,x.’ :’!,_ o
ELSEVIER

Effects of propionate on rat
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The aim of the present study was to investigate the effects of propionate or even-chain fatty acids (butyrate,
octanoate, and oleate) on glucogenic or ketogenic substrate metabolism as well as ureagenesis. Therefore, rat
hepatocytes were incubated in complex media containing near-physiological concentrations of glucose, lactate,
alanine, and glutamine. On hepatocytes from fed rats, propionate impaired lactate metabolism, whose threshold
for net utilization was shifted from 2.5 mM to more than 4 mM, whereas even-chain fatty acids presented the
opposite effect. Furthermore, propionate, in contrast to even-chain fatty acids, effectively lowered lactate
utilization in hepatocytes from starved rats. Determination of the cellular concentration of glycolysis effectors
(citrate, fructose 2,6-bisphosphate, and xylulose 5-phosphate) indicates that this pathway might be accelerated
by propionate and depressed by even-chain fatty acids. Cellular pyruvate was markedly increased by propionate
and depressed by even-chain fatty acids. Thus, the sparing effect of propionate on lactate seems mainly a
consequence of sustaining high pyruvate concentrations in hepatocytes. Ammonia increased lactate utilization,
and propionate partially thwarted the effect of ammonia on lactate flux. Propionate did not influence alanine
utilization, but favored the production of alanine in an amino acid-free medium. Ketogenesis, very active in
hepatocytes from starved rats, was significantly decreased in the presence of propionate, whatever the fatty acid
precursor (butyrate, octanoate, or oleate) together withydroxybutyrate/acetoacetate ratio. Because propi-
onate did not affect oleate utilization, it could switch fatty acids from ketogenesis to other pathways like
reesterification. Finally, propionate exerts important effects on cellular metabolism, and it helps to reduce the
catabolism of some substrates such as lactate or oledte. Nutr. Biochem. 9:652—658, 1998) Elsevier
Science Inc. 1998
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Introduction of propionate whatever the nutritional stafusn fact,
propionate availability for hepatocytes is maximal during
the late absorption and postabsorptive periods. The hepatic
metabolism of propionate contributes to the synthesis of
four-carbon dicarboxylates such as malate and oxaloacate,

Intestinal breakdown of dietary fibers by the microflora
leads to production of substantial amounts of short-chain
fatty acids (SCFAs), mostly acetate, propionate, and bu-

tyrate, which are almost completely absorbed along the . - o
e o . which may enter the gluconeogenic pathwayhus, it is
digestive tract. Whereas butyrate is widely metabolized by . conceivable that propionate, when available, may interfere
enterocytes, propionate and acetate are poorly consumed in

the intestinal m nd mav therefore reach the liver vi with the utilization of various substrates in this pathway,
€ Intestina’ mucosa a ay therefore reach the iver via,, oy active in liver cells.

the portal vein. The hepatic uptake of acetate depends onits™ \yhough it has been reported that propionate-supple-
availability, but efferent blood is almost completely devoid mented diets reduce both postprandial hyperglycemia and
hyperinsulinemia in normal humandsit seems that the
effects of propionate on hepatic glucose output and periph-
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effects on cholesterogenesis remain questionable indvo, addition of HCI (10 M; 1 vol/9 vol). Then the supernatant was
propionate is an effective inhibitor of fatty-acid and choles- diluted in 2.5 vol of concentrated buffer (glycylglycine 250 mM
terol synthesis in vitr§-**Moreover, propionate has a high PH 7.7; MgCL 0.3 M; thiamine pyrophosphate 5 g/L; erythrose
affinity for carnitine, a component of the acyl-carnitine 4-Phosphate 0.7 mM; NADH 0.18 mM; triose-phosphate isomer-

. . _ ase 7 u/sample; glycerol-phosphate dehydrogenase 0.7 u/sample).
gﬁ;ifﬁr?:ﬁysggggn fgéﬁ-rt)r’\gv?;tgs%?r?g)ltfhgarmsitfgcr:hcgnlgr?agl Absorbance was measured before and after addition of transketo-

. lase (0.5 u/sample), used to initiate the reaction. This final solution

matrix. ) . was then incubated at 25°C for a 5-min-long period before

The aim of the present study was to investigate modula- ahsorbance measurement. The X5P concentration was then calcu-
tion of fuel selection by isolated hepatocytes. Therefore, we lated using standard solutions. Oleate and octanoate concentrations
examined a possible sparing effect of propionate on lactatewere directly measured in the supernatant using a commercial kit
utilization by hepatocytes isolated from fed or starved rats, (Nefa C*, Wako Chemicals GmbH, Neuss, Germany). Fructose
incubated in media containing almost physiological concen- 2,6-bisphosphate (F2,6Pwas determir;7ed in alkﬂine extracts as
trations of glucogenic substrates. Moreover, experiments described by van Schaftigéfi.Lactate; alanine}® urea,® and
have been carried out to further document effects of B-Nydroxybutyraté® (3-OH-but) were determined enzymatically

propionate on nitrogen and long-chain fatty acid metabo- in acid extracts. Ammoni&! citrate2? pyruvate?® and acetoace-
lism.

tate?* (Acac) were measured in deproteinized and neutralized

extracts.
Methods and materials Statistics
Animals and diets Values are given as the mears SEM of four isolation proce-

) o ) dures. Significance of differenc® (< 0.05)between mean values
Male Wistar rats weighing 200220 g derived from the colony of a5 determined by analysis of variance (ANOVA).
laboratory animals of I.N.R.A (National Institute of Agronomic

Research, Clermont-Ferrand/Theix) were fed ad libitum a standard

diet (55% carbohydrates, 30% lipids, 15% proteins); food was Resylts

removed 15 hr before experiments on starved animals. Rodents

were on a 12 hr light/12 hr dark cycle. Rats were anesthetized by A first set of experiments has been carried out to determine
intraperitoneal injection with sodium pentobarbital (40 mg/kg the concentration of lactate required to reach the equilib-
body weight). Liver perfusion was performed at 9.3 (i.e, 1.5 rium between incubation medium and liver cells. Hepato-
hr after light was on) for the isolation of hepatocytes involving  cytes isolated from fed rats were incubated in a basal
collagenases as previously described by Berry and Ffignd. medium with increasing lactate concentrations (0-5 mM).
. Furthermore, pyruvate was simultaneously added to main-
Incubation of hepatocytes tain a constant lactate/pyruvate ratio (close to 8). It appears
Cells were resuspended in Krebs’ buffer (pH 7.4) flushed with a that, independently of the addition of short-chain fatty acids
gas mixture of oxygen (95%) plus carbon dioxide (5%) and and within a given range of lactate concentrations, a linear
supplemented with bovine serum albumin 2%, glucose 7 mM, and relationship exists between lactate flux and its initial con-
glutamine 0.5 mM. Density of cells in the medium was adjusted to centration Figure 1). When hepatocytes were incubated in
40 mg cell/mL for intracellular metabolites assays and to 20 mg 5 SCEA-free medium, a near equilibrium between utiliza-
cell/mL for other measurements. Staining with trypan blue was tion and production was obtained in the presence of lactate

performed to evaluate initial cell quality (90-95%). Aliquots (2.5 . : .
mL) of cellular suspension were then transfered into 10-mL glass (2 mM). When a physiological concentration of lactate (2.5

vials sealed under a £CO, (95:5 volivol) atmosphere and ~MM) was used, the effect of propionate and even-chain fatty
containing appropriate effectors and substrates. Hepatocytes weréiCids was particularly significanf{gure 2). Lactate was
then incubated during 45 min at 37°C with appropriate agitation, rfemoved at a slow rate—0.05 pmol/min/g cell) from the
and were gased every 15 min. Hepatocyte metabolism was stoppecexternal medium by cells incubated in control conditions,
by centrifugation (1 min; 14,000 rpm). The supernatant was then whereas it was released-(.44 pwmol/min/g cell) when
rapidly removed and cooled down to 4°C, whereas cells were propionate was present. Conversely, its net utilization was

frozen in liquid nitrogen until analysis. markedly increased (up to 1.2mol/min/g cell) by the
. addition of either butyrate, octanoate, or oleate.
Assay of metabolites Table lrepresents cellular concentrations of key metab-

All chemicals were purchased from Sigma (Sigma-Aldrich, L'Isle- Olites either regulating or reflecting glucose metabolism in
d'Abeau, France). Supernatants were used either directly, afterhepatocytes. Experimental conditions were similar to those
deproteinization with perchloric acid (0.6 M; 2 vol/vol superna- described forFigure 2 Concentrations of pyruvate were
tant), or after deproteinization and neutralization with potassium significantly increased in the presence of propionate
carbonate (0.75 M; 1 vol/3.5 vol acid supernatant). Xylulose (0.59 + 0.06 vs. 0.40+ 0.05 wmol/g cell in control
5-phosphate_(X5P_) concentrr_:ttion_was measured in cells afterconditions), whereas it was decreased (%) by the other
deproteinization with perchloric acid (0.6 M; 5QiL) and neu- 4y acids. The cellular content of F2,6Ras not affected
tralization with potassium carbonate (1.6 M; 1 vol/4.5 vol). by propionate (12.0+ 1.4 vs. 14.0+ 1.3 umolig cell in

Although assays of X5P by fluorimetric method have been already trols) but it ianificantly d d with hai
reportedt® the procedure we have developed is an adaptation of controls) but it was significantly decreased with even-chain

those reported by Casa?4aand Racke® in order to have a  iatty acids, especially with octanoate 3%). The cellular
spectrophotometric determination. Elimination of ketopentose content of X5P was not significantly modified by fatty acids
phosphate was then required and obtained with addition of NaOH (whether even-chain fatty acids or propionate).

(10 M; 1 vol/9 vol; 10 min; 25°C) and further neutralization by Further experiments have been performed to determine
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O propionate 1.2 mM
O butyrate 2.4 mM
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Figure 1 Influence of propionate or butyrate on lactate
metabolism by hepatocytes from fed rats. Each value is
the mean = SEM, n = 4. *Significantly different from
control conditions (P < 0.05).

Lactate flux (xmol/min/g cell)

ZO=HACTDOX™

LACTATE FREE LACTATE 1 mM

LACTATE2 mM LACTATE 3 mM

LACTATE 5mM

the effects of propionate on ureagenesis and alanine flux. To assess the effects of propionate on substrate selection
The effects of ammonia (2.5 mM) have been studied on in the liver of starved animals, further experiments on fatty
hepatocytes isolated from fed rats and incubated in aacid utilization were performed. As shown dfigure 5
medium lacking amino acids. In these conditions, ammonia oleate consumption (0.mmol/min/g cell) was not affected
led to a large increase of lactate utilization and shifted by propionate at either physiological (0.6 or 1.2 mM) or
alanine utilization toward a slight outputFigure 39. relatively high (2.4 mM) concentrations (results not shown).
Moreover, it is noteworthy that ammonia thwarted the effect The production of ketone bodies, a major metabolic path-
of propionate on lactate flux. Propionate did not signifi- way during starvation, was determined, butyrate, octanoate,
cantly affect ammonia utilization or urea production. Ala- and oleate being used as ketone body precursors. The total
nine utilization at 0.7 mM was also not influenced by production of acetoacetate apehydroxybutyrate Table 29
propionate addition (results not shown). was very high (up to 3uwmol/min/g cell). Oleate and

As shown inFigure 4, in contrast to fed state, there was octanoate promoted ketogenesis chiefly galydroxybu-
a concentration-dependent uptake of lactate by hepatocytegyrate (81%), whereas acetoacetate was the major end-
from starved rats, whatever its initial concentration. Fur- product (72%) when butyrate was the precursor. Octanoate
thermore, this utilization of lactate was higher than in fed at 2 mM was the most effective precursor, whereas oleate at
rats. The flux of lactate (initial concentration 2.5 mM) was 1 mM was less effective. Propionate at 1.2 mM had a potent

significantly decreased «(57%) by propionate and in-
creased by butyrateH45%) or oleate {57%). Therefore, it

anti-ketogenic effect, and it led to a decrease of approxi-
mately 0.5pumol/min/g cell, whatever the precursor. Nev-

appears that propionate had a lowering effect on lactateertheless, the impact of propionate seems different accord-

utilization even in hepatocytes isolated from starved rats.

control '
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Figure 2 Influence of fatty acids on lactate flux in isolated hepatocytes

incubated with lactate 2.5 mM. Each value is the mean = SEM, n = 4.
*Significantly different from control conditions (P < 0.05).
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ing to the chain-length of fatty acids. High values of
B-hydroxybutyrate/acetoacetate ratio in control conditions
(up to 4) were markedly depressed with propionate (down to 2).

Discussion

In various monogastric species, SCFAs provide 5-10% of
total energy supply® In fact, the energetic impact of
SCFAs depends on the tissues. Previous studies have shown
that acetate is taken up when its portal concentration is high
(>0.5 mM), whereas propionate and butyrate are com-
pletely removed from portal blootiBecause butyrate is
extensively metabolized in the colon mucd8at appears
that only propionate is likely to influence liver metabolism.
In herbivorous species, propionate is mostly directed to
gluconeogenesis, whereas this pathway is poorly active in
fed monogastrics. Thus, propionate may be channeled to
alternative pathways in fed monogastrics.

Lactate plays a key role in glucose cycling, and its
hepatic uptake is modulated by both nutritional and meta-
bolic factors (stimulation with a lipids-rich diet or starva-
tion). In hepatocytes isolated from fed rats, the utilization of
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Table 1 Effect of short-chain, medium-chain, or long-chain fatty acids on the intracellular concentrations of metabolites involved in glucose
metabolism regulation by hepatocytes from fed rats

Pyruvate Citrate F2,6P, X5P
Conditions (wmol/g cell) (rmol/g cell) (nmol/g cell) (nmol/g cell)
Control 0.40 = 0.05 0.95 = 0.07 14.0 £1.3 38.6 4.2
Propionate (1 mM) 0.59 = 0.06* 0.88 = 0.07 120+ 1.4 451 =35
Butyrate (2.5 mM) 0.25 = 0.03* 1.90 = 0.22* 8.5+ 0.2* 27.6 = 2.8*
Octanoate (2 mM) 0.12 £ 0.02* 2.10 £ 0.15* 3.3+ 05" 322 £22*
Oleate (1 mM) 0.18 = 0.08* 2.03 £ 017" 6.4 = 0.6* 33.2 £ 3.7F

*Significantly different from control conditions (P < 0.05).

lactate is closely dependent on its extracellular concentra-chain fatty acids. This is in agreement with the increase of
tion as it is released when extracellular contents are belowacetyl-CoA availability caused by fatty acids and influenc-
values ranging from 2 to 2.5 mFf. Fatty acids such as ing the cellular contents of citrate. This last is a very
acetate, propionate, and butyrate are liable to affect theeffective inhibitor of PFK-2, enhancing the direct inhibition
threshold and the flux of lactate utilization. The inhibitory of PFK-1. F2,6B, one of the most specific effectors of
effect of propionate on lactate utilization is clearly shown, glycolysis, is generated in the cytosolic compartment where
whatever the conditions. it exerts its actiorf® Propionate had no effect on this
Butyrate exerts an effect similar to that caused by either effector, which was, in contrast, markedly depressed by
octanoate or oleate. Glycolysis or pyruvate mitochondrial even-chain fatty acids.
pathways may be affected by fatty acids, and measurement For the control of glycolysis, mechanisms are probably
of the cellular concentrations of both metabolites and complex: increase of citrate or, as recently reported in the
effectors of glycolysisTable 2 affords a better understand- literature3® involvement of X5P, a metabolite of the pen-
ing of these processé€<® Citrate was not affected by tose-phosphate pathway. Its increase would lead to the
propionate, although it was significantly increased by even- activation of a specific protein phosphatase 2A, which in
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Figure 3 Effect of propionate on lactate and alanine fluxes with or without ammonia (a), and comparison of ammonia utilization and ureogenesis (b)
with or without propionate. Each value is the mean = SEM, n = 4. Both * and ** are significantly different from control conditions (P < 0.05, P <
0.01).
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Figure 4 Influence of propionate, butyrate, and oleate on lactate

utlization by isolated hepatocytes from starved rats. Each value is the
mean = SEM, n = 4. *Significantly different from control conditions
(P < 0.05).

flux through PFK-1° Release of lactate in the presence of
propionate seems a consequence of the increase of intracel-
lular pyruvate. Sherry et # have shown that some propi-
onate could be converted to lactate through the Krebs’ cycle
and malic enzyme. Extensive utilization of propionate in the
Krebs’ cycle has priority on pyruvate utilization; thus,
pyruvate generated through glycolysis is recovered as lac-
tate.

Additionally, propionate may inhibit mitochondrial pyru-
vate utilization through the effects of its CoA-esters on
pyruvate carboxylase. Stimulation of lactate utilization by
even-chain fatty acids that yield acetyl-CoA is consistently
observed. It is likely that the increase of acetyl-CoA and
mitochondrial NADH inhibits the flux through pyruvate-
dehydrogenas®, although acetyl-CoA also stimulates
pyruvate-carboxylas& Whatever the nutritional status, the
present results suggest that propionate is effective in inhib-
iting lactate utilization even when this substrate is exten-
sively metabolized. During the postabsorptive period, pro-
pionate may contribute in feeding the glucose precursor
pool, which is important in reducing the intensity of
glucose-lactate cycling or protein mobilization.

In the literature, data suggest that acetyl-CoA stimulates
the mitochondrial synthesis of acetyl-glutamate, resulting in

turn activates the PFK-2 by catalyzing the dephosphoryla- the activation of carbamoyl-phosphate synthase. Propionyl-
tion of the enzymatic complex, hence an increase of F2,6P CoA could interfere with the synthesis of acetyl-glutalmate,
concentrations. Nevertheless, measurement of X5P concenthys inhibiting ureagenes?.Our experiments are not in

trations, in contrast to those of other effectors, were not keeping with this view, because propionate did not affect

conclusive.

The most effective fatty acid on X5P concentration was
apparently butyrate, which also slightly affected cellular
contents of F2,6R Simultaneous decreases of X5P and
F2,6R, have already been reporfédn presence of acetate,

urea production. In contrast, results favor a slight activation
of urea synthesis by even-chain fatty acids. It is noteworthy
that ammonia may stimulate the utilization of lactate; the
release of lactate caused by propionate is reduced by
ammonia, but a net uptake by hepatocytes is not enhanced.

propionate, or butyrate, but SCFAs in this case were at aThis is of physiological interest because there is a perma-

high concentration (5—-10 mM) and the liver was previously
perfused with glucose (40 mM). Thus, only a slight stimu-

nent digestive absorption of ammonia simultaneously to
SCFAs. Thus, ammonia stimulates lactate utilization and

lation of glycolysis by propionate could be observed, as propionate thwarts its effects.

shown by variations of citrate, pyruvate, or F2,6#d the

B oleate utilized
59 @ ketone bodies synthesized

Acetyl units (xmol/min/g cell)

control propionate 1.2 mM

Figure 5 Effect of propionate on oleate utilization and on ketone body
synthesis: Both metabolic fluxes are expressed in wmol acetyl units/
min/g cell. Each value is the mean + SEM, n = 4. *Significantly different
from control conditions (P < 0.05).
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The rise in pyruvate induced by propionate promotes
alanine synthesis, and recycling of ammonia from the
digestive tract may participate in the synthesis of nonessen-
tial amino acids; therefore, high availability of propionate
may contribute to nitrogen sparing. In this view, it has been
shown on other experimental models that ammonia may
channel propionate to amino-acid synthéSisslutamine
may contribute to a large extent to nitrogen cycling, when
synthesized instead of uréd.

Ketogenesis is an important metabolic pathway espe-
cially during starvation or in pathological situations such as
NIDDM ketoacidosis’’ The hepatic catabolism of free fatty
acids into water-soluble 4-carbon molecules represents
energetic fuel supply for peripheral tissues. Ketogenesis is
chiefly regulated at the step of transfer of long-chain fatty
acids into mitochondria, mediated by the ACT syst&m.
Octanoate and butyrate, however, escape this step and are
efficiently converted to ketone bodies.

In our model of starved-rat hepatocytes, it is noteworthy
that propionate exerts a striking lowering effect on ketogen-
esis. Propionate also depressed@h®H-but/Acac ratio. A
possible mechanism of this effect may involve a reduced
fatty-acid uptake by hepatocytes, although experimental
data do not support this view. In vivo, administrating a
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Table 2 Effect of propionate on ketone body synthesis from different fatty acids as precursors by isolated hepatocytes from starved rats

Production flux (nmol/min/g cell)

Total ketone

Conditions Precursor Acetoacetate B-hydroxybutyrate bodies B-OH but/acac

Control butyrate 2.5 mM 1.66 = 0.02 0.66 = 0.03 2.31 £ 0.04 0.40 = 0.01
octanoate 2 mM 0.64 = 0.05 2.69 + 0.09 3.33 £ 0.05 427 £0.44
oleate 1 mM 0.38 = 0.02 1.62 = 0.08 1.99 = 0.07 4.31 = 0.03

Propionate 1.2 mM butyrate 2.5 mM 1.34 £ 0.01 0.41 = 0.04 1.75 = 0.03 0.31 = 0.03
octanoate 2 mM 1.01 = 0.08 1.83 = 0.06 2.84 + 0.09 1.81 = 0.01
oleate 1 mM 0.61 = 0.04 0.90 + 0.11 1.51 = 0.07 1.50 = 0.25

mixture of SCFAs containing acetate may affect this pro-
cess by lowering blood concentrations of free fatty acids
owing to the antilipolytic effect of acetaf8. Propionate
could switch fatty acids from ketogenesis to other pathways,
such as reesterification. Propionate may have an antiketo-
genic effect by increasing the mitochondrial availability of 11
oxaloacetate, contributing to direct acetyl-CoA toward the
citric acid cycle. Further mechanisms might be invoked:
succinyl-CoA is an inhibitor of mitochondrial HMG-CoA 3
synthase, which catalyzes the conversion of acetyl-CoA to
acetoacetat®® The B-oxidation of fatty acids may be
inhibited by popionyl-CoA*!42 Furthermore, the high af- 14
finity of propionyl-CoA for carnitine (leading to the forma-

tion of propionyl-carnitine exported out of liver cells) may
contribute to the depletion of carnitine pool, hence lowering 15
the flux of fatty acids from the cytosol to the matfi%**

Finally, in addition to the endocrine factors, substrate
availability exerts a direct control on hepatic metabolism.
Propionate displays important effects on cellular metabo-
lisms that are directed to the saving of energetic compounds.
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