r  a re  n o t  r e a d i l y  m e a s u r a b l e  in  t h e  i s o l a t e d  f a t  cell p r e p a r a -  

t i o n  were  o u t w e i g h e d ,  in  t h e  o p i n i o n  of t h e  a u t h o r s ,  b y  t h e  e v i d e n t  a d v a n t a g e  of 

d e a l i n g  w i t h  cells f l o a t i n g  free,  r a p i d l y  a n d  c o m p l e t e l y  s u r r o u n d e d  b y  t h e  e x a c t  me-  

d i u n l  u n d e r  s c r u t i n y .  T h e  l i m i t a t i o n s  i m p l i e d  b y  t h e  u n d e r l y i n g  a s s u m p t i o n s  a re  

n e v e r t h e l e s s  u n d e r s t o o d  a n d  p o i n t e d  out .  

b I E S U L T S  

T h e  c o m p l e t e  r e p l a c e m e n t  of K +, Ca z* a n d  Mg z+, s ing ly  or  c o m b i n e d ,  b y  an  

e q u i m o l a r  a m o u n t  of N a  + was  s t u d i e d  b o t h  in  t h e  p r e s e n c e  a n d  in  t h e  a b s e n c e  of 

i n s u l i n  (Tab le  I) .  I n  o r d e r  t o  free t h e  cells f r o m  as m u c h  Ca ~+ or  Mg ~ as poss ib le ,  t h e y  

we re  f i rs t  w a s h e d  t w i c e  in  I 0  ~nl CaZ+-MgZ+-free m e d i u m  c o n t a i n i n g  Io t ,  mo le s  E D T A ,  

t h e n  3 t i m e s  in  I 0  n i l  Ca z~--Mgz+-free m e d i u m  w i t h o u t  t h e  c h e l a t i n g  a g e n t  to  a v o i d  

t h e  poss ib le  m e t a b o l i c  effect  of t h e  lat ter4°-a% I n  t h e  a b s e n c e  as wel l  as  in  t h e  p r e s e n c e  

of i n su l in ,  t h e  a b s e n c e  of n e i t h e r  Ca  z+ n o r  Mg z+ h a d  a n y  c o n s i s t e n t  effect  on  t h e  m e t a -  

bo l i c  ind ices  ~neasured ,  e v e n  t h o u g h  b o t h  ions  h a v e  b e e n  s h o w n  to  m o d i f y  t h e  h o r m o n e -  

i n d u c e d  lipolysis~z, ~ in  a d i p o s e  t i ssue.  H o w e v e r ,  a l a ck  of K+ r e p r o d u c i b l y  r e s u l t e d  in 

a s t i m u l a t o r y  effect  in  t h e  a b s e n c e  of i n su l in ,  a n  effect  w h i c h  was  e v e n  m o r e  p r o n o u n -  

ced  w h e n  K + d e p l e t i o n  was  c o m b i n e d  w i t h  t h e  o m i s s i o n  of Ca z+ a n d / o r  Mg ~+ f r o m  t h e  

buf fe r .  I n  t h e  p r e s e n c e  of i n s u l i n  (I i n u n i t / m l ) ,  h o w e v e r ,  t h e  c o m p l e t e  a b s e n c e  of K% 

e i t h e r  a l o n e  or  c o m b i n e d  w i t h  lack  of Ca z+ a n d / o r  Mg z ~, e x e r t e d  n o  c o n s i s t e n t  effect  

o n  t h e  n l e t a b o l i c  i nd i ce s  m e a s u r e d .  

TABLE I 

~ F F E C T S  OF C H A N G E S  IN T H E  C O M P O S I T I O N  OF K R E B S - - R I N G E R  B I C A R B O N A T E  B U F F E R  ON T H E  M E T A B O -  

L I S M  OF [ 1 4 C 6 ] G L U C O S E  B Y  I S O L A T E D  FAT C E L L S  

]Bcubations were carried out in 2.0 ml bicarbonate buffer containing 3.5 g/loo ml hmnau  albunliB 
aBd 2.5 mM glucose, hlsul in  concentration, when present, was I muni t  per ml. The cations onlitted 
~ere  replaced by an equivalent  aBlount of NaC Results are expressed as #a tom glucose C metabo- 
lized per g lipids per 2 h. Each figure is the mean of 6 values ~ S.E. 

. . . .  

1~ + Ca ~+ 3+[g 2+ Control Insul in  (I munit /ml)  

CO 2 Glyceride Glyceride CO, 2 Glyceride 
)Catty acids glycerol fat@ acids 

+ q q 1.7.3 ± 0,03 0,07 ± o.or 4,76 -;: o,ot 12,6 ~ 0,48 2.79 q_ o.I[  
--- @ } 2.41 ~ 0.05 0.09 ] 0.01 6.96 i:{ 0-38 12.2 ± 0.36 2.50 ± 0.0 5 

± + -- 1.9o ± 0.04 0.07 ± o.o9 5.61 : 0.02 12.5 ± 0.36 2.70 ~ o.18 
-i q 1.6o £. 0.04 0.06 ± o.oi 4.77 + o.o8 11.4 ± 0.40 2.63 ~ 0.03 
. . . .  2.98 ± 0.06 o. 14 ~ o.ot 8-67 7~ o.12 12.8 ± 0.38 3.24 = 0.30 

@ ~ + 2.49 ± o.o 7 0.32 ~ O.OI 5 . 3  8 ~ 0.22 16"7 ~ 0"34 5"94 : O.ll 
± 3.45 ± 0.06 0.40 ± 0.02 7.80 ± 0.06 19.o ± 0.37 8.64 ~ o.14 

+ -- -- 2.49 ~_ o.Io 0.24 ± o.oi 5.87 ± O.17 18.9 ~ 0.24 8.02 ~ O.14 
- -  @ -- 4.22 ± o.o8 0.56 ± 0.02 7.86 sE O. IO 19.3 ± 0-64 7-94 ± 0.38 
- -  -- -- 4.26 ~ o.13 0.60 ~ 0.06 lO. 5 ± 0.50 19.2 ± 0.86 8.30 ~ o.61 

_ • 

Glyceride 
glycerol 

2 7 . 0  [_  0 . 6 0  

2 6 . 2  ]_ 0 . 3 5  

2 6 . 2  ~ 0 . 5 0  

2 5 . 2  ~ O. IO 

26.o ~_ o.35 

25.9 ~z 0.70 
28.2 k o.8o 

28.3 ± 0.3 ° 
28.9 ~_ 0.05 
27.4 ± 0.52 
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The possible role of the Ca 2+ to Mg 2+ ratio was explored by incubating the isola- 
ted fat cells in various relative concentrations of these cations. Osmolarity was kept 
constant by  varying the concentration of Na + (Tables I I  and III) .  In these experiments 
also, the cells were first washed with IO ml Cae+-Mg=+-free medium containing 
IO/~moles EDTA, and without either Ca ~+ (Table II) or Mg ~+ (Table III). At 3 different 
glucose concentrations no consistent effect of Ca ~+ could be elicited, either in the pre- 
sence or in the absence of insulin (I munit/ml), on CO~ production or on the incorpo- 
ration of glucose carbon into glyceride fa t ty  acid and glyceride glycerol. Similarly, 
varying the Mg u+ concentration of the buffer was without effect on the metabolic in- 
dices studied, either in the absence or in the presence of insulin. 

The only anion studied was P04 a-, xvhich, as shown in Table IV, was without 
effect on the three metabolic indices measured at the concentrations studied which, 
however, are lower than those reported by MOSINGER AND VAUGHAN 44 to inhibit 
epinephrine-stimulated lipolysis. 

Finally, a single experiment involving the complete reciprocal substitution of 

T A B L E  I I  

E F F E C T S  O F  I N C R E A S I N G  C O N C E N T R A T I O N S  O F  C a  ~+ O N  T H E  M E T A B O L I S M  O F  D - ~ 1 4 0 6 2 G L U C O S E  B'*" 

I S O L A T E D  F A T  C E L L S  

The osn lo la r i ty  xvas k e p t  c o n s t a n t  b y  v a r y i n g  the  Na  +concn .  E x p e r i m e n t a l  cond i t ions  and  ex- 
pression of resu l t s  as in Table  I. E a c h  figure is the  mean  of 6 va lues  ~ S.E. 

3Icdium Ca ~ Control Insulin (I munit/ml) 
(~*),1) 

CO~ Glyceride Glyceride CO, a Glyceride Glyceride 
fatty acids glycerol fatty acids glycerol 

o 1.62 ± 0.05 0.25 ~ 0.03 4.32 ~ 0.38 22.8 ~ 0.39 16.2 ± o.Io 26.8 3: 1.3o 

~.27 1.54 ~ 0.07 22.8 ~ 0.98 

2.54 1.8o ± 0.07 o.21 ± 0.02 4-55 2~ 0-37 22.1 ~2 0.75 12.2 ~_ 1.6o 30.3 ,~ 1.81 

5.o8 1.65 ~ 0.07 21.3 ~_ 0.54 

I O . 2 0  1.64 ± 0.05 O.21 :~ O.OI 4.52 ~- 0.45 20. 7 ::~ O.II 14.2 ~: 0.50 24. 7 ± 0.78 

"FABLE I I I  

E F F E C T S  O F  I N C R E A S I N G  C O N C E N T R A T I O N S  O F  ~,[g2~- O N  T H E  M E T A B O L I S M  O F  D - { I 1 4 C 6 ~ G L U C O S E  B Y  1 S O L A T E D  

F A T  C E L L S  

E x p e r i m e n t a l  cond i t ions  and  express ion  of resu l t s  as in Table  I. Each  figure is the  Inean of 6 
va lues  ± S.E. 

:lledium ~Ig ~+ Control Insulin (I munit/ml) 
(raM) 

CO, a Glyceride Glyceride CO 2 Glyceride Glyceride 
fatty acids glycerol fatty acids glycerol 

_ 

o 1.55 ± 0.03 O. l l  3 ~2 0.02 4.78 L o. Io 19.1 ~ 0.66 7.20 ± 0.66 32.1 ~ o,2o 

0.6 1.45 :~ 0.04 18.9 ~2 0.54 

1.2 1.38 ~ 0.04 o.154 ~2 o.oi  5.17 ± o.o 3 19.1 ± o.61 7.5 ° -d: o-3o 32.7 212 o . Io  

2-4 1.44 ± 0.04 18.1 ± o.43 

4.8 1.31 ~ 0.03 o-132 :k 0.02 4.47 q: o.o8 18.1 ~2 0.36 6.9o ~2 o. Io  30.3 ~: o.3I 
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T A B L E  IV 

EFFECTS OF INCREASING CONCENTRATIONS OF P O 4  3 -  ON THE 1METABOLISM OF D-~14C6~GLUCOSE BY 

ISOLATED FAT CELLS 

E x p e r i m e n t a l  cond i t ions  as in Table  I excep t  t h a t  the  to ta l  a n i o n i c  c o n c e n t r a t i o n  of the  med ium 
was  kept  c o n s t a n t  b y  v a r y i n g  the  c o n c e n t r a t i o n  of C1 . Expres s ion  of results  as in Table  I. Each 
figure is the  m e a n  of 6 va lues  ~ S.IC 

3Iedium PO~ ~- Control I~sulin (500 i~units/ml) 

(raM) CO2 -- Glyceride Glyceride CO2 Glyceride (;Ivceride - 
fatty acids glycerol fatty acids g~,cerol 

o 1.82 ± o.o2 o.29 ± o.oi  3.79 ± o.o2 25.6 ± o.58 15.5 ± o.12 27.8 ~ o.85 

o.6 1.74 ± o.o7 26.4 3- o-44 

1.19 1.84 ~ o.o 3 o.28 ~ O.Ol 3.86 +_ o.o6 ;5.2 ~ o.64 16.9 ~ o.6o 27.o ~: o.55 

2.38 1.74 -A o.o4 23.8 ± o-5o 

4.76 1.64 ~ o.o8 o.28 ~ o.o 3 3.64 _~ o.06 24.o ± o.56 15.7 -~ o.To 25.7 ~ o.35 

T A B L E  V 

EFFECTS OF RECIPROCAL SUBSTITUTION OF ~{_+ AND ~ a  + ON THE METABOLISM OF D-[14Cgl  GLUCOSI-; 

BY ISOLATED FAT CELLS 

All  c o m p o n e n t s  of the  buffer, e x c e p t  for N a  + and  K +, were  as  described under  MATERIALS AND 
METHODS. Other  e x p e r i m e n t a l  cond i t i ons  and resul ts  expressed  as in Table  I. E a c h  figure is the  
m e a n  of 6 va lues  ~ S.E. 

Medium Control Insulin (~- munit/ml) 

1~+ N a  + CO 2 Glyceride Glyceride CO,, Glyceride 
(rnM) (raM) fatty acids glycerol fatty acids 

_ _  _ 

6 I44 1.57 ± 0.04 0.38 ~- 0.04 3.02 ~ 0.o8 11.8 ± o. Io  to.o2 ~ 0.35 

15o 4.19 ~ 0.09 1.64 ~_ 0.05 5.13 ~ o. Io  12.8 ~ 0.08 12.o 4 ± o.21 

1 5 0  - -  3.69 ~_ o.12 1.28 ~ 0 . 0 4  5 - 8 4  ~Z O. IO 8 . 1 0  ~= 0 . 2 0  6 . 2 5  ~ 0 . 4 0  

(;@ceride 
g l y e ~ ' r o l  

S.4o ~ 0.40 

S.61 L o.26 

6.99 ::_ 0.20 

Na + and K+ is shown in Table V. As previously noted (Table I), when K+ is replaced 
by Na +, in the absence of insulin, the three metabolic indices measured were increased. 
The complete replacement of Na + by K÷ brought about the same inetabolic response, 
although to a somewhat lower degree. However, a marked difference in the response 
to insulin was exhibited by the cells incubated in the presence of Na + alone or K+ 
alone. In the first instance, there was only a slight effect on overall glucose metabolism 
when compared with control cells. These results agree well with the results shown 
in Table I. The complete replacement of Na + by K +, on the other hand, produced 
a marked and highly significant diminution of all the metabolic indices measured, to 
values which are 69 % (C02), 62 % (glyceride fatty acid) and 83 % (glyceride glycerol) 
of the control values. 

DISCUSSION 

In isolated fat cells of mice aged 6- 7 weeks, neither Ca 2+ nor Mg 2+ nor P04 s- had 
any consistent effect on the metabolic indices measured, namely glucose carbon incor- 
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poration into C02, glyceride fa t ty  acid and glyceride glycerol. The authors are aware 
of the possibility that  a sufficient amount  of the divalent cations may  well have been 
so tightly bound to structural components of the membrane that  they could not be 
removed even by  a chelating agent such as EDTA, with the Mg 2+ of Ca z+ consequently 
remaining at sites where their presence may  be essential. Nevertheless, it is reasonable 
to assume that  divalent cations in the medium, even if they were required for the 
transport  of glucose and related membrane functions, are at best required in minimal 
amounts. Furthermore, since increasing either Mg ~+ or Ca ~+ concentrations, singly or 
together, to 4 times their normal concentrations in the buffer did not alter the meta-  
bolism of isolated fat cells, it is equally reasonable to conclude that  at high concentra- 
tions these extracellular cations do not inhibit or stimulate glucose transport  or 
metabolism, at least as far as the metabolic products which were measured. The same 
reasoning applies to P043-, which most probably are firmly bound to proteins and 
lipids and cannot readily be washed out of the cells. Even if we are convinced that  
POa 3 and, for that  matter,  Ca z+ and Mg 2+, are essential components of the intracellu- 
lar environment necessary for survival and function~3, ~, it is a fact that  we could not 
show any alteration of metabolism induced by  changes in their extracellular concen- 
tration. 

Of the various cations studied, only K + and Na + seem to affect the metabolism 
of glucose and/or its transport  in the isolated fat cells. They will be studied separately 
and in considerable detail in the two subsequent papers. 
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