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Increased intake of dietary fibres is associated with several beneficial effects on carbohydrate and lipid
metabolism. The colonic fermentation of dietary fibres produces short-chain fatty acids (SCFA ; acetate,
propionate and butyrate). Some authors have suggested that SCFA could be partly responsible for the
effects of dietary fibres. The purpose of the present study was to test the effects of one of the SCFA,
propionate. The effects of moderate amounts of dietary propionate on insulin sensitivity and hepatic
glucose production were studied in male Sprague—Dawley rats. Two groups of twenty-one adult rats were
fed for 3 weeks on a diet containing 78 g propionate/kg (P) or 78 g/kg of a poorly fermentable cellulose
(control group; C). Feed intake, body weight, fasting plasma glucose, insulin, free fatty acids, alanine,
lactate, glycerol and f-hydroxybutyrate levels were measured weekly in anaesthetized rats. At the end
of the feeding period basal hepatic glucose production (BHGP) was measured with a primed continuous
infusion of [3-’Hlglucose and the inm vivo insulin sensitivity in rats was quantified by the
euglycaemic-hyperinsulinaemic clamp technique (0-6 and 2 U/kg per h). At that time fasting plasma
glucose measured in anaesthetized rats was significantly lower in group P than in group C: 77 (SE 0-2)
v. 85 (SE 0-2) mmol/l respectively (P < 0-002); plasma insulin levels were not significantly different.
Neither the BHGP (mg/min per kg; C 14-8 (s£1-3), P 151 (sE 1-3); n 7, not significant) nor the basal
metabolic clearance (ml/min per kg; 89 (SE 0-8) v. 99 (SE 1-1); not significant) were different between
treatments. Hepatic glucose production and glucose utilization at the two insulin concentrations
(approximately 500 and 1500 mU /1 respectively, n 7) did not differ significantly between the two groups.
These results show that dietary propionate chronically ingested by normal rats could decrease fasting
glycaemia, but from our findings, no effect on hepatic glucose production and whole-body glucose
utilization could be clearly demonstrated.

Fatty acids: Glucose: Insulin: Liver: Propionate

In humans as well as in animals an increased intake of dietary fibre improves glucose
tolerance (Jenkins et al. 1980; Anderson, 1986; Bornet, 1987; Vorster et al. 1988) and
lowers cholesterol levels (Chen & Anderson, 1986; Vorster e: al. 1988). Different
mechanisms have been proposed to explain these effects (Anderson & Chen, 1979). Some
authors have suggested that the short-chain fatty acids (SCFA), acetic, propionic and
butyric acids, which are produced by colonic bacterial fermentation of undigestible
carbohydrates (such as fructo-oligosaccharides, non-starch polysaccharides, pectins, gums),
may be partly responsible for the effects of dietary fibres (Cummings, 1983; Venter &
Vorster, 1989; Wolever et al. 1989). The SCFA are rapidly absorbed from the lumen of the
colon (Ruppin et al. 1980). The major SCFA is acetate which passes to peripheral tissues

* For reprints.
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to be metabolized by muscle (Skutches er al. 1979). Butyrate is largely utilized by the
colonocytes (McNeil et al. 1978). Propionate is removed by the liver (Cummings et al.
1987). Thus, SCFA may influence the intermediary metabolism in the colonic epithelium,
liver and peripheral tissues. More recent studies in man (Venter et al. 19904) and in
baboons (Papio ursinus; Venter et al. 199056) have shown that diets supplemented with
propionate and fibre decreased fasting plasma glucose, reduced area under the glucose-
tolerance curve and induced a decrease in the maximum insulin increment during this test.
These results suggested that the improvement in glucose tolerance and insulin sensitivity
observed with a fibre-supplemented diet may be mediated by the effects of propionate on
carbohydrate metabolism. Our study was designed to examine the effects of dietary
propionate on hepatic production and insulin sensitivity (taken as endpoint variables)
measured by an isotopic method and clamp studies in the rat, which has been considered
as a useful experimental model for the human fermentative breakdown of dietary fibre
(Nyman et al. 1986).

MATERIALS AND METHODS

Animals and diets
Male Sprague-Dawley rats (Centre d’élevage R. Janvier, Le Genest-Saint-Isle, France)
aged about 45 d and weighing 250 g were used. Approval for use of laboratory animals was
given by the French Ministry of Agriculture. After a 1-week acclimation period they were
housed at 22 +2° with a day—night cycle (light on from 07.00 to 19.00 hours) and kept in
groups of three rats in polypropylene cages with a wire-mesh bottom to minimize
coprophagy. They were allowed free access to water and fed ad lib. They were randomly
allocated to either a standard (No. 210; UAR, Villemoisson/Orge, France) non-purified
diet in which the usual cellulose source was replaced by a poorly fermentable paper
cellulose (Keys et al. 1969; 78 g/kg) or the same diet in which propionic acid, as Na and
Ca salts, substituted for cellulose (78 g propionate salts/kg, 60 g propionic acid/kg, this
quantity being equivalent to the amount of SCFA produced by colonic bacterial
fermentation of 8 g dietary fibre (McNeil er al. 1978)). The energy available to the rats
from the propionate supplement was assumed as 16:3 kJ/g according to Bér (1990) (heat
of combustion for propionic acid 20-6 kJ/g (Livesey & Elia, 1988), energy conservation
80%). For the type of poorly fermentable cellulose used we assumed that the available
energy was negligible (Keys et al. 1969). Details of the composition of the diet are given in
Table 1. The diet supplied 59 % of the total energy as carbohydrate, 24 % as protein and
17% as fat.

Experimental procedure

In order to ensure a suitable number of animals at the end of the feeding period (week 4)
with the glucose-clamp technique (i.e. > fifteen animals per diet) we included thirty-three
rats in each diet group at week 0 which was the basal prediet week; these sixty-six rats
constituted the entire initial group as compared with the final subgroup of animals on
which we report here. Also in order to ensure a suitable design for the experiment, six
animals (three controls and three propionate-fed rats) of the same age entered the study
(week 0) each week. The total of sixty-six rats were incorporated into the study of a period
of 11 weeks. They were randomly assigned to one of the two diets. Each group of thirty-
three rats received one of the two diets for 3 weeks. Feed intake was measured each week
for 3 d consecutively and expressed as the mean for 3 d and three rats. Rats were weighed
before the beginning of the feeding period and then weekly (W0, W1, W2 and W3
respectively). At W0, W2 and W3, blood samplings were taken at 14.00 hours in rats fasting
from 08.00 hours. Under these conditions it has been shown that gut-derived glucose is
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Table 1. Composition of the diets given for 3 weeks to normal sprague—Dawley rats

(In the control diet the usual cellulose content was replaced by 78 g poorly fermentable cellulose/kg and in
the propionate diet, cellulose was replaced by 78 g propionate salts/kg)

Ingredients Control diet (g/kg) Propionate diet (g/kg)
Casein 225 225
Maize starch 250 250
Sucrose 300 300
Animal and vegetable fat* 70 70
Cellulose 78 —
Calcium propionatet — 46
Sodium propionate} — 32
CaCO,t 267 —
NaCl} 9-7 —
K,H,PO, 245 24:5
MgO 0-7 07
MgSO, 35 35
FeSO,.7H,0 03 03
Fe, 0, 02 02
Trace clements 07 07
Vitamin mix§ 10 10

* Composition (g/kg diet): saturated fatty acids 17, monounsaturated fatty acids 311, polyunsaturated fatty
acids 209, refined vegetable oils were used.

t The level of Ca (g/kg diet): 1-00 control diet, 0-99 propionate diet.

1 The level of Na (g/kg diet): 0-40 control diet, 0-44 propionate diet.

§ Supplied (mg/kg diet): retinol 6, cholecalciferol 0-0625, thiamin 20, riboflavin 15, pantothenic acid 70,
pyridoxine 10, myo-inositol 150, cyanocabalamin (-05, ascorbic acid 800, tocopherols 170, menadione 40,
nicotinamide 100, choline 1360, folic acid 5, p-aminobenzoic acid 50, biotin 0-3.

negligible (Leturque et al. 1981). For this purpose, rats were lightly anaesthetized with
diethyl ether, a 0-6 ml blood sample was withdrawn from the retroorbital sinus and
collected into heparinized tubes at +4°, and 0-5 ml were immediately deproteinized in the
same volume of perchloric acid (60 g/1). The supernatant fraction was neutralized and
analysed for alanine (Williamson, 1974), lactate (Gutmann & Wabhlefeld, 1974), g-
hydroxybutyrate (Williamson & Mellanby, 1974) and glycerol (Wieland, 1974). The
remaining blood (0'1 ml) was centrifuged for immediate determination of plasma glucose
with a glucose oxidase (EC 1.1.3.4) method (Beckman glucose analyser 2; Beckman
Instruments, Fullerton, CA, USA). Plasma samples were stored at —20° until subsequent
radioimmunoassay of plasma insulin and determinations of plasma free fatty acid (FFA)
concentration.

Surgery

At the beginning of the 4th week, tests were performed at 14.00 hours in rats deprived of
feed from 08.00 hours in twenty-one rats in the propionate group and eighteen rats in the
control group, randomly selected from the initial group of animals. Rats were anaesthetized
with sodium pentobarbital (60 mg/kg body weight intraperitoneally; SANOFI, Libourne,
France). Body temperature was maintained with heating lamps. One carotid artery was
catheterized for blood sampling and a tracheotomy was systematically performed to avoid
respiratory problems during anaesthesia. Infusions of insulin, unlabelled and labelled
glucose were carried out using butterfly needles inserted into the saphenous veins. All these
surgical procedures were followed by a 20 min stabilization period to allow glucose
metabolism to return to a steady-state.
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Euglycaemic-hyperinsulinaemic clamp studies

The euglycaemic clamp was performed as described previously (Leturque et al. 1984;
Pénicaud et al. 1985). Briefly, a 0-15 ml blood sample was collected before any infusion to
determine basal plasma glucose and insulin levels. Then an exogenous insulin solution
(Orgasuline, Organon, France) was infused at a constant rate of 002 ml/min through a
saphenous vein. Blood glucose level was clamped at the basal level by a variable infusion
of glucose solution (75 g/l) with a Precidor pump (Infors, Basel, Switzerland). The
exogenous glucose infusion was begun 1 min after the initiation of insulin infusion at a rate
empirically set at 0-009 mmol/min. The insulin dose-response values were obtained by
infusing various amounts of insulin (0-6 and 2 U/kg per h) to raise the plasma insulin levels
to 500-1500 mU/1. Blood samples (30 xI) were collected from the carotid artery every 5 min,
and plasma glucose concentration was determined within 60 s with a glucose oxidase
method. In each group the steady-state plasma insulin level and steady-state blood glucose
level were reached 55-60 min after the beginning of insulin infusion. At 60, 65 and 70 min
of clamp, blood samples (0-2 ml) were withdrawn for determination of glycaemia, glucose
specific activity (GSA) and steady-state plasma insulin levels.

Endogenous glucose production

Endogenous glucose production in the basal (fasting) state as well as during clamp studies
was measured with the tracer-dilution method. A priming constant infusion of [3-*H]glucose
(Amersham, France), an irreversible tracer (Katz et al. 1974), was delivered by the
saphenous needle. The {3-*H]glucose priming dose was 4 4Ci followed by a continuous
intravenous infusion at a rate of 0-2 xCi/min. The steady-state of [3-*H]glucose specific
activity was reached in 60 min both in the basal-state studies and in the clamp studies.
During the final 15 min, three blood samples were withdrawn and analysed immediately
with a glucose analyser. Another portion of the blood sample was used for the
measurement of GSA, and remaining plasma was frozen at —20° for subsequent
radioimmunoassay of plasma insulin concentration (see below).

Analytical methods

Glucose. Plasma glucose concentration was measured during clamp studies as described
previously.

Insulin. All samples were assayed in the same batch using a rat standard (studies in the
basal state and plasma withdrawn during the animal follow-up or a human standard
{(clamp studies; CIS International kits, Gif sur Yvette, France).

Free fatty acids. Plasma FFA were measured by an acyl-CoA oxidase technique (Wako
Chemicals GmbH, Germany).

Glucose specific activity. GSA was determined using the Somogyi (1945) method. Blood
samples (0-05ml) for determination of specific activity of the [3-*H]glucose were
deproteinized with 0-25 ml each of 0-15 M-Ba(OH), and 0-15 M~ZnSO, and immediately
centrifuged. A portion of the supernatant fraction was used for the determination of
glucose concentration by a glucose oxidase method (Boehringer, Mannheim, Germany).
Another portion of the supernatant fraction was evaporated to dryness at 70° to remove
®H,0, the dry residue was redissolved in 0-2 ml distilled water before addition of 3 ml
scintillation solution (Ready Gel™; Beckman Instruments) and counted in a scintillation
spectrometer. GSA was calculated by dividing the [3-*H]glucose infusion rate (counts/min)
by the steady-state value of glucose from the three samples withdrawn at the end of
the experiments. Mean coefficient of variation of GSA in both groups was 9%. The rate
of glucose appearance (Ra) in the fasting state was calculated using Steele’s (1959)
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equation. In the basal state the rate of endogenous glucose production is equal to Ra. In
the clamp studies Ra was equal to the rate of glucose disappearance (Rd), the rate of
endogenous glucose production was calculated by subtracting the exogenous steady-state
glucose infusion rate from Ra. The whole-body glucose utilization rate (GUR) is equal to
Rd. Blood samples were withdrawn at 60, 65 and 70 min after the beginning of the infusion
of the labelled glucose and analysed as described previously.

Statistics
Results are expressed as means with their standard errors. The computer program StatView
SE + Graphics TM for a Macintosh computer was used for statistical analysis. Comparisons
for a given variable during clamp and from week-to-week between the two groups were
performed using Student’s ¢ test for unpaired data.

RESULTS
Effects of diet on feed intake and body weight

Table 2 summarizes results of feed intake and body weight in the two subgroups of animals.
The energy density was 16-3 and 15-5 kJ/g for propionate and control diets respectively.
After 1 week of feeding, rats consumed smaller amounts of diet containing the propionate
than the control diet; presumably, this was due to the palatability of the diet. Once this
initial period of adaptation had elapsed the feed intake was not different between the two
groups at W2 and W3. Initial body weight (at W0) was similar across groups. At the end
of the first week body weight was significantly lower in the propionate group. There was
no significant difference between the two groups after W2 and W3. The body weights of the
two groups were similar at the beginning of the fourth week (Table 4).

Changes in fasting plasma variables

Fasting venous plasma glucose concentrations were always lower in rats fed on the
propionate diet than in the rats fed on the control diet with a significant difference only at
week 2 (Table 3). It should be noticed that at week 3 there were fewer samples than for the
other weeks. The corresponding plasma insulin concentrations tended to be lower in the
propionate group but these differences were not statistically significant. Plasma FFA levels
were not significantly different between the two groups with a tendency to be lower in the
propionate diet. Alanine, lactate, f-hydroxybutyrate, glycerol among the rats fed on the
two diets were similar at any time-point during the 3-week follow-up.

At the beginning of the 4th week, if all propionate-fed rats were considered a group (n 21)
v. all control diet-fed rats (n 18; Table 4), the mean fasting arterial plasma glucose
concentration of the propionate group was significantly lower than those of the control-diet
group. But if we considered the three subgroups of the two diet groups there was a
significant difference only for the subgroup receiving the 0-6 U exogenous insulin/kg per h
infusion.

Effect of insulin on hepatic glucose production and whole-body glucose utilization
In the basal state when no insulin was infused, the endogenous glucose production was not
significantly different for propionate-fed rats v. control rats: 0-084 (seM 0-007) v. 0-082
(seM 0-007) mmol/min per kg. At plasma insulin concentrations of approximately
500 mU/], endogenous hepatic production was decreased by 65% (0-031
(seM 0-012) mmol/min per kg) in the propionate group and by 48% (0044 (seMm
0-021) mmol/min per kg) in the control group, without any significant difference. At
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Table 4. Body weight (BW), arterial plasma glucose and insulin, glucose and insulin infusion
rates (IIR) during euglycaemic hyperinsulinaemic clamps at the beginning of the fourth week
in rats fed on propionate-enriched and poorly fermentable cellulose (control) diets*

(Results are expressed as means with their standard errors for no. of animals indicated)

BW (g) SSPI (mU/) BPG (mmol/l) SSPG (mmol/I)

n TIR(U/kgperh) Mean seM Mean SeM Mean SEM  Mean  SEM

Propionate group

6 0 399 12 217 49 g6 04 85 07
7 06 370 12 509 47 74 02 72¢ 02
8 2 385 7 1694 146 77 02 7-6 02
Total 21 384 6 77¢ 02
Control group
7 0 401 8 217 47 94 08 87 0-2
5 06 379 20 497 62 87" 05 864 0-5
6 2 362 12 1528 93 82 02 79 03
Total 18 382 8 85 02

a.b,c.d.e.1 Means with different superscript letters in the same column were significantly different: > P = 0:04;
©dp=003; > P=00025.

SSPI, steady-state plasma insulin; BPG, basal plasma glucose. SSPG, steady-state plasma glucose.

* For details of diets and procedures, see Table 1 and pp. 242-245.

Table 5. Glucose kinetics during euglycaemic hyperinsulinaemic clamps in rats fed on
propionate-enriched and poorly fermentable cellulose (control) diet*

(Experiments were performed at the beginning of the fourth week feeding. Results are expressed as means
with their standard errors for no. of animals indicated)

SSGIR GPR GUR GMC
SSP1 (mmol/kg (mmol/kg (mmol/kg {ml/kg
(mU/) per min) per min) per min) per min)

n Mean SsEM Mean seM Mean sSEM Mean SEM Mean SEM

— — 0084 0007 0084 0007 99 11l
509 47 0107 0016 0031 0012 0130 0014 180 19
1694 146 0150 0009 0034 0015 0162 0022 214 31

6 217 49
7
8
Control group 7 217 47 0-082 0007 0082 0007 89 08
5
6

Propionate group

497 62 0129 0017 0043 0020 0172 0029 196 26
1528 93 0160 0014 0014 0006 0167 0014 212 18

SSPI, steady-state plasma insulin; SSGIR, steady-state glucose infusion rate; GPR, endogenous glucose
production rate: GUR, glucose utilization rate; GMC, glucose metabolic clearance.
* For details of diets and procedures, see Table 1 and pp. 242-245.

plasma insulin concentrations of approximately 1500 mU/l, endogenous hepatic pro-
duction was not completely suppressed in either group (0-034 (sem 0-015) mmol/min per kg
in the propionate-fed group and 0-014 (seM 0-006) mmol/min per kg in the control group)
without any significant difference. (Table 5).

Following submaximal insulin infusion or a very high plasma insulin level, the whole-
body GUR was increased in both groups without any significant difference. Because
propionate-fed and control rats were clamped at slightly different plasma glucose levels and
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because glucose utilization depends on glycaemia (Verdonk et al. 1981), we expressed the
results in terms of glucose metabolic clearance (GMC; ml/min per kg). GMC was not
significantly different between the two groups of animals.

DISCUSSION

The addition of propionate to the diet made a difference to the acceptability of the diet only
during the first week of feeding. After this adaptation period there was no significant
difference in feed intake. Weight change showed the same pattern, i.e. a significantly smaller
weight decrease in the propionate-fed group at W1 which tended to disappear with time so
that the two groups had a similar weight at the beginning of the 4th week.

The present study indicates that a small amount of propionate in the diet was associated
with a lower fasting plasma glucose concentration. This was not associated with a lower
feed intake or body weight. These results are in accordance with those observed in healthy
subjects receiving sodium propionate-supplemented bread (Todesco et al. 1991) or with
propionate capsules (Venter e al. 19904). Both studies reported a lower fasting blood
glucose level. However, in a study on Sprague-Dawley rats (Chen ef al. 1984) it has been
reported that fasting plasma glucose was not affected by propionate supplementation; it
should be noted that the amount of propionate used in this study was very small (3 g/kg).
The dose used in our study was twenty times higher but, nevertheless, corresponded to the
production of SCFA produced by total fermentation of a standard rat diet.

In our study there was no difference in plasma FFA between the two groups. A study
in baboons (Venter ez al. 1990 b) reported that propionate induced a decrease in FFA levels
after 4 weeks on the diet; no effect on fasting blood glucose was observed.

In our study the hepatic production measured by the isotopic method was expected to
be lower in the propionate-fed group; this was not the case as there was no difference
between the two groups. The study of whole-body insulin sensitivity (measured by clamp
method) was unable to show a difference between the two groups. Venter et al. (19904) and
Todesco et al. (1991) have reported an improvement in carbohydrate tolerance measured
by an oral glucose-tolerance test: the mean area under the glucose-tolerance curve and the
corresponding mean area under the insulin-response curve were decreased in the
propionate-supplemented group. However, the study of Venter et al. (1990a) did not
provide evidence that insulin sensitivity was improved by propionate: indeed, lower FFA
levels observed in the experimental group could be responsible for the apparent increase in
insulin sensitivity. High circulating FFA levels are known to be associated with insulin
insensitivity and inhibition of glucose uptake by muscle (Randle et al. 1963). In our study
lower fasting plasma glucose levels were not associated with significantly lower circulating
FFA. However, it should be noted that the fasting FFA levels had a tendency to be lower
in the propionate-fed group without any significant difference.

Thus, in our study we observed a lowering effect of propionate on fasting plasma glucose
without any evident changes in glucose production or whole-body glucose utilization.
Propionate has been demonstrated to have some hypoglycaemic effect under certain
circumstances (Oberholzer et al. 1967). The mechanism by which it acts at the cellular level
has been well studied. Chan & Freedland (1972) clearly demonstrated on isolated rat
hepatocytes that propionate decreases gluconeogenesis from lactate and pyruvate by
inhibition of the pyruvate pathway. The site of interaction they proposed is at the pyruvate
carboxylase (EC 6.5.1.1) reaction which is inhibited by metabolic products of propionate,
methylmalonyl-CoA and succinyl-CoA, specific inhibitors of this enzyme (Blair ez al. 1973).
Furthermore, propionate stimulates rates of glycolysis in isolated rat hepatocytes (Anderson
& Bridges, 1984) even though it has been shown to be gluconeogenic in vitro (Chan &
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Freedland, 1972). From their study in humans, Todesco et al. (1991) concluded that
reduced postprandial glucose response when propionate is added to bread is due to
decreased digestibility by inhibiting amylase (EC 3.2.1.1) activity, the longer-term effects
on carbohydrate metabolism could result from adaptation in the absorptive capacity of the
small intestine. We are unable to suggest from our findings the mechanism by which fasting
plasma glucose is reduced in rats fed on a diet containing 60 g propionic acid/kg for 3
weeks. Further studies are required to delineate the mechanism of action of propionate on
glucose metabolism.
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