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Whereas studies of the influence of fatty 
acids on glucose uptake by muscle have been 
made (1-3), few are available as regards 
adipose tissue. Enhanced uptake of glucose 
by rat epididyinal fat pad in the presence of 
high levels of long chain free fatty acid has 
been demonstrated and attributed to in- 
creased incorporation of fatty acid into new 
tissue triglyceride of which the glycerol moie- 
ty is derived from glucose (4, 5).  The effect 
of medium chain fatty acids (MCFA) on 
glucose uptake by adipose tissue has not been 
investigated. Previous work has shown that 
infusion into animals of certain MCFA in- 
duces striking hypoglycemia (6, 7), and that 
even and odd numbered MCFA can be incor- 
porated into adipose tissue triglycerides in 
vitro (8) and in vivo (9).  This study reports 
the effect of even and odd numbered MCFA 
on glucose uptake by rat adipose tissue using 
an epididymal fat pad incubation system. 

Materials and Methods. Animals. Male 
Wistar rats fed Purina chow diet ad libitum 
were used. For each experiment, five animals 
weighing 120-160 g were decapitated and 
their epididymal fat pads were separated and 
washed in oxygenated Krebs-Ringer-bicar- 
bonate buffer. Pieces, each weighing approx- 
imately 7-12 mg, were excised from the 
peripheral parts of fat pads and added direct- 
ly to the incubation medium so that all flasks 
contained one piece of tissue from each ani- 
mal. 

Incubation nzedium. The basic medium 
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was Krebs-Ringer-bicarbonate buffer to 
which 165 mg/100 ml of d-dextrose and 250 
mg/100 ml of fatty acid-poor bovine al- 
bumin5 were added. The albumin was di- 
alyzed for 12 hr against distilled water before 
use. The contribution by albumin of fatty 
acid to the medium was less than 0.03 
peq/liter. A stock solution of crystalline beef 
insulin6 of low glucagon content (less than 
0.0003 %) was freshly diluted on the morning 
of each experiment with Krebs-Ringer al- 
bumin glucose (KRAG) buffer to yield con- 
centrations up to 100 pU/ml. 

Sodium salts of MCFA (octanoate: 
nonanoate* and decanoate7) and a three- 
carbon fatty acid, propionate: were analyzed 
by gas liquid chromatography and were 
found to be 98-99% pure. These were added 
in appropriate amounts to the incubation 
medium. 

Incubations. The basic technique of incu- 
bation by Steelman et al. (10) was used. 
Adipose tissue segments were incubated for 3 
hr in flasks containing 2 ml of KRAG buffer 
in a Dubnoff metabolic shaker under 95% 0 2  

and 5% COs, at  pH 7.4 and temperature 
37’. The fatty acids in concentrations of 
1600 peq/liter were tested in this system to 
determine their effect on glucose uptake by 
adipose tissue. In  each experiment duplicate 
samples containing fatty acids and insulin 
(0-100 pU/ml) were compared with dupli- 
cate controls using the same buffer and in- 
sulin concentrations. Also, varying concentra- 
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TABLE I. Effect of Even and Odd Numbered Fa t ty  Acids (Octanonte, Nonanoate, Decanoate, and Pro- 
pionate) on Glucose Uptake (mg of glucose per g of wet tissue/3 h r )  with and without Insulin, by Rat 

Epididymal F a t  

(pey/li ter ) 

Octanoate 
Insulin 
( P U b l )  0 1600 

Nonanoate Decanoate Propionate 

0 1600 0 1600 0 1600 

0 3.7 t 0.4 3.3 t 0.7 

10 5.1 t 0.7 5.8 k 0.9 

50 7.6 t 0.6 7.5 k 0.9 

100 8.7 * 0.5 8.3 & 0.7 

NS 

NS 

NS 

NS 

4.5 k 0.4 7.1 & 0.5 

5.3 t 0.4 7.9 & 0.6 

8.6 t 0.6 11.7 2 0.9 

9.9 * 0.9 12.3 -t- 0.8 

p <0.0005 

p <0.005 

p <0.005 

p <0.025 

4.2 k 0.4 3.9 k 0.3 

4.9 k 0.4 4.3 k 0.6 

7.8 2 0.5 6.3 k 1.1 

9.7 & 0.9 6.9 f 0.6 

NS 

NS 

N S  

p <0.025 

4.1 & 0.4 3.9 .+- 0.6 
NS 

4.7 0.7 4.8 k 0.3 
NS 

8.3 2 0.8 8.0 & 0.7 
NS 

9.3 & 0.8 9.0 & 1.1 
NS 

a For each set of experiments, the effects of simultaneously run controls were compared statistically 
with those of their respective fa t ty  acids. Data  are expressed as niean f SE for  sets of 9, 9, 6, and 4 
experiments for  each of the four fa t ty  acids, respectively. 

tions (400-3 200 peq/liter) of nonanoate, oc- 
tanoate, and propionate were tested as re- 
gards their effect on glucose uptake in the 
absence of insulin. Validity of each assay was 
judged by the slope of the control glucose 
uptake curve. The glucose uptake was mea- 
sured by the change in glucose concentration 
of the medium. Glucose was determined by a 
ferricyanide method ( 1 1 ) using a Technicon 
AutoAnalyzer. Sensitivity of glucose mea- 
surement was increased by changing the con- 
centration of alkaline potassium ferricyanide 
reagent ( 12 ) . 

Results. In  control series of 28 experi- 
ments, the glucose uptake, expressed as milli- 
grams of glucose per gram of wet tissue per 3 
hr, was determined at  various insulin con- 
centrations. The mean I+ SE glucose uptakes 
were as follows: 0 insulin (basal): 4.1 t 
0.2; 10 pU/ml: 5.1 t 0.3; 50 pU/ml: 8.0 
rfi: 0.3; 100 pU/ml: 9.4 _t 0.4. Thus, a 
linear relationship was established between 
glucose uptake and log insulin concentra- 
tions, allowing for statistical comparisons of 
glucose uptake in the presence of various 
fatty acids. 

The effects of MCFA (1600 peq/liter) on 
glucose uptake with and without insulin are 
shown in Table I. The results indicate that 
octanoate exerted no significant effect on glu- 
cose uptake by adipose tissue. Also, decan- 
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oate had no significant influence on g1uco:e 
uptake except that a t  an insulin concentra- 
tion of 100 pU/ml an inhibitory effect was 
found. The odd numbered short chain fatty 
acid, propionate, exerted no significant influ- 
ence on glucose uptake by the adipose tissue. 
In  contrast, the presence of the odd num- 
bered MCFA, nonanoate, was associated with 
significant enhancement (Table I) of glu- 
cose uptake in the absence and presence of 
insulin. The nonanoate-induced enhancement 
of glucose uptake did not appear to be influ- 
enced by insulin, since the increment in the 
uptake associated with nonanoate remained 
constant at  all concentrations of insulin 
tested. 

The effects of nonanoate, propionate, and 
octanoate were tested further, without in- 
sulin, using concentrations of the fatty acids 
varying from zero to 3200 peq/liter. The re- 
sults (Fig. 1 )  show that with increasing 
amounts of nonanoate in the medium, there 
was a proportionate increase in glucose up- 
take by adipose tissue so that, at  a concentra- 
tion of 3200 peq/liter, there was a twofold 
increase over base line in glucose uptake. In 
contrast, propionate did not influence glucose 
uptake significantly ( p  >O.l) in four experi- 
ments. Also, glucose uptake in the presence 
of octanoate at  similar concentrations did not 
differ significantly ( p  > 0.1) from that of 
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NONANOATE 

FIG. 1. Effect of varying concentrations of nonan- 
oate (N = 8) on mean f. SE glucose uptake by 
rat epididymal fat tissue. The enhancement of glu- 
cose uptake in the presence of nonanoate is directly 
proportional to the amount of fatty acid in the 
medium. 

simultaneously run controls in five experi- 
ments. 

Discussion. The results indicate that the 
MCFA differ appreciably with respect to 
their effects on glucose uptake by adipose 
tissue. Octanoate, decanoate and the short 
chain propionate did not have an enhancing 
effect on glucose uptake either in the 
presence or absence of insulin. In  contrast, 
nonanoate had a significant enhancing effect 
on glucose uptake which appeared to be inde- 
pendent of insulin. Moreover, glucose uptake 
was directly proportional to the concentration 
of nonanoate in the medium. The mecha- 
nism of nonanoate-induced enhancement of 
glucose uptake is not clear, although certain 
inferences can be made. One possibility may 
relate to the glycerogenic potential of this 
fatty acid via its oxidation to propionate. 
Recent studies indicate that adipose tissue is 
endowed with an enzyme system capable of 
glyceride glycerol synthesis from pyruvate by 
way of the dicarboxylic acid shuttle ( 1 3 ) .  
The propionate moiety of nonanoate could be 
expected to participate in this pathway. 
However, other studies have shown that, in 
contrast to liver (14) , adipose tissue is virtu- 
ally devoid of several gluconeogenic enzymes 
(15, 16) .  In  the present study, propionate 
itself had no effect on glucose uptake by 
adipose tissue. Thus, it is unlikely that the 

enhanced glucose uptake is mediated by ox- 
idation of nonanoate to propionate. An alter- 
native mechanism may relate to a direct 
nonanoate effect on glucose uptake by adi- 
pose cells. The present data do not provide 
evidence for this effect, since all the fatty 
acids used in this study are of similar molec- 
ular configuration, and are, on this basis, not 
likely to exert a differential influence on glu- 
cose entry into the adipose cell. 

Previous studies (4, 5)  showed that high 
concentrations of palmitate exerted an 
enhancing effect on glucose uptake by rat 
adipose tissue. This effect was attributed to 
greater incorporation of free fatty acids into 
triglycerides and therefore greater need for 
glucose carbons for glycerophosphate produc- 
tion. This mechanism would obtain if the rate 
of incorporation of nonanoate into adipose 
tissue glycerides were greater than that of 
octanoate or decanoate. There is evidence to 
suggest that the rate of incorporation of 
nonanoate into adipose tissue triglycerides is 
greater than that of octanoate (9).  Thus, it is 
possible that nonanoate may create a greater 
need for glucose-derived intermediates for 
new triglyceride synthesis resulting in en- 
hanced glucose uptake. 

Summary. The effect of odd and even 
numbered medium chain fatty acids (MCFA) 
on glucose uptake by rat adipose tissue was 
studied in vitro, in the absence and presence 
of varying concentrations of insulin. The MC 
FA studied were octanoate (C8), nonanoate 
(CS),  and decanoate (ClO), and a three- 
carbon fatty acid, propionate. The effect of 
the odd numbered fatty acid, nonanoate, dif- 
fered strikingly from that of an equimolar 
amount of the even homologues. The presence 
of nonanoate in the incubation medium was 
associated with a significant increase in glu- 
cose uptake with and without insulin, while 
octanoate, decanoate, and propionate exerted 
no such enhancing effect on glucose uptake. 
Incubation studies of adipose tissue with 
varying amounts of nonanoate indicate that 
the glucose uptake varied directly with the 
concentration of the fatty acid in the medium. 
Enhanced glucose uptake in the presence of 
nonanoate is not likely to be related to the 
glucogenic potential of the propionate moiety 
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of the odd numbered fatty acid and has 
been ascribed to possible increased incorpora- 
tion of this fatty acid into triglyceride of 
adipose tissue. 
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