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Control of gluconeogenesis: role of fatty acids in the «a-adrenergic response
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Phenylephrine increases hepatic gluconeogenesis for as long as it is present in the extracellular medium.
This effect is accompanied by a parallel increase in oxygen consumption. No apparent stoichiometric
relationship exists between the phenylephrine-stimulated respiration and the energy required to meet the
demands of gluconeogenesis. In the absence of extracellular calcium, no sustained stimulation of respiration
was observed and phenylephrine failed to enhance gluconeogenesis; however, acute and transient effects of
the a-adrenergic agonist were still observable. The following observations indicate that fatty acids are not
involved in the a-adrenergic response: (1) the effects of phenylephrine and octanoate on respiration and
gluconeogenesis were found to be additive; (2) unlike phenylephrine, octanoate is capable of stimulating
gluconcogenesis in calcium-depleted liver; (3) in the absence of calcium, phenylephrine was incapable of
further stimulating respiration or gluconcogenesis in the presence of octanoate. It is concluded that the
conditions of increased lipid mobilization and /or oxidation are not sufficient to explain the metabolic
response to a-adrenergic agonists. Fatty acids and «-adrenergic stimulation share a common role of
stimulating gluconeogenesis in a manner dependent on their ability to stimulate respiration; however, the
additive nature of their effects and distinct calcium requirements indicate that they act to trigger different
mechanisms. "

Introduction

Among other effects, a-adrenergic agents are
known to stimulate the gluconeogenic flux in rat
liver. This effect has been consistently reproduced
under a wide variety. of experimental conditions
[1-4]; however, the mechanism mediating this ac-
tion as well as its physiological significance, as far
as we know, have not yet been clearly determined.
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A characteristic feature accompanying the re-
sponse to a-adrenergic agonists, as well as to other
hormones, is an increased hepatic respiratory ac-
tivity [5-7]. It has been proposed that the primary
site of action in the hormonal response could be
the stimulation of the respiratory chain [8,9]. The
reducing equivalents for the respiratory chain
would be provided by a simultaneous stimulation
of fatty acid oxidation [10]. The increased energy
production according to this proposal would, via a
mechanism which has yet to be elucidated, lead to
the enhancement of gluconeogenesis. This hy-
pothesis, although supported by experimental evi-
dence, is not consistent with current concepts on
control of respiration, which point to increased
energy demand as responsible for the increase in
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the electron flux and not vice versa [11]. In this
regard, it should be noted that there is not a
stoichiometric study available on the relationship
between an a-agonist-mediated increase in respi-
ration and the energy required to meet the
enhanced biosynthetic processes.

The cellular depletion of calcium leads to unre-
sponsiveness to a-agonists [2,4]. It has been shown
that elevation of cytosolic free calcium is con-
sistently found to accompany phenylephrine
[12,13] and other hormones action [13-16). These
findings, taken together with the known stimula-
tory action of calcium on some key mitochondrial
dehydrogenases [17], have led to the current view
that calcium acts as a second messenger in the
transduction of a-adrenergic stimulants [2-4]. Al-
though this concept has not yet been seriously
questioned, the role of fatty acids oxidation or
calcium sensitive dehydrogenases in the hormonal
response is a matter of debate [18-20].

The present investigation was undertaken as an
attempt to elucidate the relationship between the
a-agonist-induced stimulation of respiration and
gluconeogenesis, and the possible role of fatty acid
oxidation in these events. It is concluded that, in
common with fatty acids, the a-agonist-induced
energy production is not available for glucose
synthesis. Octanoate and phenylephrine show dis-
tinct and additive effects on gluconeogenesis indi-
cating that their action is mediated by different
mechanisms,

Experimental procedures

Liver perfusion. Livers from starved male Wistar
rats (180-200 g) were perfused with Krebs-Ringer
bicarbonate buffer in a flow-through system. The
technical details were similar to those previously
described [21,22]." Substrates were administered
diluted in the buffer. Linear increases in substrate
supply were attained by placing the perfusate
medium in a gradient former. Oxygen consump-
tion was determined by measuring the pg,
arterio-venous difference with a Clark-type oxygen
electrode. The pg, in the effluent perfusate under
basal conditions varied from 290 to 350 mmHg.
Routinely, the perfusion flow rate was adjusted to
28 + 2 ml/min. When required, the flow rate was
increased in order to prevent limitation of the
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oxygen supply. All the experiments were carried
out with continuous monitoring of perfusate p, .
Calcium depletion was achieved by perfusing the
livers for 50 min before initiation of the experi-
ments with calcium-free bicarbonate buffer. The
same buffer was used throughout the experiment.
Isolation of hepatocytes using similar technical
protocol yields cells in which the total calcium
content is more than one order of magnitude
below that of control cells isolated and maintained
in calcium-containing buffers (0.35 £ 0.02 and 4.1
+ 0.28 nmol - mg~! dry weight).

Metabolite analysis. Perfusate samples were
analyzed immediately after their collection.
Metabolites were assayed spectrophotometrically
or fluorimetrically, according to their expected
concentrations, using previously described en-
zymatic procedures [2,3].

Materials. All the reagents were of the highest
purity available, most were obtained from Sigma.
The enzymes were obtained from Boehringer
Mannheim.

Results

Fig. 1 shows the hepatic response to a linearly
increasing supply of pyruvate up to a concentra-
tion of 0.7 mM. As previously reported [24], glu-
cose production reaches a plateau at an arterial
pyruvate concentration of 0.3 mM. Assuming a
P/O ratio of 3, the increment in oxygen consump-
tion is much larger than can be accounted for by
the increases observed in the rate of gluconeogene-
sis. The administration of phenylephrine to livers
isolated from starved rats, perfused without any
substrate, was followed by characteristic biphasic
stimulation of respiration (Fig. 2). The first spike-
shaped phase lasted for about 1 min and was
accompanied by an acute increase in glucose re-
lease. The second phase of sustained increased
respiration was accompanied by a small increase
in glucose production. The administration of pro-
gressively increasing concentrations of pyruvate
(Fig. 2) brought about significant increases in the
metabolic rates over those observed in control
livers (Fig. 1) perfused without phenylephrine. It
should be noted that the increased gluconeogenic
rates were accompanied by parallel increases -in
oxygen uptake. The observed increase in energy
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Fig. 1. Metabolic rates in livers perfused with progressively
increasing concentrations of pyruvate. Livers isolated from rats
starved for 48 h were perfused as described in the Experimen-
tal procedures. After a period of equilibration to attain steady
Po, values in the effluent perfusate, pyruvate was administered
at a constant, increasing rate of 0.016 pmol-min'l using a
gradient former, Perfusate samples were collected every 2 min
and their metabolite content was assayed immediately after
termination of the experiment. The experiment was repeated
several times obtaining a high reproducibility. For the sake of
clarity, standard error bars have been omitted.

production was far more than sufficient to account
for the extra energy required for gluconeogenesis.
Thus, the fate of the phenylephrine-induced en-
ergy production was not readily apparent. In

agreement with previous observations [43] similar
considerations were applicable to the stimulatory
action of octanoate shown in Fig. 3. The higher
rates of pyruvate utilization can be accounted for
by increased rates of lactate production. This is an
obvious consequence of the shifting of the NAD
redox potential to a more reduced state that fol-
lows fatty acid oxidation.
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Fig. 2. Effect of phenylephrine on metabolic rates in livers
perfused with progressively increasing concentrations of pyru-
vate. Experimental conditions were similar to those described
in Fig. 1. Phenylephrine was administered diluted in the buffer.



The effect of the combined administration of
octanoate and phenylephrine is shown in Fig. 4. It
can be seen that the respiratory effects of both
agents are additive. Despite the striking increase
in the respiratory rate, the addition of pyruvate
results in further stimulation of respiration which
stoichiometrically exceeds the energy required for
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Fig. 3. Effect of octanoate on the rate of oxygen uptake and
gluconeogenesis from increasing concentrations of pyruvate.
Experimental conditions were similar to those described in Fig.
1. Octanoate (0.1 mM) was administered diluted in the buffer.
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Fig. 4. Effect of the combined administration of octanoate and

phenylephrine on oxygen uptake and gluconeogenic rates from

increasing pyruvate concentrations. Experimental conditions
were similar to those described in Fig. 1.

glucose synthesis. The observed rates of glucose
production from pyruvate indicates the additive
nature of the stimulatory effects of octanoate and
phenylephrine.

Role of extracellular calcium in the metabolic re-
sponse to phenylephrine

The data in Fig. 5 show how hepatic calcium
depletion, induced by perfusing with calcium free
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Fig. 5. Effect of hepatic calcium depletion on the metabolic response to phenylephrine alone or combined with octanoate. Calcium

depletion was induced by perfusing the livers for 50 min with calcium-free bicarbonate buffer before initiation of the experiments.

Substrates administration and rates of sampling were similar to those described in Fig. 1. The concentrations of octanoate and
phenylephrine were 100 and 10 pM, respectively.
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Fig. 6. Effect of hepatic calcium depletion on the stimulatory action of phenylephrine and/or octanoate on gluconeogenesis from

increasing concentrations of pyruvate. The filled symbols in panel A refer to control and the empty symbols in panel B refer to

calcium-depleted livers. Symbols: @------ ®, control; *------ %, phenylephrine; a------ A, octanoate; W------ M, octanoate plus

phenylephrine. The values are means of at least four observations. Intermediate points and standard error bars have been omitted for
the sake of clarity.



bicarbonate buffer, result in a loss of its ability to
respond to phenylephrine with a sustained in-
crease of respiration (Fig. 5, upper left corner).
The absence of a stimulatory response in respira-
tion was accompanied by a lack of effect in
stimulating glucose production, either from en-
dogenous substrates or from added pyruvate (Fig.
5, second row). In contrast to phenylephrine, oc-
tanoate is capable of stimulating gluconeogenesis
from pyruvate even in the absence of extracellular
calcium (Fig. 6).

Fig. 6 summarizes the gluconeogenic responses
under the different experimental conditions. The
slopes of the linear section of the saturation curves
are all similar when corrected for the basal rates
of glucose production. This observation indicates
that the major effect exerted by these agents is to
increase the apparent V,, of the pathway. The
displacement to the right of the saturation curve
obtained in the presence of octanoate (Fig. 6A) is
caused by a diminished pyruvate availability sec-
ondary to the increased NAD redox potential
following fatty acid oxidation.

Discussion

An increased electron flux along the respiratory
chain should be expected when the energy demand
is increased [11]. Nevertheless, the opposite ap-
pears to be suggested and to occur. This seems to
be the case, for example, for the proposed action
of fatty acids [25,26] or «-adrenergic agonists
[10,18,27] in increasing gluconeogenesis by their
ability to increase the energy supply by stimulat-
ing respiration. We have presented evidence [43]
indicating that fatty acid-induced respiration can
be accounted for by the production of ketones,
and this process does not seem to be influenced by
variations in the energy demand imposed by rate
changes in the gluconeogenic flux. Furthermore,
stimulation of gluconeogenesis is followed by
stoichiometrical increases in oxygen uptake (Fig.
3) despite the high rates of fatty acid-induced
energy production. The phenylephrine stimulation
of gluconeogenesis was also accompanied by
parallel increases in oxygen uptake, despite the
stoichiometric availability of energy production
induced by the a-agonist (Figs. 1 and 2). From
this observation it is evident that energy support is
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not the mechanism by which gluconeogenesis from
three carbon substrates is enhanced. From this
finding, the question of the bioenergetic signifi-
cance of the &nergy production induced by these
agents arises. It has been suggested that fatty
acid-induced stimulation of respiration is due to
extramitochondrial utilization of ATP, perhaps re-
lated to the functioning of ion pumps [29)].

If energy support is not responsible for the
fatty acid or phenylephrine stimulation of gluco-
neogenesis, and the effect is observable at pyru-
vate concentrations (above 0.3 mM) which are not
limiting for its mitochondrial transport [30,31], it
seems plausible to conclude that flux through
pyruvate carboxylase has to be activated. Knowl-
edge of the regulation of pyruvate carboxylase
flux is incomplete, largely due to uncertainties
concerning the actual concentrations of free
metabolites prevailing in vivo [32]. Our data sup-
port the concept that increased respiratory rates,
regardless of the inducing agent, might lead to
increased maximal rates of gluconeogenesis by
increasing the intramitochondrial free ATP-to-
ADP ratio [33,34] resulting in enhanced flux
through pyruvate carboxylase [35].

Role of fatty acids and /or calcium in the a-adren-
ergic metabolic response

It has been proposed that increased lipid
mobilization and/or B-oxidation are essential fea-
tures in the a-adrenergic and other hormone re-
sponses. We recently presented rather conclusive
evidence indicating that phenylephrine can stimu-
late respiration in the absence of fatty acid oxida-
tion [36). The following observations support the
conclusion that fatty acid oxidation and a-adren-
ergic agonists act to stimulate gluconeogenesis via
different mechanisms: (1) the effects of both are
additive (Figs. 2-4); (2) they show distinct sensi-
tivities to calcium depletion. Calcium is essential
in the a-adrenergic response (Fig. 5), but not for
octanoate to display its stimulatory action (Fig. 6).
The latter finding is an invitation to evaluate the
regulatory role of the calcium-sensitive tricarbox-
ylic acid cycle dehydrogenases [17]. If normal
stimulatory responses to octanoate are obtained in
calcium-depleted livers, it seems plausible to con-
clude that it is not calcium deficiency which pre-
vents the a-adrenergic response. A positive corre-
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lation has been observed between the increment in
respiratory activity over the basal rates, regardless
of what the inducing agent was, and maximal
gluconeogenic rates (Figs. 4 and 5). According to
these observations and based on previous reports
in which metabolic inhibitors were utilized [37],
we would like to present the proposal that varia-
tions in the intramitochondrial phosphorylation
potential accompanying rate changes in respira-
tion may play a major regulatory role in control-
ling maximal gluconeogenic flux rates from sub-
strates yielding pyruvate. This proposal agrees with
the idea of respiratory chain activation as a
primary event in the hormonal response [5-7,27],
although the role assigned to this activation is
different. From what has been evidenced it fol-
lows that elucidation of the mechanism of a-
adrenergic action in stimulating gluconeogenesis is
synonymous with studying the mechanism(s) in-
volved in the respiratory response. In this respect,
we would like to make some additional comments.
In calcium-depleted livers, acute and transient re-
sponses on respiration, glycogenolysis and NAD
redox potential are observed (Fig. 5). This finding
implies that the phenylephrine transducing mecha-
nism(s) is operative under our experimental condi-
tions. The observation that phenylephrine in-
creases cAMP levels in liver cells depleted of
calcium [38,39] further supports this interpre-
tation. This latter finding also rules out 8-stimula-
tion being involved in the metabolic response to
a-adrenergic agents, in agreement with other stud-
ies [38,40]. Concerning the role of calcium, it has
been observed that phenylephrine increases the
cytosolic free' calcium concentration in the ab-
sence of extracellular calcium [12]. As mentioned
above, mitochondrial activity can also be en-
hanced by octanoate in calcium-depleted livers.
All these observations, although not conclusive,
strongly suggest that extracellular calcium is es-
sential for a complete transduction of the a-adren-
ergic signal(s). A recent observation also suggests
the involvement of extracellular Ca®* in the action
of a-adrenergic agents [41]. Calcium could act,
perhaps through conformational changes, by al-
lowing interaction of a-agonists with a particular
type of receptor in charge of transducing the
message to activate respiration. This idea finds
support in those reports indicating the possible

hetereogenicity of the a-receptor-mediated meta-
bolic response [42,28].

Acknowledgements

The authors wish to express their gratitude to
M.J. Arias-Salgado and A. Rodriguez for their
excellent technical assistance. This work was sup-
ported in part by grants from ‘Comisién Asesora
de Investigacion Cientifica y Ténica’ (431), Secre-
taria de Estado de Universidades e Investigacion
(87065) and Fondo de Investigaciones Sanitarias
(87/1688 and 87/1689). C.G.-M. was a recipient
of a fellowship from the ‘Ministerio de Educacién
y Ciencia’.

References

ot

Kepens, S., Vandenheede, J.R. and De Wulf, H. (1977)

Biochim. Biophys. Acta 496, 448-457.

2 Williamson, J.R., Cooper, R.H. and Hoek, J.B. (1981)

Biochim. Biophys. Acta 639, 243-295.

Exton, J.H. (1981) Mol. Cell. Endocrinol. 23, 233-264.

4 Reinhart, P.H., Taylor, W.M. and Bygrave, F.L. (1984)
Biol. Rev. 59, 511-557.

5 Jakob, A. and Diem, S. (1975) Biochim. Biophys. Acta 404,
57-66.

6 Reinhart, P.H., Taylor, W.M. and Bygrave, F.L. (1980)
FEBS Lett. 120, 71-74.

7 Reinhart, P.H., Taylor, W.M. and Bygrave, F.L. (1982) J.
Biol. Chem. 257, 1906-1912.

8 Yamazaki, R.K. (1975) J. Biol. Chem. 250, 7924-7930.

9 Halestrap, A.P.,, Quinlan, P.T., Armstrom, D.E. and
Whipps, D.E. (1985) Biochem. Soc. Trans. 13, 659-663.

10 Quinlan, P.T. and Halestrap, A.P. (1986) Biochem. J. 236,
789-800.

11 Tager, JM., Wanders, RJ.A., Groen, AK., Kunz, W,
Bohnensack, R,, Kiister, U., Letko, G., Béhme, G., Duszyn-
sky, J. and Wojtczak, L. (1983) FEBS Lett. 151, 1-9,

12 Murphy, E., Coll, K., Rich, T. and Williamson, J.R. (1980)
J. Biol. Chem. 255, 6600-6608.

13 Mine, T., Kojima, I., Kimura, S. and Ogata, E. (1986)
Biochem. Biophys. Res. Commun. 140, 107-113.

14 Sistare, F.D., Picking, R.A. and Haynes, R.C., Jr. (1985) J.
Biol. Chem. 260, 12744-12747.

15 Kraus-Friedman, N. (1986) in Hormonal Control of Gluco-
neogenesis, Vol. 2, Signal Transmission (Kraus-Friedman,
N., ed.), pp. 79-87, CRC Press, Boca Raton.

16 Reinhart, P.H., Taylor, W.M. and Bygrave, F.L. (1982)
Biochem. J. 208, 619-630.

17 McCormack, J.G. (1985) Biochem. J. 231, 581-595.

18 Halestrap, A.P. and Dunlop, J.L. (1986) Biochem. J. 239,
559-565.

19 Kraus-Friedman, N. (1986) Trends Biochem. Sci. 11, 403.

w



20 McCormack, J.G. and Denton, R.M. (1986) Trends Bio-
chem. Sci. 11, 258-262.

21 Girbés, T., Susin, A., Ayuso, M.S. and Parrilla, R. (1983)
Arch. Biochem. Biophys. 226, 37-49.

22 Martin-Requero, A., Ayuso, M.S. and Parrilla, R. (1986)
Arch, Biochem. Biophys. 246, 114-127.

23 Bergmeyer, H.V. (1975) Methods in Enzymatic Analysis,
Academic Press, New York.

24 Martin-Requero, A., Ayuso, M.S. and Parrilla, R. (1986) J.
Biol. Chem. 261, 13973-13978.

25 Williamson, J.R., Browning, E.T. and Scholz, R. (1969) J.
Biol. Chem. 244, 4607-4616.

26 Newsholme, E.A. and Gevers, W. (1967) Vitamins and
Hormones 25, 1-84. B

27 Kraus-Friedman, N. (1986) Trends Biochem. Sci. 11,
276-2179.

28 Huerta-Bahena, J. and Garcia-Sainz, J.A. (1985) Biochim.
Biophys. Acta 845, 161-137.

29 Plomp, JJ.A.M., Van Roerdmund, C.W.T., Groen, A K,
Meijer, AJ., and Tager, J.M. (1985) FEBS Lett. 193,
243-246.

30 Halestrap, A.P. (1978) Biochem. J. 172, 377-387.

31 Pande, S.V. and Parvin, R. (1978) J. Biol. Chem. 253,
1565-1573.

32 Sols, A. and Marco, R. (1970) Curr. Top. Cell. Regul. 2,
227-273.

199

33 Akerboom, P.M., Bookelman, H., Zuurendonk, P.F., Van
der Meer, R. and Tager, J.M. (1978) Eur. J. Biochem. 84,
413-420.

34 Stucki, J.W,, Brawand, F. and Walter, P. (1972) Eur. J.
Biochem. 27, 181-191.

35 Scrutton, M.C. and Griffith, J.R. (1981) in Short-term
Regulation of Liver Metabolism, Elsevier/North-Holland,
Amsterdam, pp. 175-198.

36 Manchén, C.G. and Parrilla, R. (1987) 14th Congress of the
Spanish Biochemical Society, Abstract no. 3-27, Méilaga.

37 Gonzalez-Manchén, C.G. and Parrilla, R. (1986) 13th Con-
gress of the Spanish Biochemical Society, Abstract no. 3-34,
Zaragoza.

38 Chan, T.M. and Exton, J.H. (1977) J. Biol. Chem. 252,
8645-8651.

39 Menaya, J., Parrilla, R. and Ayuso, M.S. (1987) Biochem. J.
248, 903-909.

40 Jakob, A. and Diem, S. (1975) Biochim. Biophys. Acta 404,
57-66.

41 Blackmore, P.F. (1988) FASEB J. 2, A1383.

42 Garcia-Siinz, J.A. and Hernindez-Sotomayor, S.M.T.
(1985) Proc. Natl. Acad. Sci. U.S.A. 82, 6727-6730.

43 Gonzales-Manchén, C.G., Ayuso, M.S. and Parrlla, R.
(1988) Arch. Biochem. Biophys., in press.



