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Requirement for bivalent cations in the actions of insulin 
and sodium nitroprusside on metabolism in rat adipocytes 
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The requirement for Caz+ and Mg2+ in the actions of insulin and sodium nitroprusside on rat adipocyte 
metabolism was investigated: (i) sodium nitroprusside, but not insulin, increased cGMP levels in cells incu- 
bated in the absence of Ca2+ and/or Mg2+; (ii) sodium ni~op~sside and insulin are unable to increase the 
incorporation of [14c]&tcose into triglycerides and [*YZ)leucine into proteins in the absence of Ca2+ and 
Mg2*; (iii) sodium nitroprusside and insulin showed antilipolytic actions in Ca2+- and Mgz+-free medium. 
We conclude that in the absence of Ca2+ and MgZ+, sodium nitroprusside and insulin have very similar 
regulatory properties on triglyceride, protein synthesis and adrenaline-stimulated lipolysis, but not on 
cGMP levels in rat adipocytes. This could provide evidence that omission of bivalent cations was inhibitory 
at more than one site, or that sodium nitroprusside mimics insulin’s actions by another mechanism that 

does not involve cGMP. 

Ca2+ Mg2+ cyclic GMP Insulin 

1. INTRODUCTION 

We have shown that sodium nitroprusside can 
mimic several of the effects of insulin on the 
metabolism of rat isolated adipocytes [l]. Both 
agents raise cyclic GMP levels [2-81, stimulate 
conversion of glucose to tria~ylglycerol, inhibit 
adrenaline-stimulated lipolysis, and stimulate the 
incorporation of leucine into protein [ 11. However, 
the two agents differ in their effects on glucose 
transport into adipocytes. This is stimulated by in- 
sulin but sodium nitroprusside has no effect [I]. 
There is also considerable evidence that the effects 
of insulin are influenced by the bivalent cation 
composition of the incubation medium [7-l 11. For 
instance, we have shown that insulin does not ex- 
press many of its usual metabolic effects in 
adipocytes when these cells are incubated in a 
(Ca” + Mg’+)-free medium [lO,l 11. The purpose 
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of the present study was to investigate the similari- 
ty between the effects of insulin and sodium 
nitroprusside on adipocyte metabolism by compar- 
ing their actions in normal and Ca*+- and/or 
Mg2+-depleted media. Such a study might also in- 
dicate where bivalent cations are required in the se- 
quence of events by which insulin stimulates fat 
cell metabolism. 

2. MATERIALS AND METHODS 

Glycerol kinase, pyruvate kinase, lactate 
dehydrogenase, glucose oxidase, peroxidase, 
nucleotides, and other fine chemicals were pur- 
chased from Boehringer (London); collagenase 
(from Clo~~~id~u~ ~istofy~icu~) was obtained 
from Wo~hin~on through Millipore (Park Royal, 
London). [‘4C]Glucose (2-3 mCi/nmol), and 
[14C]leucine (59 mCi/mmol), were obtained from 
Amersham International. All other chemicals were 
of Analar grade or the purest grade available. 
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2.2. Isolation and incubation of adipocytes 
Adipocytes were isolated from the epididymal 

adipose tissue of male albino Wistar rats fed 
ad libitum, weighing 150-200 g, as described [l]. 
The isolated cells were then washed 4 times 
with (Ca2+ + Mg’+)-free Krebs-Ringer-bicarbo- 
nate buffer containing 2% (w/v) purified bovine 
serum albumin which had been treated with EDTA 
to remove endogenous bivalent cations [lo]. All 
media were gassed with Oz/COz (19: 1) to pH 
7.35-7.40 before use, and maintained at 37°C 
under an atmosphere of Oz/CO2 (19: 1). 

2.3. Cell stability 
Cell stability was assessed by measuring the 

leakage of the cytoplasmic enzyme lactate 
dehydrogenase into the incubation medium [ 121. 

2.4. Cyclic GMP assay 
Cyclic GMP concentration was determined in 

isolated adipocyte suspensions incubated for 2 min 
using the cyclic GMP radioimmunoassay kit from 
Amersham, as described in [l]. Results are ex- 
pressed as pmol cyclic GMP per g adipocytes dry 
wt. 

2.5. Glucose uptake and metabolism 
Two methods have been used to assess the effect 

of bivalent cations on glucose uptake and 
triglyceride synthesis in the absence or presence of 
insulin or sodium nitroprusside. Total glucose 
removal from the incubation medium was used as 
a measure of the overall effect of insulin and 
sodium nitroprusside on glucose transport and 
metabolism in the cells. For this, the glucose re- 
maining in the medium after incubation was 
assayed by a modification of the glucose oxidase 
method [13] using 2,2’-azinodi(3-ethylbenzthiazo- 
line-sulphonate) as the chromogen. The uptake 
and retention within the cells of 14C from [14C]glu- 
case was also used to follow glucose transport into 
and subsequent metabolism within the cells under 
these conditions. At the end of incubation, 
adipocytes were separated from the incubation 
medium using the oil (dinonyl phthalate) flotation 
method [14]. To measure incorporation of [14C]- 
glucose into triacylglycerol, adipocytes were in- 
cubated in Krebs-Ringer-bicarbonate buffer con- 
taining 3 mM glucose and 0.1 &i/ml [i4C]glu- 
case. Triacylglycerol was extracted from the cells 
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using chloroform/methanol/water (2 : 4 : 1.5, by 
vol.) [15]. Thin-layer chromatography of the 
chloroform-soluble extract showed that 85-90% 
of the label incorporated was in the triacylglycerol 
fraction. Results are expressed as nmol D-glucose 
taken up from the external medium, or as pgatom 
carbon incorporated into triacylglycerol/lOO mg 
cells dry wt per 2 h. 

2.6. Incorporation of [‘4Cjleucine into adipocyte 
protein 

Incorporation of [‘4C]leucine into material 
precipitable with 10% (w/v) trichloroacetic acid 
was taken to measure the rate of protein synthesis 
within the adipocytes [16]. After incubation with 
0.1 Ci/ml [L-14C]leucine, adipocytes (0.1 ml) were 
pipetted onto 30-mm diameter filter discs (What- 
man no.41) and dried in air before being placed 
onto ice-cold 10% (w/v) trichloroacetic acid. The 
discs containing precipitated protein were washed 
3 times with fresh trichloroacetic acid and then ex- 
tracted with ethanol and diethyl ether to remove 
residual trichloroacetic acid and lipids. Recovery 
of 1251-labelled albumin taken through this pro- 
cedure was 102 f 3%. Results are expressed as 
nmol [14C]leucine incorporated/100 mg cell dry wt 
per 2 h. 

2.7. Lipolysis 
Adipocyte lipolysis was assessed by measure- 

ment of the glycerol [ 171 and the non-esterified fat- 
ty acids [18] produced during incubation of the 
cells. 

2.8. Statistics 
The results presented are representative ex- 

periments, each of which has been repeated at least 
3 times. Results are expressed as the mean f SE 
and the significance of any difference observed 
was assessed using Student’s t-test. 

3. RESULTS 

The results in table 1 show the effects of insulin 
(7 x lo-” M) and sodium nitroprusside (10m4 M) 
on the cyclic GMP content of adipocytes in the 
absence or presence of 2 mM CaC12. A significant 
reduction in basal cyclic GMP levels, from 5.3 to 
1.8 pmol, was seen when calcium was omitted. The 
action of insulin to increase the concentration of 
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Table 1 

Effect of extracellular Ca’+ on the concentration of 
cyclic GMP in rat isolated fat cell suspensions 

Additions Cyclic GMP concentration 
(pmol per g dry wt cells) 

None 
Insulin (7 x lo-” M) 
Sodium nitroprusside 

(1O-4 M) 

2 mM Ca2+ No Ca2+ 

5.3 f 0.2 1.8 f 0.5 
30 f 0.9 3.5 f 0.5 

29 f 2.1 30 f 1.2 

Isolated rat fat cells were incubated in (Ca” + Mg2+)- 
free medium or in medium containing 2 mM calcium 
with 10m4 M sodium nitroprusside or 7 x lo-” M 
insulin, as indicated, for 2 min. Assays of cyclic GMP 
were then performed as described in section 2. Values 
are means f SE of 4 experiments performed in triplicate 

cyclic GMP was dependent on the presence of 
Ca’+. However, sodium nitroprusside increased 
cyclic GMP to the same level (29-30 pmol) 
whether Ca2+ was present or not. 

The dependence on Ca2+ and Mg2+ for stimula- 
tion of glucose uptake by insulin and sodium 
nitroprusside in adipocytes is shown in table 2. 
Omission of Ca2+ and Mg2+ completely inhibited 
the ability of insulin to stimulate glucose uptake. 
Sodium nitroprusside had no significant effect 
under any of the conditions tested. 

Further experiments were undertaken to assess 
the importance of bivalent cations for glucose 
metabolism in isolated adipocytes and for cellular 
integrity (table 3). In the absence of insulin or 
sodium nitroprusside, isolated adipocytes take up 
and incorporate [‘4C]glucose into triacylglycerol at 
a basal rate that proved to be independent of the 
presence or absence of Ca2’ and Mg’+. The uptake 
and retention of [14C]glucose gave consistently 
lower values than did the glucose oxidase method 
even with the same preparation of cells, although 
the overall pattern of responses was always the 
same. The most probable explanation for this is 
the metabolism of some of the [14C]glucose taken 
up by the cells into products that were released 
from the cells. Insulin (7 x lo-” M) stimulated 
triacylglycerol synthesis (Cfold) and glucose up- 
take (3-fold) only when extracellular Ca2+ and/or 
Mg2+ were present. Sodium nitroprusside 
stimulated incorporation into triacylglycerol2-fold 
when the medium contained Ca2+ and Mg2+, but 
had no effect in the absence of these ions. Sodium 
nitroprusside did not affect total glucose uptake 
under any incubation conditions. The (Ca2+ + 
Mg’+)-free medium led to the appearance of 
22-2570 of the cellular lactase dehydrogenase ac- 
tivity in the medium. Control cells leaked only 
4-9% of the enzyme. Insulin routinely caused a 
small decrease in the amount of lactate dehy- 
drogenase leaked, but only in the presence of Ca2+ 
and Mg2+. Sodium nitroprusside had no effect on 
cell viability under any conditions. 

Table 2 

Effect of calcium and magnesium on D-glucose uptake in isolated rat adipocytes in the 
presence or absence of insulin and sodium nitroprusside 

Additions D-Glucose uptake 
(mM) (.umol/lOO mg dry wt cell per 2 h) 

Ca2+ Mg2+ None Insulin Sodium nitroprusside 
(7 x lo-” M) (lO-4 M) 

- - 1.79 f 0.19 1.97 f 0.1 1.62 f 0.09 
2 - 1.92 f 0.2 7.11 f 0.06 1.97 f 0.06 
- 2 1.62 f 0.11 7.25 f 0.08 1.99 f 0.17 
2 2 1.94 f 0.99 7.5 f 0.14 2.15 f 0.17 

Rat isolated fat cells were prepared in normal medium but washed and incubated at 37OC 
in (Ca2+ + Mg”+)-free Krebs bicarbonate buffer medium for 2 h. Glucose uptake was 
assayed by the glucose oxidase method [13]. Results are the means f SE of 4 experiments 

performed in triplicate 
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Table 3 

Effects of (Ca” + Mg”)-free medium on insuhn- and sodium aitroprusside-stimulated triacylgtycerol synthesis, 
glucose uptake and lactate d~hydrogenase release in rat isolated adipocytes 

Additions CaZ*,Mg2* Glucose uptake f’%]Glucose uptake Triacylglycerol LDH 
at2mM ~mol/l~ mg cell ~mol/l~ mg synthesis leakage 

dry wt per 2 h) dry wt per 2 h) @gatom C 
incorporated/100 mg 
cell dry wt per 2 bf 

None 2.23 f 0.12 1.72 + 0.11 3.06 f 0.72 23 zt 4 
+ 2.52 f 0.14 l-78 f 0.17 3.12 f 0.54 8*1 

Insulin 6.95 f 0.2 5.75 f 0.08 12.66 + 1.44 4+1 
-I- 2.38 i 0.21 1,6X -I 0.17 3.72 I!Z 0.42 22 i 5 

Sodium 2.24 f 0.09 1.52 + 0.06 2.94 f 0.54 25 f 4 
njtrop~ssid~ + 2.54 f O”1 I 1.76 ZIZ 0.07 7.02 f 0.66 9*2 

Cells were prepared as described in section 2, washed in the (Ca2* + Mg’*)-free medium and incubated for 2 h with 
Ca2+,Mg2+ (2 mM), insulin (7 x lo-” M) and sodium nitrop~sside (lob4 M). Glucose uptake was measured by the 
glucose oxidase method, and triacylglycerol synthesis or 14C glucose uptake by the oif flotation method, Results are the 

means f SE of 4 experiments 

The results in table 4 show that the incorpora- 
tion of [‘4C]leucine into adipoc~e protein depend- 
ed on the presence of bivalent cations under basal 
conditions and in the presence of insulin or sodium 
nitroprussid~. No stimulation of protein synthesis 
in adipocytes was seen when Ca2’ and Mg” were 
omitted. Basal rates of incorporation were also 
reduced in the absence of these ions. The addition 

of both Ca” and Mg2+ allowed a stimulation of 
leucine in~or~ration by insulin or sodium 
nitroprusside that was little greater than that seen 
when Mg2+ alone was added. 

The antilipo~~ic effect of insulin and sodium 
nitroprusside has also been investigated in the 
absence and presence of extracellular Ca” and 
Mg2’ (table 5). In the unstimulated state there is a 

Table 4 

Effect of extracellular calcium and magnesium on insulin- or sodium nitroprusside- 
stimulated [‘%Jleucine incorporation into protein in rat isolated adipocytes 

Cation added (mM) 

Ca2+ Mg2+ 

[ r4C]Leucine incorporation 
(nmoH100 mg dry wt cells per 2 h) 

None Insulin Sodium 
(7 x lo-‘* M) nitroprusside 

(lo+ M) 

0.02 f 0.002 0.02 f 0.0901 0.02 i 0.001 
2 - 0.21 i 0.06 0.46 2 0.04 0.32 + 0.04 

2 0.29 f 0.03 0.62 zt 0.06 0.44 * 0.05 
2 2 0.32 f 0.05 0.69 i 0.09 0.45 + 0.01 

Rat isolated fat cells were prepared in normal Krebs-Ringer bicarbonate, washed and 
incubated in the (Ca” + Mg’*)-free medium with the additions shown above. 
[‘4C]Leucine incorporation into protein was estimated at the end of 2 h incubation as 

described in section 2. Values are the means + SE of 4 experiments 
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Table 5 

Effect of extracellular calcium and magnesium on the antilipolytic effect of insulin: 
comparison with the effect of sodium nitroprusside on glycerol release induced by adrenaline 

in rat isolated adipocytes 

Ca” ‘+ Adrenaline 
(2 mM) (?k%) (3 PM) 

None Insulin 
(7 x lo-*’ M) 

Sodium 
nitroprusside 
(1 x 1O-4 M) 

- 0.19 k 0.07 0.21 f 0.07 0.19 i 0.08 
+ 0.57 f 0.09 0.37 f 0.08 0.41 f 0.07 

+ + 1.23 f 0.26 0.61 f 0.09 0.62 f 0.08 
+ + 0.84 f 0.09 0.47 f 0.08 0.48 f 0.08 

+ f + 1.31 f 0.21 0.78 f 0.09 0.72 f 0.09 

Rat isolated fat cells were prepared in normal Krebs Ringer bicarbonate, washed and 
incubated in the (Ca2’ + Mp)-free medium with the additions shown above. Medium was 
analysed for giycerol release after 1 h incubation, as described [ 171. Results are the means f 

SE of 4 experiments 
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slow release of glycerol from the adipocytes in- 
cubated in the absence of bivalent cations, and this 
rate was unaltered by insulin or sodium 
nitroprusside. In the absence of extracellular Ca2+ 
or Mg2+, adrenaline (3 ,uM) stimulated lipolysis, 
but it was less effective than in the presence of a 
bivalent cation. Addition of a bivalent cation in- 
creased the response to adrenaline, at equimolar 
concentrations Ca” being more effective than 

2+ Mg - The adrenaline response seen in the presence 
of Ca2+ alone was almost as great as that seen in 
the presence of both Ca2+ and Mg2+. Under all 
conditions of added Ca2+ and Mg2+, either singly 
or together, both insulin and sodium nitroprusside 
significantly inhibited glycerol release. Similar ef- 
fects were seen when the production of 
nonesterified fatty acids was monitored under 
these experimental conditions (not shown). 

4. DISCUSSION 

Our results indicate that many of the metabolic 
effects of insulin on isolated adipocytes are ex- 
pressed only in the presence of Ca” and/or Mg2+ 
in the intracellular medium. The one exception to 
this is its antilipol~ic effect (table 5) since insulin 
reduced glycerol production by adipocytes even in 
the (Ca2+ + Mg’+)-free medium. One of the major 
actions of insulin is to increase the rate of glucose 
transport and its intracellular metabolism. Both of 
these actions are expressed only in the presence of 

an extracellular bivalent cation (tables 23; and 
[lO,ll]). Other studies have suggested that Ca2+ 
may regulate glucose transport in adipose tissue 
and muscle [19-211. In contrast to the effect of in- 
sulin, the basal uptake and metabolism of glucose 
is insensitive to bivalent cations and this is consis- 
tent with previous studies [10,22]. Sodium 
nitroprusside could not be investigated in this 
system since it does not affect glucose transport 

HI. 
The stimulatory effects of insulin and sodium 

nitroprusside on the incorporation of 14C from 
[14C]glucose into triacylglycerol were not seen in 
the absence of extracellular Ca” and Mg2+ (table 
3). Since sodium nitroprusside increased cyclic 
GMP in adipocytes in the (Ca2’ + Mg’+)-free 
medium (table l), this implies that Ca2+ and/or 
Mg2+ is required for cyclic GMP to act on 
l&genesis in these cells. 

It has been reported that rat isolated adipocytes 
require millimolar concentrations of Ca2+ in the 
extracellular medium to sustain maximal rates of 
protein synthesis in the presence of insulin [23]. An 
absolute requirement for extracellular bivalent ca- 
tions for basal incor~ration of [t4C]leucine into 
adipocyte protein and for the stimulation by in- 
sulin is demonstrated in table 4. The inhibition of 
basal incorporation into protein in the 
(Ca2+ + Mg2+)-free medium is in contrast to the 
lack of effect of this medium on basal glucose up- 
take and metabolism. The stimulation of 
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[i4C]leucine in~or~ration into protein by sodium state it has proved difficult to correlate guan- 
nitroprusside was also abolished by incubation of 
the cells in the (Ca’+ f Mg2”)-free medium, in 

titatively the fall in cyclic AMP levels in response 
ts insulin and the inhibition of hormone- 

contrast to the lack of effect of this medium on stimulated lipolysis observed 1281. A mechanism 
basal glucose uptake and metabolism. Like the ef- similar to that demonstrated in liver plasma mem- 
fect of insulin, the stimulation by sodium 
nitroprusside was slightly greater with Mg’” alane 

branes where insulin inhibits ad~ylate cyclase i29] 

than with Ca”’ alone, although neither condition 
and activates a m~mbr~e-bound cyclic nucleotide 

was as effective as the presence of both Ca” and 
phosphodiesterase [JO], perhaps through a specific 

Mg2+. 
g~~~i~e nucleotide regulatory protein, might be 
irn~~~tant here. 

The results in table 5 show that the stimulation 
of li~iysis by a maximal concentration of 
adrenaline was reduced but not abolished in 
adipocytes incubated in the (Ca2’ + Mg2*$-free 
medium. M~~esium alone partially and Ca2* or 
(Ca2+ + Mg’*) fully restored the stimulation. CaZf 
is known to be required for adrenocorticotrophin 
to stim~ate lipolysis in adipose tissue [24], and 
adrenaline has been reported to stimulate release 
of fatty acids from adipose tissue incubated in a 
(Ca” + Mg2”)-free medium [24,25]. The removal 
of Ca2’ has been shown to reduce the effectiveness 
of submaximal concentrations of insulin but the 
maximal was ~~~~~~~~~~ in the absence of Ca’* 
and Mg’*. Under these conditions insulin had little 
effect on cyclic GMP levels in the adipocytes (table 
l), suggester that the a~tilipol~ic action of in- 
sulin is, at least in part, independent of cyclic 
GMP. On the other hand, sodium nitroprusside 
was also ~tili~l~i~ in the (Ca2+ + Mg’*)-free 
medium, but this agent increased cellular cyclic 
GMP levels. Thus, the effects of sodium 
nitropruss~d~ and insulin clearly cannot be related 
solely to changes in the cyclic GMP concentmtion. 
The small rise in cychc GMP seen in response to in- 
sulin in the (Ca’” + Mg2~~f~$e medium is unlikely 
to be sufficient to bring about the observed inhibi- 
tion of adrenaline-stimulated lipolysis, since the 
concentration of cyclic GMP produced was still 
below that present in the unstimulated state in the 
normal medium. Thus, cyclic GMP may modulate 
lipolysis, and may even play a role in the an- 
tilipolytic effect of insulin under normal condi- 
tions when the hormone can raise cyclic GMP 
levels in the cells, but it is unlikely to be the only 
mechanism involved. It is possible that in the 
(Ca” + Mg’+)-free medium, where adrenaline 
itself is a much less effective stimulus, the ability of 
insuIin to lower intracellular cyclic AMP levels 
may be more significant, although in the normal 

The present results show that insulin and sodium 
~itr~prusside had very similar effects on 
triaeylgiycerol synthesis, protein synthesis and 
hormone-stimulated lipolysis in both the normal 
and the (Ca2’ + Mg”)-free medium* but their ef- 
fects on cyclic GMP levels differed markedly. In 
the (Ca2’ + Mg2’+free medium nitwoprusside in- 
creased cyclic GMP levels as usual while the 
stimulatory effect of insulin was very much re- 
duced. This could imply that the {Ca*’ + Mg”+f- 
free medium was inhibitor at more than one site 
- in the case of insulin it blocked the stimulation 
of cyclic GMP levels by the hormone, while in the 
case of sodium nitr~prusside~ it blocked the effects 
of cyclic GMP on metabolism. An alternative ex- 
planation might he that sodium nitroprusside 
mimicks insulin’s actions on metabolism, but 
through a mechanism, as yet unknown, that does 
not involve cyelie GMP. 

The authors would like to thank Chantal Brunet 
and Martine Le Hein for typing the manuscript. 
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