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ABSTRACT: One µM epinephrine inhibited the incorporation of 

H14CO3
–
 into protein by rat adipose tissue 50-60%, while it inhibited 

protein synthesis measured by the incorporation of tritiated water 

into protein by only 40%. The inhibition was blocked by either DL-

propranol or by insulin. Epinephrine inhibited the incorporation of 

H
14

CO3
–
 into acid-soluble products by 37%. A much greater 

inhibitory effect (76%) was observed on pyruvate carboxylation 

catalyzed by the infranatant fraction of homogenates prepared from 

adipocytes previously exposed to the hormone for 15 min. Freeze-

thawing of the infranatant to rupture the mitochondrial membranes 

did not reduce the extent of inhibition, indicating that the hormonal 

effect was not on pyruvate transport. Addition of both ATP (5 mM) 

and acetyl CoA (0.25 mM) to the freeze-thawed mitochondrial 

suspensions increased pyruvate carboxylation forty-fold, and totally 

abolished the inhibitory effect of epinephrine treatment. It is 

suggested that the inhibitory action of epinephrine on bicarbonate 

fixation seen in intact cells and in mitochonrial suspensions results 

from the ability of the hormone to activate lipolysis, increase the 

level of uncoupling fatty acids in the cell, and therefore lower 

cellular ATP levels. 
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INTRODUCTION  
It has been well established that insulin activates the 

multi-enzyme system pyruvate dehydrogenase in rat 

adipose tissue mitochondria
1–5

.This multi-enzyme 

system is more responsive to insulin activation when 

tissue segments are incubated in Krebs-Ringer 

bicarbonate (KRB) buffer than when incubated in 

Krebs-Ringer phosphate buffer
6
. The investigation of 

this enhanced responsiveness to insulin in KRB buffer 

led to the discovery that insulin doubled the rate of 

incorporation of labeled bicarbonate into rat adipose 

tissue protein
7
. However, the effect of insulin on the 

rate of protein synthesis was only one third as great as 

its effect on H
14

CO3
–
 incorporation into protein. The 

pattern of labeling observed in the free amino acid  

pool when tissue was incubated with H14CO3
–

indicated that carboxylation occurred primarily at the 

pyruvate carboxylase step, but no activation of that 

mitochondrial enzyme could be demonstrated after 

treatment of either the tissue or the cells with the 

hormone. 

Mitochondria isolated from tissues exposed to insulin 

retained the ability to fix carbon dioxide more rapidly, 

but this effect was lost in sonicated or freeze-thawed 

mitochondrial preparations
7
. Pyruvate uptake by intact 

mitochondria isolated from cells exposed to insulin 

could be shown to be increased. It was concluded from 

these observations that insulin’s activation of H14CO3
–
 

metabolism could in part be explained by an effect of 

the hormone on the transport of pyruvate across the 

inner mitochondrial membrane. In the present paper 
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we describe the effects of epinephrine on these aspects 

of H14CO3
– 

metabolism. 

 

 

MATERIALS AND METHODS  

Collagenase (Cl. Histolyticum), insulin (bovine 

pancreas), epinephrine bitartrate, dibutyrylcyclic-AMP 

(DBcAMP), DL-propranolol, isoproterenol, adenosine, 

acetyl-CoA, EDTA, and EGTA were all purchased 

from Sigma Chemical Company. Radiochemicals 

sodium bicarbonate, H14CO3
–,
 and tritiated water, 

3
H2O, were purchased from ICN. Bovine serum 

albumin, fraction V, “fatty acid free”, (BSA) was 

purchased from Miles laboratories. The albumin was 

further defatted according to the method of Chen
8
. 

Male rats were obtained from Charles River Breeding 

Laboratories, North Wilmington, Mass. and 

maintained as previously described
7
. Rats in the 

weight range 150–250g were selected for all 

experiments. Epididymal fat bodies were excised and 

the thinner portions divided longitudinally into two 

segments as before. Two segments, one from the left 

side, one from the right side of a different rat, were 

placed into each incubation vessel, yielding four 

groups of paired segments from each pair of rats. 

Tissues were incubated in Krebs-Ringer’s bicarbonate 

(KRB) medium nominally containing 25 mM H
14

CO3
–
 

,11 mM fructose, and in some cases, 
3
H2O. Flasks 

were gassed for 5 min with air:CO2 (95:5), 

preincubated for 30 min at 37° to establish basal 

conditions and the tissues then transferred to fresh 

media for the experimental incubation period. 

Incubations were terminated and radioactivity in the 

acid-soluble and acid-insoluble products was measured 

essentially as described previously
7
.  

Fat cells were prepared according to Rodbell’s 

procedure
9
. The isolated cells were suspended in 

Krebs-Ringer bicarbonate buffer containing 3% 

defatted and dialyzed BSA and 11 mM fructose. Cells 

were preincubated for 10 min in 25 ml Nalgene plastic 

erlenmeyers followed by the experimental incubation 

of 5-60 min. Following incubation, the fat cell 

suspensions were transferred to polycarbonate 

centrifuge tubes, and centrifuged at 1000 rpm for 1 

min. This separated the cells as a fatty layer on top of 

the infranatant fluid which was siphoned off with a 

disposable pipette and discarded. The fat cells thus 

obtained were washed twice with buffered sucrose 

(0.30 M sucrose, tris 5 mM, EDTA 1 mM, pH 7.3). 

The adipocyte suspensions were transferred to glass 

centrifuge tubes and vortexed vigorously in an Arthur 

Thomas Super Mixer for 30 sec in order to break the 

cells, then centrifuged for 30 sec at 800 x gave  in a 

clinical centrifuge. The infranatant fluid was recovered 

with disposable pipettes and stored in an ice-bath until 

used. Portions of these infranatants were frozen in a 

dry ice-alcohol bath, then thawed in running tap water 

in order to rupture the mitochondria. When needed, 

more purified mitochondrial suspensions were 

prepared according to Method II described 

previously
7
.

 

 

RESULTS  

The effect of 1 µM epinephrine on H
14

CO3
–

 incorporation into protein by rat epididymal adipose tissue segments 

is shown in Table 1. 

 

 
 

Inhibition in the range of 50-60% was observed which 

was largely overcome by the addition of the -blocker 

DL-propranolol (100 M) while the -blocker 

phentolamine (200 M) had no effect. This suggests  

that the hormonal effect was mediated through -

adrenergic receptors, adenylate cyclase activation, and 

elevated cellular cAMP levels. Elevations in cAMP 

have been implicated in the inhibition of fat cell 

protein synthesis by others
10,11

. Accordingly, 
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antilipolytic agents known to lower intracellular 

cAMP levels in fat cells were tested. Adenosine (100 

µM), nicotinic acid (100 µM), and prostaglandin E1 

(25 µM) while having very little effect in themselves, 

substantially inhibited the action of epinephrine 

(results not shown). Insulin (1 mU/ml) had a more 

complex effect. As shown previously
7
, and confirmed 

in Table 1, insulin by itself approximately doubled 

labeled bicarbonate incorporation into protein. 

Epinephrine’s inhibitory effect expressed as a 

percentage was the same in the presence of insulin; 

viewed another way, insulin was as effective as DL-

propranolol in blocking the action of epinephrine. 

In order to distinguish hormonal effects on net protein 

synthesis rates from their effects on H14CO3
–
 

incorporation into the amino acid precursors, studies 

were done with both H14CO3
–
 bicarbonate and 

3
H2O 

present in the incubation medium. The use of tritiated 

water to measure protein synthesis rests on the 

assumption that the hydrogen atoms of many amino 

acids in the cellular pool will rapidly exchange with 

the hydrogens of water through the action of 

aminotransferases and other enzymes utilizing 

pyridoxal phosphate, and that this exchange will cease 

once the amino acids are incorporated into aminoacyl-

tRNA or protein
7
. The data are presented in Table 2.

 

 

 
 

 

The inhibition by epinephrine of tritium incorporation 

into TCA-insoluble products was only 39 percent 

compared to 57 percent for H14CO3
–
 incorporation. 

The larger inhibitory effect of epinephrine on 

H14CO3
–
 incorporation into protein suggested that the 

hormone was inhibiting other metabolic steps of 

H14CO3
–
metabolism in addition to inhibiting protein 

synthesis. We therefore examined the effect of the 

hormone on the incorporation of H14CO3
–
 into acid 

soluble products. It was found utilizing the same 

conditions as in Table 1, that 1 µM epinephrine 

reduced the label incorporation from H14CO3
–
 into 

TCA-soluble products from 38,500 ± 3,800 to 24,200 

± 2,500 cpm•g
-1

•h
-1

, an inhibition of 37%. The major 

labeled amino acids produced have been identified
7
  

and were:  glutamate, aspartate, serine, alanine and 

proline. The primary reaction is assumed to be the 

mitochondrial carboxylation of pyruvate yielding 

oxaloacetate which is then converted into these amino 

acids. The inhibitory effect of epinephrine on 

H14CO3
–
 incorporation into acid-soluble products was 

found to be much more pronounced when pyruvate 

carboxylation was examined in an 800 x gave 

infranatant obtained from an homogenate of 

adipocytes which had been exposed to epinephrine for 

15 min. These results are presented in the first line of 

Table3.
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Adipocytes were incubated 15 min at 37° in krebs-Ringer bicarbonate containing 11 mM fructose 

with or without epinephrine (1μM). Cells were then homogenized in buffered sucrose and the 800 x 

gave  infranatant fluid was incubated 20 min at 30° with pyruvate (5mM) and H14CO3- (12.5 mM, 10 

μCi/ml). After stopping the reaction with trichloroacetic acid, radioactivity in the acid-soluble 

fraction was measured and expressed per mg of infranatant protein. Figures are means ± SEM of 16 

(no treatment) or 8 (freeze-thawed) paired measurements. 

 

 

Prior exposure of the cells to the hormone inhibited the 

carboxylation of pyruvate in the infranatants by 76 

percent. Addition of 1 µM DBcAMP to the cells 

mimicked  epinephrine action, while the further 

addition of the -blocker DL-propranolol blocked the 

inhibitory effect of epinephrine completely (data not 

presented). In order to examine whether the inhibitory 

effect of epinephrine revealed in the cell extracts was 

achieved through inhibition of pyruvate transport 

across mitochondrial membranes, the effect was 

studied in preparations of ruptured mitochondria. As 

shown in the second line of Table 3, subjecting the 800 

x gave infranatant to repeated freeze-thawing cycles 

doubled the rate of pyruvate carboxylation in the 

controls, and it increased the inhibitory effect of 

epinephrine to 88%. This suggested that the 

availability of the substrate pyruvate may have been 

limiting the rate of carboxylation by the intact 

mitochondria, but that pyruvate translocation was not a 

factor in the inhibition observed. Similar results were 

obtained when the mitochondria were ruptured by 

sonication rather than by freeze-thawing. A direct 

measurement of the rate of pyruvate transport into 

intact mitochondria according to the procedures 

described earlier
7
, also failed to reveal any effect of 

epinephrine on the pyruvate uptake process (data not 

presented).  

It appeared, therefore, that epinephrine was inhibiting 

either the carboxylation step itself or subsequent 

metabolic steps in the CO2 fixation process. To make 

the extent of the incorporation of H
14

CO3
–

 bicarbonate 

into acid soluble products by the ruptured 

mitochondrial suspensions a better reflection of their 

pyruvate carboxylase activity, the infranatants were 

supplemented with excess ATP. Adding 5 mM ATP 

caused a four-fold increase in bicarbonate fixation in 

the controls, but nearly a twenty-fold increase in the 

infranatants prepared from epinephrine-treated cells 

(line 3, Table 3). This result is consistent with there 

being a greater lack of ATP in the hormone-treated 

preparation.  When 0.25 mM acetyl CoA, the allosteric 

activator of pyruvate carboxylase, was added to the 

infranatants it had an effect similar to that of ATP, 

though lesser in magnitude. By far the greatest effect 

was seen when both ATP and acetyl CoA were added. 

Bicarbonate fixation in the control preparations was 

increased 40-fold, and in the hormone-treated case by 

300-fold. Indeed, the inhibitory effect of epinephrine 

was now completely abolished. Apparently, the action 

of epinephrine on bicarbonate fixation into acid-

soluble substances results mainly from a change in the 

concentration of the substrates and activators of the 

carboxylase rather than from an effect on the catalytic 

properties of the enzyme. 
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DISCUSSION 

The enzymatic reaction of bicarbonate with pyruvate is 

quantitatively the most important process involved in 

CO2 fixation in most animal tissues. Because of the 

operation of the respiratory chain proton pumps, the 

mitochondrial matrix is a more alkaline compartment 

than the cytoplasm and, having therefore a much 

higher concentration of bicarbonate, is the obvious 

location for pyruvate carboxylase. It is well known 

that pyruvate carboxylase requires as a third substrate 

the magnesium-chelated form of ATP, and that 

carboxylation is promoted by the allosteric activator, 
 

acetyl CoA
12-14

. 

In the liver, the dominant function of pyruvate 

carboxylase lies in the formation of oxaloacetate to be 

used in the metabolic process of gluconeogenesis. 

Indeed, during gluconeogenesis from protein, some 

two-thirds of the four-carbon fragments eventually 

flowing to glucose are supplied by the pyruvate 

carboxylation reaction
15

. In adipose tissue, however, 

the major role of pyruvate carboxylase is in the 

metabolic process of lipogenesis. During lipogenesis 

from glucose, the flux through the mitochondrial 

pyruvate carboxylase is approximately equal to the 

flux through the cytoplasmic NADP
+
–linked malate 

dehydrogenase
16,17

. The latter is a major source of the 

cytoplasmic NADPH utilized in fatty acid synthesis. 

Given these very different functions, it is to be 

expected that the regulation of the carboxylase by 

hormones will be quite different in liver compared to 

adipose tissue. 

In contrast to the inhibitory effects reported here, 

epinephrine along with glucagon and DBcAMP have 

been shown to stimulate pyruvate carboxylation and 

gluconeogenesis in intact animal
18

, perfused liver
19

 and 

in hepatocytes
20, 21

. Mitochondria isolated from liver 

cells exposed to glucagon, epinephrine or adenosine 

3’,5`–cyclic monophosphate (cAMP) exhibited a 2– to 

3–fold enhanced rate of pyruvate carboxylation
22

. 

Insulin by itself was reported to have no effect, but it 

diminished the stimulatory effects of glucagon and 

catecholamines. In those studies no direct effect of the 

agonists could be demonstrated on the activity of 

pyruvate carboxylase itself. The increased rate of 

carboxylation was attributed to hormonal stimulation 

of the pyruvate transporter in the inner mitochondrial 

membrane
23

. 

In our hands it was insulin rather than glucagon which 

stimulated the pyruvate transporter of fat-cell 

mitochondria
7
. As reported here, we found epinephrine 

to have no effect either on the transporter or on the 

activity of pyruvate carboxylase, though it clearly did 

inhibit pyruvate carboxylation in adipose tissue 

segments, adipocytes, or cell homogenate infranatants. 

A stimulation of pyruvate carboxylation by 

epinephrine as seen in the liver, would be inconsistent 

with the functions of the hormone in adipose tissue, 

namely, increasing lipolysis and decreasing 

lipogenesis. We have not been able to detect any effect 

of glucagon alone on bicarbonate incorporation either 

into TCA–soluble or TCA–insoluble products in 

adipose tissue. However, glucagon did counteract the 

stimulatory effects of insulin on bicarbonate 

incorporation into TCA–insoluble products (data not 

presented). 

How then does epinephrine exert its inhibitory effect 

in adipose tissue? It has been reported repeatedly that 

epinephrine treatment of adipocytes decreases their 

ATP content
24-26

. This has been attributed to an 

uncoupling of oxidative phosphorylation caused by 

fatty acids elevated in response to the lipolytic 

hormone. All of the results reported here are consistent 

with epinephrine’s inhibitory effect on bicarbonate 

fixation being a consequence of a reduction in the 

cellular ATP/ADP ratio
27, 28

.  

Jarett et al.
11

 reported that although insulin caused no 

change in either basal or epinephrine-stimulated 

cAMP levels, it nevertheless overcame completely the 

inhibitory effect of epinephrine on amino acid 

incorporation into protein. This is similar to the effect 

of insulin reported here on epinephrine’s inhibition of 

bicarbonate incorporation into protein.  

A further comment may be in order on the use of 

tritiated water to measure rates of protein synthesis. 

When we used this method in an earlier paper, we 

stated that the method “has considerable promise”, but 

that further work was needed to document the 

stoichiometry of the exchange of tritium from water 

into amino acid hydrogen atoms. Recent work by 

Previs and his colleagues
29,30 

 has now demonstrated 

that label from deuterated water exchanges virtually 

completely with both the alpha- and beta-hydrogens of 

alanine within 20 minutes in rats in vivo, which was 

the earliest time period examined. Thus the 

assumption that rapid hydrogen exchange occurs 

between water and amino acid hydrogen atoms during 

reactions involving pyridoxal phosphate, such as 

amino acid transamination, decarboxylation, 

racemization, -elimination, -condensation, and -

elimination has been partially verified. Most such 

reactions may be largely confined to the liver, but a 
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sufficient number occur in adipose tissue to make the 

method useful in this tissue as well. 
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