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Summary. The arteriovenous differences in the caecum of the rat have been compared
for volatile fatty acids (VFA) and for electrolytes. Our results suggest the possibility of an
exchange between VFA and chloride at the level of the caecal wall, rather than a net exchange between VFA and bicarbonate ; however, the role of bicarbonate or Cl- at the
cellular level is still unknown. Acetate uptake by the liver was enhanced when acetate in
the afferent plasma was increased in fed as in starved rats, showing that acetyl CoA synthetase was still active during. starvation. A release of endogenous acetate was only observed
in situations of very active ketogenesis (starvation at the end of pregnancy). In physiological
conditions, propionate and butyrate reaching the liver were almost quantitatively removed.
However, butyrate was taken up by the liver at a higher rate than propionate after intracaecal loads. Propionate was very efficiently utilized as a glucogenic substrate and without
noticeable disturbance of lactate metabolism. After administration of acetate loads in starved rats, hepatic ketogenesis increased slightly. There was a marked difference between
ketogenesis from butyrate in fed and starved rats. The low ketogenesis from butyrate in
the fed rats stressed the important role of metabolic pathways of acetyl-CoA utilization in
the control of ketogenesis. In contrast to alanine or lactate, propionate was poorly antiketogenic in the rat.

Introduction.

fatty acids (VFA) formed by microbial fermentation in the digestive
represent large proportion of the energy requirements of herbivorous mammals. Only acetate is present in significant amounts in the peripheral blood of nonherbivores and at concentrations lower than in herbivores (R6m6sy and Demign6,
1974).
Surprisingly, there is no evident difference in blood concentrations between fed
and starved non-herbivores (Knowles et al., 1974). In the rat, the main site of VFA
production and absorption is the large intestine, particularly the caecum (R6m6sy and
Demign6, 1976). Besides digestive origin, it has frequently been suggested that endogenous acetate could be produced by various tissues (Knowles et al., 1974 ; Seufert
et a/., 1974 ; Buckley and Williatnson, 1977).
Little is known about the processes of VFA absorption and metabolism. There is
still no theory on the mechanism of VFA absorption which has really gained wide
acceptance, particularly in relation to the absorption of cations. In addition, the metaThe volatile

tract

a

bolic fate of the absorbed VFA has seldom been studied, even though acetate has an
important metabolic role as a substrate for lipogenesis or energy production and as an
effector for gluconeogenesis (Whitton, Rodrigues and Hems, 1979). Propionate and
butyrate are efficient substrates of gluconeogenesis and ketogenesis, respectively.
In the present work, VFA absorption was compared to net transfer of various
electrolytes. In the second part, hepatic uptake of acetate, propionate and butyrate
and their effects on gluconeogenesis were studied in fed or starved rats.
Material and methods.
Animals and diets.
Sherman rats weighing 200 to 250 g were fed ad libitum
with a standard chow (Sanders, Juvisy s/Orge) containing percentages of the following : cereals 62, seed cake 28, molasses 5, salts and vitamin 5. Between 9 and 11 a.m.
after overnight feeding or 24-hour fasting, about 1 ml of blood was sampled from the
caecal vein and then from the aorta of rats anesthetized with Nembutal (40 mg/kg)’;’;
these samples were used in absorption studies. For studies on hepatic metabolism,
blood was taken from either the hepatic vein or the portal vein or from the portal
vein and then the aorta. VFA loads (3 mmolesjkg of body weight) were effected in the
caecum (4 to 5 ml of a solution of 150 mM sodium salts) 15 min after the onset of the
anesthesia ; blood and tissue were sampled 15 min after the load. Liver samples were
obtained by the (< freeze-clamping >>
method.
-

Metabolite determination.
Measurement of VFA and minerals in the plasma and
the caecal contents have been previously described (Demigné, R6m6sy and Rayssiguier, 1980). Plasma and liver metabolites were determined by enzymatic methods
(R6m6sy, Demign6 and Aufrère, 1978).
-

assumed that the portal vein and the hepatic artery reprerespectively, of the hepatic blood flow (Greenway and Stark,
were thus : 0.7 (portal vein) -! 0.3 (aorta), the
Afferent
concentrations
1971).
plasma
hepatic balance being the difference between the hepatic vein and the afferent plasma.
The percentage of hepatic uptake showed the following ratio : hepatic balance/afferent plasma. Digestive absorption and hepatic uptake were compared using the ratio :
Calculations.

-

sent 70 and 30 p.

It

was

100,

hepatic balance/0.7 (portal vein-artery).
Results and discussion.
VFA concentrations were high inn
the caecum of fed rats (180 mM ; acetate 60, propionate 26, butyrate 14 p. 100). The
transfer of VFA across the caecal wall was proportional to VFA concentrations in
the caecal contents (R6m6sy and Demigne, 1976). The mechanism of this transfer has
not been entirely elucidated (transfer in an undissociated form or in a dissociated
form with various anion or cation exchanges). The sum of the absorbed cations was
generally higher than the absorbed VFA. In addition, the magnitude of CI- secretion
was comparable to VFA absorption ; this release in the caecal content could be considered as a counter-anion transport for VFA absorption. The striking drop in blood pH
Caecal

absorption of VFA and

minerals

(fig. 1).
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in the caecal vein

cannot be entirely explained by the metabolism of the
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venous
blood acidification might be related to organic acid
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net
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of various electrolytes and H
+ across the
,
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absorption. Except
caecum wall is effected along a favourable gradient. The role of bicarbonate exchanges in these processes was not assessed in our experiments with fermentation at pH 6.

caecal wall, and

probably

a

anion transfer could be non-specific for CI- and HC03, but might coneither VFA and HC03 (McNeil, Cummings and James, 1979) or VFA and CI(suggested by our results), as CI- is always secreted in the presence of low concentrations in the caecal contents.
Absorption of the un-ionized form of VFA is certainly important in acidic caecal
conditions, but VFA are probably also absorbed as anions either in exchange with
. In physiological conditions (pH in the range
+
HC03 or Cl- or in association with Na
of 6.0 to 7.0), the last two processes seemed to operate simultaneously. However,
the staechiometry of this coupled transfer and the precise mechanisms involved at

Coupled

cern

the cellular level are stil unknown. According to Lamers (1975), permeability to
acids in the anionic form is higher at the serous barrier than at the luminal barrier.
++ absorption has been discussed by
The role of the caecum in K
, Mg
+
++ and Ca
and
Demign6, R6m6sy
Rayssiguier (1980).
VFA balances in

normally fed rats (fig. 2). Only acetate
plasma. Net VFA absorption in the
present
vein
was
to
VFA
concentrations
in the digestive contents. The liver
portal
proportional
removed about 50 p. 100 of the acetate reaching it ; this represented about 75 p. 100
of the absorbed acetate. Hepatic uptake of propionate and butyrate was extremely
efficient (85 to 90 p. 100) ; thus, the absorbed propionate and butyrate were nearly
quantitatively removed by the liver.
Digestive

and

hepatic

-

in noticeable amounts in the arterial

was

Hepatic acetate balance

afferent blood conditions (fig. 3).

Acetate uptake
liver increased with afferent blood concentrations ; in fed rats, the uptake percentage was very similar in control rats or in those receiving an intracaecal load of
3 mmoles/kg. So, in agreement with the results of Buckley and Williamson (1977),
portal vein-hepatic difference was linearly related to the portal vein acetate concentration. When afferent acetate concentrations were very low (caecumectomized rats),
there was no significant uptake by the liver.
in various

-

by the

Despite striking changes

in

hepatic

metabolism

(high ketogenesis and acetyl
uptake of acetate in starved

CoA production from long-chain fatty acids), the hepatic
animals was quite similar during acetate load. In 20-day

pregnant rats starved 24 hr
very high ketogenesis (Whitelaw and Williamson, 1977), some acetate was released by the liver, but the amount was small as compared to the quantities
of fatty acid metabolized as ketone bodies. In normal starved rats there was no significant release of acetate.
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The liver is considered

to acetate. This agrees with the relaacetate activation did not seem to be a limiting process. In contrast to the ruminant (Ballard, Hanson and Kronfeed, 1969), active
cytosolic acetate thiokinase is found in the rat ; the Km for acetate of the mitochondrial

tively

constant

uptake

we

as
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observed, and

thiokinase is very high, while the cytosolic enzyme has a high affinity for acetate
(Scholte and Groot, 1975). Indeed, the data of Dietschy and McGarry (1974), concerning hepatic cholesterogenesis and ketogenesis, also suggest that acetate activation is
mainly cytosolic. In starved rats, the acetate uptake seemed poorly modified despite
the decrease of lipogenesis and cholesterogenesis, in contrast with the findings of
Murthy and Steiner (1972). In these conditions, the metabolic fate of cytosolic acetyl
CoA is still questionable.
In the liver, mitochondrial acetate release depends mainly on the activity of the
acetyl CoA deacylase and of acetyl CoA concentrations. Deacylase Km is about
0.5 mM (Grigat et at., 1979) ; this value seems lower than normal acetyl CoA concentrations in mitochondria, which increase during fasting (Soboll et al. ; 1976). In addition, fasting does not alter the acetyl CoA deacylase activity (Murthy and Steiner, 1973).
These data and our results suggest that the increased availability of acetyl CoA in
mitochondria during starvation does not induce a noticeable production of endogenous acetate, which always seems to be limited, except in diabetic animals (Buckley
and Williamson, 1977). In this last case, the decrease of hepatic thiokinase activity
(Kornacker and Lowenstein, 1965) and the increase of acetyl CoA deacylase (Seufert
et al., 1978) permitted a production of endogenous acetate despite the high concentrations in the afferent plasma.

Hepatic balance of propionate and butyrate (fig. 4).
was extremely efficient in the normally fed rats,

The hepatic uptake of these
thus permitting a practically

-

VFA

quantitative removal of the absorbed propionate and butyrate. Following VFA loads
in the caecum, plasma concentrations of propionate or butyrate afferent to the liver
were about 1 mM ; in these conditions, the efficiency of propionate uptake decreased
from 86 to 52 p. 100, while butyrate uptake was poorly affected. In fact, portal propionate and butyrate concentrations ranged between 0.1 and 0.3 mM with most of the
diets. However, those including high proportions of readily fermentable carbohydrates, such as lactose and crude potato-starch, induced caecal fermentation rich
in propionate ; therefore, the absorbed propionate might be incompletely removed by
the liver with the appearance of small amounts of propionate in the arterial plasma.

Propionate

was a

minor substrate for

However, with caecal loads, hepatic uptake

in starved rats.
efficient than in fed rats, as for

hepatic gluconeogenesis
was more

lactate and alanine. In contrast, a high percentage of butyrate was always removed,
whatever the portal concentrations or the nutritional state.
The VFA were almost completely ionized at blood pH, and the diffusion of the
unionized form could hardly account for the high propionate or butyrate uptake. Butyrate is partly bound to plasma albumin in the rat (more is bound in the ruminant),
while no binding was observed for propionate (R6m6sy and Demign6, 1974). In addition, before mitochondrial activation, butyrate possibly binds to a cytosolic protein, distinguishable from the FABP and having a low affinity for propionate (Morioka and Ono,
1978). The exact mechanism of propionate and butyrate penetration across the cellular
and mitochondrial membranes is unknown ; however, it is clear that mitochondrial
entry is not strictly dependent on an acylcarnitine transferase system. The differences in
propionate and butyrate uptake are still speculative ; could :
- the rate of intracellular or (and) intramitochondrial penetration, with the possible
implications of different monocarboxylate carriers, differ ;

there be
rate ;

-
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Effects of VFAon gluconeogenesis (figs. 5, 6). Acetate and butyrate are
genic precursors, but butyrate could stimulate gluconeogenesis via the
-

buty-

synthetase,
synthetase (Groot,

relatively specific propionyl

butyrate would depend on a distinct medium-chain
with possibly different kinetic properties.

not for

not

gluco-

increased

availability of mitochondrial acetyl CoA and thus increase the activity of pyruvate carboxylase. However, after butyrate loads, we observed no higher uptake of lactate in
starved rats, and the marked hyperglycemic effect obtained in fed rats could correspond to glycogenolysis (results not shown).
In rats fed diets allowing substantial caecal fermentation, propionate was one of
the main C
3 units removed by the liver besides lactate and alanine. The high percentage
of hepatic uptake of propionate (90 vs 15 to 20 p. 100 for lactate and alanine) largely
accounted for this fact, which is usually underestimated in metabolic studies. In starved
rats, the digestive supply and metabolic role of propionate was reduced, while the
hepatic uptake of lactate and most glucogenic amino acids increased. Propionate in
starved rats did not decrease lactate uptake, in spite of a substantial rise in intrahepatic
lactate and malate. Propionate seemed a particularly efficient glucogenic substrate as
its metabolism did not depend on the activity of the pyruvate carboxylase/pyruvate
4 units exited out of the mitochondria as
dehydrogenase couple. In addition, the C
malate, thus avoiding a possible interference with ureogenesis at the level of aspartate
metabolism. This last feature could account for the reduced use of lactate with a high
supply of amino acids (R6m6sy, Demign6 and Aufrère, 1978).
Effects of VFA on ketogenesis (fig. 7).&horbar;As shown by previous works (Dietschy and
McGarry, 1974), acetate entering the liver is not the most readily available substrate for
ketogenesis. Basal ketogenesis in the fed rats was not modified by the administration of
acetate which slightly increased the ketone bodies in the plasma of the starved rats.
However, as acetate was markedly antilipolytic (arterial FFA ; controls : 0.80 mM ;
acetate load : 0.53 mM), the contribution of acetate to hepatic ketogenesis was probably
fairly important. The site of the synthesis of acetyl CoA from acetate entering ketogene-

sis remains questionable. Acetyl CoA is synthesized either after mitochondrial or cytosolic activation. The transfer of acetyl CoA into the mitochondria for ketogenesis would
be effected against a high concentration gradient (Soboll et al.,1976) ; in fact, the interacti on of various acetyl CoA pools in the cell are barely known.
Butyrate is a more efficient ketogenic substrate than long-chain fatty acids ; it is

activated in the mitochondria, thus no reesterification occurs and butyrate entry escapes a possible regulation by the acyl carnitine transferase system. In addition, during
2 terminal unit contributes directly to
ketogenesis from butyrate, a greater part of the C
the formation of the carbonyl moiety of acetoacetate than during ketogenesis from
long-chain fatty acyl CoA (Lopes-Cardozo, 1978). However, even for butyrate, ketogenesis can be described as an overflow mechanism : the acetyl groups are only
diverted towards ketone body synthesis when acetyl CoA production increases beyond
the capacity of the Krebs cycle and the outflow for cytosolic synthesis (mainly lipogenesis). Thus, in our fed animals having high capacities of acetyl CoA utilization, ketogenesis from butyrate was very low. In fact, butyrate could even be a more efficient
precursor of acetyl units for lipogenesis and cholesterogenesis than glucose or acetate
itself (Dietschy and McGarry, 1974). In contrast, ketogenesis with butyrate was high
during starvation, and Williamson et al. (1974) have shown that ketogenesis from butyrate is independent from the availability of long-chain fatty acids. However, these
authors, using an unphysiological route, administered very high doses of butyrate,
and thus failed to observe marked differences in ketogenesis from butyrate between
fed and starved rats. Our results, therefore, stress the important role of metabolic
pathways of acetyl CoA utilization (Krebs cycle, exit towards the cytosol) on the
control of ketogenesis.
Propionate administered to starved rats hardly lowers ketogenesis. This fact has
been observed by Williams et al. (1971), but is rather surprising as it contrasts with the
well-known antiketogenic effect of glucogenic substrates : lactate and alanine in the rat
(Krebs et al., 1974 ; Ozand et al., 1978) and propionate in the ruminant (Demigné and
R6m6sy, 1977). It seems that an unequivocal antiketogenic effect with propionate is
only seen with species having a cytosolic phosphoenolpyruvate carboxykinase in the
liver.
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Résumé. L’absorption des acides gras volatils par le caecum de rata été comparée à celle
des principaux électrolytes. La possibilité d’un échange acides gras volatils (AGV)-chlorures, au niveau de la paroi caecale plutôt que d’un échange AGV-bicarbonate, est discutée. Le
foie capte d’autant plus d’acétate que la concentration dans la veine-porte s’élève et ceci
même à jeun ce qui prouve que l’acétyl CoA synthétase est toujours active. La production
d’acétate endogène est peu importante et détectable seulement dans le cas de fortes cétogenèses (rattes gestantes à jeun). Le propionate est moins capté que le butyrate en cas de
surcharges, il constitue un excellent substrat pour la néoglucogenèse sans modifier notablement l’utilisation du lactate. L’acétate, qui est activé principalement dans le cytosol, est
peu cétogène même chez le rat à jeun. Il existe une différence très marquée entre la cétogenèse à partir du butyrate chez le rat nourri et à jeun. La faible cétogenèse à partir du
butyrate chez l’animal nourri montre l’importance des voies métaboliques de l’utilisation
de l’acétate dans la régulation de la cétogenèse. A la différence de l’alanine ou du lactate,
le propionate est très faiblement anticétogène chez le rat.
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