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Abstract The effect of palmitic acid on basal and insulin-stim- 
ulated incorporation of glucose into rat adipocytes was studied. 
Palmitic acid (2.40 KIM) stimulated basal as well as insu- 
lin-stimulated glucose incorporation in rat adipocytes three- and 
twofold, respectively. Similar degrees of stimulation of basal glu- 
cose oxidation by palmitate were also observed. The ability of 
palmitic acid to stimulate glucose uptake was additive with 
respect to the stimulation induced by insulin and was propor- 
tional to the palmitic acid concentration between 0.15 mM and 
2.40 mM. Stimulation of glucose incorporation by palmitic acid 
was inhibited by preincubating the cells with quin2-AM, which 
accumulates intracellularly yielding the trapped chelator form, 
quin2, which binds intracellular CaZ+. The concentration of 
quin2-AM required for half-maximal inhibition of palmitic acid 
stimulated glucose incorporation was 3.8 * 1.2 ~ L M  (mean f 
SEM). The inhibition of palmitic acid-stimulated glucose incor- 
poration by quin2-AM (10 PM) was overcome by incubating 
cells with the CaZr ionophore, A23187, in the presence of extra- 
cellular Ca2+ (2.6 m M ) .  Chelation of extracellular Ca2' with 
EGTA did not significantly affect the magnitude of palmitic 
acid-stimulated glucose incorporation. Dantrolene (12.5-100 
~ L M )  failed to affect basal or palmitic acid-stimulated glucose in- 
corporation. These findings suggest that palmitic acid stim- 
ulates incorporation of glucose in the adipocyte by a mechanism 
dependent upon intracellular but not extracellular Ca2+. - 
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shown that FFA stimulates glucose transport (10) as well 
as glucose incorporation (11) into isolated adipocytes. 

There is now evidence that the saturated FFA, palmitic 
acid, increases 45Ca2+ uptake in rat calvaria (12). Other in- 
vestigators, however, found that unsaturated but not satu- 
rated FFA had a similar effect on 45Ca2+ uptake in bone 
discs (13), Le., an increase in 45Ca2+ uptake. Although it has 
been suggested that Ca2+ complexed with palmitic acid 
possesses biological activity (12), these speculations are 
based on 45Ca uptake measurements by cells and inter- 
pretation of such experimental data can be difficult and 
easily misinterpreted (14). 

The mechanism leading to increased glucose incorpo- 
ration into fat cells by palmitic acid is unknown and has 
not been extensively studied, whereas the action of insulin 
on glucose transport and incorporation has been investi- 
gated extensively (2,15). Although the mechanism where- 
by insulin stimulates glucose transport in adipocytes 
remains controversial, there is compelling evidence impli- 
cating Ca2+ as an important component (16). 

We demonstrate that the free fatty acid palmitic acid 
(saturated C 16) stimulates glucose incorporation in iso- 
lated rat adipocytes in an additive manner to the effects 
of insulin. We further demonstrate that maneuvers de- 
signed to chelate intracellular calcium prevent palmitic 

It is well documented that insulin and free fatty acid 
(FFA) turnover are interrelated (1,2). Under physiological 
conditions insulin is known to inhibit catecholamine-stim- 
ulated lipolysis in adipocytes (1-3). FFA flux is greatly in- 
creased in pancreatectomized, alloxan-diabetic, or diazox- 
ide-treated animals (4-6). Not only does insulin regulate 
FFA turnover by depressing FFA release, but plasma FFA 
also regulates insulin secretion (7-9). It has also been 

Abbrwiations: HEPES, n-2-hydroxy-ethyl piperazine-N'-Z-ethanesd- 
fonic acid; Dantmlene, 1 - [ 5 - ( P - n i t r o p h e n y l ) - ~ ~ ~ ~ e ] ~ ~ o ] h ~ t i o n  
sodium hydrate; quin2, ( 2 - [ 2 - b i s - [ c ] ~ ~ 5 - m e t h y l - ~ ~ ~ ) -  
methyl]-6-methoxy-8-bis-[carboxymethylla; quinP-AM, (2-[2- 
bis-[ carboxymethyl]amino-5-methyl-phenoy)methyl]-6-methoxy-8-bis- 
[carboxymethyl]aminoquinolinetrakis-[ac~toxymethyl] ester); FFA, free 
fatty acids; DMSO, dimethyl sulfoxide; EGTA, ethyIeme glycol bis (8- 
aminoethyl ether)-N,N'-tetraacetic acid; BSA, bovine serum albumin. 
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acid from stimulating glucose incorporation, whereas re- 
moval of extracellular Ca2+ was ineffective. 

EXPERIMENTAL PROCEDURES 

Cell preparation 

Adipocytes were isolated from the epididymal fat pads 
of male Sprague-Dawley rats (120-150 g) by the colla- 
genase digestion method of Rodbell (17). Cells were washed 
3 times and resuspended in a Ca2+-Krebs-Ringer phosphate 
(KRP) buffer supplemented with pyruvate. The buffers 
contained 1.4 mM CaC12, 128 mM NaCl, 5.2 mM KCl, 
1.4 mM MgS02, 10 mM Na pyruvate, 30 g/l BSA, and 10 
mM Na phosphate, pH 7.4, at 37OC. 

Standard and palmitic acid buffer preparations 

The standard buffer contained 4.5 g/dl human albumin 
(fatty acid free, dialyzed for 24 h against albumin-free buf- 
fer), 2.6 mM CaC12, 130 mM NaCl, 5 mM glucose, 4 mM 
KCl, 3 mM Nap HP04,  1.4 mM MgS04, 5 mM HEPES, 
pH 7.4, at 37OC. The palmitate buffer was prepared by 
adding palmitic acid (99% pure, Sigma) to the standard 
buffer to saturating concentrations by the hexane-Celite 
method of Spector and Hoak (18). Unless otherwise indi- 
cated, the final concentration of palmitic acid was 2.40 
mM as determined by an enzymatic colorimetric method 
(NEFAC, Wako Pure Chemical Industries, Osaka, Japan). 

Glucose incorporation assays 

Glucose incorporation in adipocytes was assayed by a 
filtration method. Aliquots (200 pl) of a 2.5 x lo6 cells/ 
ml adipocyte suspension ( = 500,000 celldtube) were added 
to assay tubes containing standard buffer (295 pl) without 
and with various concentrations of palmitic acid, CaC12, 
EGTA, and other reagents as indicated. Whenever pre- 
sent, insulin concentration was 1.25 nM. After preincuba- 
tion for 15 min at 37OC, measurement of uptake was 
initiated by addition of 25 p1['4C-U]-D-ghcose (0.24 pCi) 
and terminated after a 15-min incubation by addition of 
ice-cold 2 mM HgC12 KRP buffer. The cells were filtered 
on Whatman GF/C filters and counted by liquid scintilla- 
tion spectrometry (19). 

Where quin2-AM and A23187 were used they were added 
at the beginning of the 15-min preincubation from stock 
solutions containing DMSO. The final concentration of 
DMSO never exceeded 1%. Controls contained identical 
concentrations of DMSO. Na pyruvate (10 mM) was in- 
cluded in buffers used for these experiments to protect 
against possible toxic effects of quin2-AM. This was nec- 
essary since hydrolysis of quin2-AM within cells produces 
toxic byproducts such as formaldehyde and causes deple- 

tion of cellular ATP (20). Pyruvate protects against these 
toxic effects by preventing depletion of intracellular ATP 
in adipocytes (16) and was therefore included in all buffer 
solutions. Dantrolene was added from stock solutions 
containing glycerol. Controls contained identical concen- 
trations of glycerol, never exceeding 1%. In a few experi- 
ments, the oxidation of glucose was measured by the 
procedure of Gliemann (21). For these experiments, ap- 
proximately 250,000 cells were pre-incubated for 15 min 
in dialyzed, fatty acid-free buffer or palmitate buffer prior 
to measurement of glucose oxidation over a 45-min pe- 
riod. The data are expessed as nmol of glucose oxidized/ 
mg of cell protein per 45 min. 

The assay for measuring glyceride-fatty acid and gly- 
ceride-glycerol was performed according to the procedure 
of May (22). Briefly, cells were incubated for 1 h, followed 
by an overnight lipid extraction using chloroform-metha- 
no1 1:l. The organic phase was separated and washed 
twice with KCl(7.4 mg/ml)-methanol 1:l. The chloroform 
was taken to dryness and the residue was saponified for 2 
h at 6OoC with 2 ml of saturated ethanolic KOH. The 
samples were cooled, acidified, and the fatty acids were 
extracted three times with heptane. Both the heptane and 
remaining ethanolic solution were taken to dryness and 
counted after the addition of Aquasol. 

Materials 

Dantrolene and porcine insulin were generous gifts 
from Norwich Eaton Pharmaceuticals, Inc. (Norwich, NY) 
and Lilly Research Laboratories (Indianapolis, IN), re- 
spectively. A23187, quin2-AM, fatty acid-free human albu- 
min, palmitic acid, and Celite were from Sigma (St. Louis, 
MO). [ 14C]-D-glucose was obtained from ICN Biochemi- 
cals (Cleveland, OH). 

RESULTS 

Effect of palmitic acid and insulin on D-glucose 
incorporation 

Palmitic acid (2.40 mM) increased both basal and insu- 
lin-stimulated glucose incorporation into rat adipocytes by 
approximately threefold (4.2 to 13.0 pmo1/500,000 cells per 
30 min) and twofold (16.1 to 28.9 pmo1/500,000 cells per 30 
min), respectively (Fig. 1). Insulin, at a physiologically satu- 
rating concentration of 1.25 nM, stimulated D-glucose in- 
corporation in both control and palmitic acid buffer 
approximately fourfold (4.2 to 16.9 pmo1/500,000 cells per 
30 min) and twofold (13.0 to 28.9 pmo1/500,000 cells per 30 
min), respectively. The stimulatory effects of palmitic acid 
and insulin on D-glucose incorporation were roughly addi- 
tive (Fig. 1). To identify whether the increase in glucose in- 
corporation could be due to a decrease in glucose oxidation 

1300 Journal of Lipid Research Volume 30, 1989 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


I, 

30 

20 

IO 

I I - I N S U L I N  

- 

- 

- 

- 

Effect of quin2-AM loading on palmitic acid- 
stimulated glucose incorporation 

Quin2-AM enters the cell and is cleaved to form the 
trapped calcium chelator quin2. It is therefore valuable as 
a probe to explore the possible dependence of the palmitic 
acid effect on intracellular calcium. The stimulatory effect 
of palmitic acid on glucose incorporation by adipocytes 
decreased with increasing concentrations of quin2-AM 
(Fig. 4). The concentration of quin2-AM required for 
half-maximal inhibition (ICso) of palmitic acid stimulated 
glucose incorporation was (mean f SEM) 3.8 * 1.2 pM 
(n = 4) and the maximum inhibition (Imax) at a saturat- 
ing quin2-AM concentration was 89 * 3% (n = 4) as 
calculated from a Dixon plot of the data (not shown) (23). 
Note in the insert, the small ( = 4  pmol) decrease in basal 
glucose incorporation observed at the lowest concentra- 
tion of quin2-AM. Although small, this effect was consis- 
tently observed. 

We also analyzed the effect of quin2-AM (30 FM) on a 
specific aspect of glucose incorporation, namely the incor- 
poration of D-[U-'*C]glUCOSe into glyceride-fatty acids 
and glyceride-glycerol in the presence of 2 mM palmitate. 
In two separate experiments, quin2-AM inhibited the in- 
corporation of D-[U- '*C]glucose into glyceride-fatty acids 
and glyceride-glycerol by an average of 54% and 4876, re- 
spectively. 

Restoration of palmitic acid-stimulated glucose 
incorporation with A23187 and Ca2+ 

If the effect of quin2-AM was due to chelation of intra- 
cellular calcium, then restoration of intracellular calcium 

Fig. 1. Effect of insulin and palmitic acid on D-glUCOSe incorporation. 
Adipocytes were preincubated with standard buffer (control) or palmi- 
tate buffer with (hatched bars) or without (open bars) 1.25 nM insulin. 
The data are means SEM from 11 separate experiments. 

and thus a trapping of glucose, we assessed glucose oxida- 
tion at two palmitate concentrations (1.9 mM and 2.5 mM). 
We observed a twofold increase (169 f 15 to 408 * 41 
nmol/ mg per 45 min) at 2.5 mM palmitate and a fourfold 
increase (141 * 6 to 667 f 19 nmol/mg per 45 min) at 1.9 
mM palmitate. These increases were similar to those ob- 
served for glucose incorporation. 

Effect of extracellular calcium on palmitic 
acid-stimulated glucose incorporation 

Extracellular calcium had no significant effect on the abil- 
ity of palmitic acid to enhance glucose incorporation (Fig. 
2). For these experiments, the calcium chelator EGTA (0.1 
mM) was present in all assays and CaC12 was added to give 
the total calcium concentrations shown. At zero extracellu- 
lar calcium (EGTA only), palmitic acid stimulated the D- 
glucose uptake approximately twofold. 

Effect of various palmitic acid concentrations on 
glucose incorporation with or without extracellular cal- 
cium 

As shown in Fig. 3, D-glucose incorporation was di- 
rectly proportional to the palmitic acid concentration 
within the range investigated (0.15-2.40 mM). Over this 
range of palmitate, there was no indication of saturation 
of the stimulatory effect. In these experiments, the pres- 
ence of extracellular calcium at the physiological concen- 
tration of 2.6 mM caused a small increase in the glucose 
incorporation of similar magnitude at all palmitic acid 
concentrations. 
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Fig. 2. Effect of extracellular calcium on palmitic acid-stimulated glu- 
cose incorporation. Adipocytes were preincubated with various concen- 
trations of calcium. The calcium chelator EGTA (0.1 mM) was uniformly 
present throughout. Data are means f SEM of triplicate determinations 
from a representative experiment. 
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Fig. 3. Effect of various palmitic acid concentrations on glucose incor- 
poration with or without extracellular calcium. Adipocytes were prein- 
cubated with various concentrations of palmitic acid with or without 
calcium as indicated. The data are means f SEM of triplicate determi- 
nations from a representative experiment. 

should also restore the ability of palmitic acid to enhance 
glucose incorporation in quin2-AM-loaded cells. This was 
assessed by first incubating adipocytes with quin2-AM at 
a submaximal concentration (10 pM) for inhibition of pal- 
mitic acid-stimulated glucose incorporation. Intracellular 
calcium was restored by incubating these cells with 2.6 
mM CaC12 and various concentrations of the Ca2+ iono- 
phore, A23187. D-Glucose incorporation was monitored 
in the presence and absence of palmitic acid (2.40 mM). 

Preincubation with quin2-AM and 0.001 pM A23187 
decreased palmitic acid-stimulated glucose incorporation 
by 51.4% (Fig. 5). Addition of increasing concentrations 
of A23187 restored the ability of palmitic acid to stimulate 
D-glucose incorporation with complete restoration being 
achieved at 10 p M  A23187 (111% of control) (Fig. 5 ) .  Al- 
though A23187 concentrations of 0.001, 0.01, and 0.1 p M  
significantly inhibited basal glucose incorporation, con- 
centrations of 1.0 and 10 p M  had no effect on basal activi- 
ty  (Fig. 5). 

Effect of dantrolene on palmitic acid-stimulated 
glucose incorporation 

Dantrolene, a putative inhibitor of Ca2+ release from 
the endoplasmic reticulum, was used to determine wheth- 
er Ca2+ release from the endoplasmic reticulum plays a 
role in the mechanism whereby palmitic acid stimulates 
glucose incorporation. Although 12.5 p M  dantrolene caused 
a small (30%) enhancement of stimulation of glucose in- 
corporation by palmitic acid, concentrations from 12.5 to 
100 pM did not affect either palmitic acid-stimulated or 
basal glucose incorporation (Fig. 6). 

DISCUSSION 

The effect of insulin on glucose transport and metabo- 
lism, and on FFA metabolism, in particular, in the adipo- 
cyte and the mechanism involved in the ability of insulin 
to regulate these functional parameters have been the sub- 
jects of intense investigation (15,16,21,24-29). In general, 
there is an overall reciprocal relationship between the oxi- 
dation of glucose and fatty acid substrates. With increased 
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Fig. 4. Effect of quinP-AM loading on palmitic acid-stimulated D-glucose incorporation. Adipocytes were prein- 
cubated with various concentrations of quin2-AM with and without palmitic acid as indicated. Results are expressed 
as percentage of palmitic acid-stimulated D-glucose incorporation as a function of Quin2 AM concentration. Data 
points are means * SEM from one to four separate experiments as indicated (IC,o = 3.8 f 1.2 pM).  The insert 
shows the effect of QuinP-AM loading on palmitic acid-stimulated D-glucose incorporation expressed as pmol glu- 
cose incorporation from a representative experiment. Data are mean SEM of triplicates. 
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Fig. 5.  Restoration of palmitic acid-stimulated glucose incorporation 
with A23187 and calcium. Adipocytes were preincubated in standard 
buffer (open bars) and palmitic acid buffer (hatched bars) with and with- 
out 10 PM quin2-AM as indicated on the graph. A23187 was added to 
the incubation medium at the concentrations indicated and D-glucose 
was assayed as described in Materials and Methods. The data are 
means * SEM of three separate experiments. 

availability of carbohydrate, glucose furnishes the major 
body fuels. In response to stimulation by insulin, lipolysis 
is minimal, lipogenesis is maximized, and tissue triglycer- 
ides accumulate. Conversely, when the supply of carbohy- 
drates is limited as during starvation, there is an increased 
release of FFA mobilized from triglycerides (30). Insulin an- 
tagonizes the influence of catabolic hormones on FFA re- 
lease from triglycerides (31, 32). 

Most studies of glucose are actually studies of glucose 
transport and are performed at low glucose concentrations 

(33). However, as stated by Gliemann and Rees (34), this 
seems paradoxical from a physiological point of view consid- 
ering that the plasma glucose concentration vanes between 
4 and 8 mM. In our study, the adipocytes were incubated 
in buffer containing glucose at a concentration of 2.8 mM, 
close to normal physiological concentration and sufficient to 
ensure measurement of glucose metabolism rather than 
transport. Saggerson (11) and Gliemann, Rees, and Foley 
(33) have shown that, in rat adipocytes under basal condi- 
tions in which glucose is at or near physiological levels, glu- 
cose is incorporated predominantly into glycerol and fatty 
acids. Insulin or palmitic acid increased the incorporation of 
glucose predominantly into glycerol with palmitic acid stim- 
ulation (11). Our observation that palmitic acid, like insulin, 
stimulates glucose incorporation into adipocytes is similar to 
the observations of Saggerson (11). The effect is similar to 
that described by several groups for catecholamines on glu- 
cose transport (19,35-37) and suggests that the effect of cate- 
cholamines may be secondary to FFA release. Palmitic acid 
also caused a two- to fourfold increase in the oxidation of 
glucose, indicating that the increases in glutose incorpora- 
tion we observed were not due to an inhibition of glucose 
oxidation. 

There have been discrepancies concerning the types of 
fatty acids that influence glucose transport. Some investi- 
gators have reported that unsaturated fatty acids are more 
effective than saturated fatty acids (38-40) and even that 
saturated fatty acids have no effect (39,40). Others have 
found that saturated fatty acids stimulate glucose trans- 
port (10,ll). Likewise, the magnitude of the reported ef- 
fects of fatty acids on glucose transport have been 
variable. We found the magnitude of the effect of palmitic 
acid on glucose incorporation similar to the effect of insu- 
lin under the same experimental conditions (threefold and 
fourfold, respectively). These observations are in contrast 

Fig. 6. Effect of Dantrolene on palmitic acid-stimulated glucose incorporation. Adipocytes were preincubated 
with (0) or without (0) palmitic acid with various concentrations of Dantrolene. D-Glucose incorporation was as- 
sayed as described in Materials and Methods. The data represents mean + SEM of triplicate determinations from 
a representative experiment. 
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with the glucose transport experiments by Joost and 
Steinfelder (10) showing considerably smaller effects of 
palmitic acid than insulin on glucose transport. We be- 
lieve this difference is explained by the difference in the 
metabolic parameter being monitored (glucose incorpora- 
tion vs. glucose transport) and the fact that the highest 
concentration of palmitic acid in their study was 0.8 mM, 
compared with 2.40 mM in ours. We find the effect of pal- 
mitic acid on glucose incorporation to be proportional to 
the palmitic acid concentration with no indication of satu- 
ration even at 2.4 mM. Some of the discrepancies could 
be due to the method by which the fatty acids are added 
to the medium. The  studies in which the fatty acids were 
added by procedures that removed or eliminated solvents 
(lO,ll), including the studies reported here, found an  in- 
fluence of saturated fatty acids. Further work will be re- 
quired to clarify these methodologic differences. 

Because FFA cause increased 45Ca fluxes in rat calvaria 
(12,13), and since Ca2+ appears to have a fundamental role in 
the stimulatory effect of insulin on glucose metabolism (15), 
we explored the possibility that Ca2+ also was essential for the 
stimulation of glucose incorporation by palmitic acid. If the 
presence of palmitic acid leads to an elevation in intracellular 
Ca", this elevation might be effectively eliminated in adipo- 
cytes loaded with quin2-AM. This is what we observed with 
quin2-AM giving an IC50 of 3.8 FM which is 7 times lower 
than the IC50 (26 PM) for quin2-AM inhibition of insu- 
lin-stimulated glucose transport and 3 times lower 
(IC50 = 11 pM) for the corresponding effect of quin2-AM 
on glucose oxidation (16). Furthermore, the inhibitory 
effect of quin2-AM preincubation was fully restored by 
supplementing the buffer with the Ca2+ ionophore A23187 
and 2.6 mM Ca2+, further suggesting a Ca2+-dependent 
mechanism. 

It is possible that quin-2 could be acting independently 
of calcium to inhibit palmitic acid-mediated glucose in- 
corporation. This is difficult to directly assess; however, 
the reversibility of the effect by A23187 would argue 
against such an effect. 

It is unlikely that the effect of palmitic acid is mediated 
through rapid influx of extracellular calcium since remov- 
al of extracellular calcium by chelation of EGTA failed to 
prevent the action of palmitic acid. It is also unlikely that 
calcium release from the endoplasmic reticulum is involved 
since dantrolene exerted no inhibitory effect on the ability 
of palmitic acid to stimulate glucose incorporation over 
the concentration range tested. Dantrolene has been re- 
ported to inhibit release of stored calcium from sarcoplas- 
mic reticulum of skeletal muscle (41,42) and the endoplas- 
mic reticulum of pancreatic islet cells (43). 

Palmitic acid may increase intracellular calcium via 
inhibition of the Ca2+ pumps in the plasma membrane as 
proposed for insulin (16,24) or by release from mitochon- 
dria. Alternatively, Ca2+ may be permissive, being re- 
quired along with palmitic acid, perhaps as the 

Ca2+-palmitic acid complex, to increase glucose incorpo- 
ration. In such a case a net increase in Ca2+ in the cyto- 
plasm need not be postulated. Elucidation of the exact 
mechanism will require further study. 

Although our data indicate that quin2-AM inhibits the 
incorporation of D-[U- '4C]giuc~~e  into glyceride-fatty 
acids and glyceride-glycerol in the presence of palmitate, 
this does not necessarily indicate that the calcium-de- 
pendent enzymes involved in glyceride synthesis are being 
affected by quin2-AM. The rate-limiting calcium-dependent 
step could still be glucose transport. If quin 2-AM inhibits 
glucose transport then less glucose would be available for 
the metabolic enzymes, resulting in decreased incorpora- 
tion of glucose into glyceride-fatty acids and glycer- 
ide-glycerol. 

The stimulatory effect of palmitic acid on glucose 
incorporation may represent a regulatory mechanism in 
adipose tissue and provide an  insulin-independent supply 
of glycerol phosphate required for the excess fatty acids 
released during stimulation of lipolysis (2,lO). The  stimu- 
latory effect of palmitic acid on glucose incorporation may 
also play an important physiological role in diabetic keto- 
acidosis where levels of FFA as high as 2.3 mM have been 
reported (44). The  FFA may therefore represent an insu- 
lin-independent regulatory mechanism for glucose incor- 
poration, and play an important survival role to sustain 
intermediary glucose metabolism in the absence of endo- 
genous insulin during ketoacidosis. The effects of palmitic 
acid on glucose metabolism in the other major insulin tar- 
get tissues (liver and skeletal muscle) must be explored to 
test the importance of FFA in regulating glucose metabo- 
lism in the intact animal. I 
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