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Short-Chain Fatty Acid Fermentation Products of Plant Fiber Affect 
Glucose Metabolism of Isolated Rat Hepatocytes (41 958) 
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Abstract. Short-chain fatty acids (SCFA) produced during fermentation of plant fibers and 
absorbed from the colon may affect hepatic glucose metabolism. We examined the effects of 
different fatty acids on rates of glucose production and glycolysis in isolated rat hepatocytes. 
Acetate, butyrate, and long-chain fatty acids significantly increased glucose production from 
lactate. However, propionate and valerate significantly decreased glucose production from 
lactate. Whereas 5 mM butyrate increased the incorporation of [ 14C]lactate into [ ''C]glucose 
by 8096, 5 mM propionate produced a 67% decrease. Glycolysis was significantly decreased by 
acetate, butyrate, and long-chain fatty acids. However, propionate and valerate significantly 
increased glycolysis. Thus propionate, which inhibits hepatic acetate metabolism, acts to 
increase glucose use and decrease glucose production. Plant fibers may influence hepatic glucose 
metabolism via their SCFA metabolites. 0 1984 Society for Experimental Biology and Medicine. 

Plant fibers influence the digestion, ab- 
sorption, and metabolism of dietary carbo- 
hydrates (1). Supplementing the diet with 
selected fibers lowers postprandial plasma 
glucose concentrations ( 1, 2) whereas high- 
fiber diets lower insulin requirements of adult 
diabetic patients (3, 4). The mechanisms 
responsible for fiber-induced improvements 
of glucose metabolism are not well delineated 
but may include hepatic or extrahepatic ef- 
fects (1). As most plant fibers are fermented 
by bacterial action in the colon to short- 
chain fatty acids (SCFA) and other products 
( 1 ,  5 )  and these SCFA are absorbed ( 5 ) ,  we 
examined the effects of SCFA on rates of 
glucose production and glycolysis in isolated 
rat hepatocytes. These studies may have fur- 
ther clinical application because propionate 
can induce hypoglycemia in humans under 
certain circumstances (6). 

Materials and Methods. Suspensions of 
liver cells were prepared by a modification 
(7) of the method of Berry and Friend (8). 
Male Sprague-Dawley rats, 250-500 g, were 
fasted for 24 hr. They were anesthetized by 
an intraperitoneal injection of sodium thio- 
pental (Pentathal). The portal vein was can- 
nulated and perfused for 10 min in a non- 
recirculating system under a 95% 02-5% C02 
atmosphere with calcium-free Krebs-Ringer 
bicarbonate buffer, 8 ml/min, using an Am- 
bec perfusion apparatus (Ambec, Inc., Au- 
rora, Colo). After 10 min collagenase (Wor- 

thington Type I), 0.4 mg/ml, was added to 
the perfusate and the liver was then placed 
in a beaker containing calcium-free Krebs- 
Ringer bicarbonate buffer plus 1.5% gelatin. 
The tissue was torn with dissecting scissors 
under a 95% 0 2 - 5 %  C02  atmosphere for 5 
min. The tissue suspension was poured 
through nylon (350-pm mesh) and the filtrate 
centrifuged at 50g for 30 sec. The cells were 
washed twice and resuspended in Krebs buffer 
containing 1.5% gelatin to give a final con- 
centration of 10- 15 X lo6 cells/ml. The final 
cell suspension routinely contained 95-98% 
intact cells as determined by trypan blue 
exclusion. 

The cell suspension was gassed with 95% 
02-5% C 0 2  and 0.8 ml of the suspension 
added to 1 0-ml Erlenmeyer flasks containing 
substrate and fatty acid. The total reaction 
volume was 1 ml. The flasks were immedi- 
ately stoppered and incubated for 30 min at 
37°C in a shaking water bath. The reaction 
was stopped by the addition of 0.2 ml 10% 
trichloracetic acid (TCA) or 2 ml of 8% 
perchloric acid for gluconeogenesis or glycol- 
ysis experiments, respectively. 

In the gluconeogenesis experiments lactate 
(Sigma Chemical Co., St. Louis, Mo.) was 
used as substrate. Glucose production rates 
from propionate or valerate alone were sub- 
tracted from values obtained with lactate and 
these fatty acids. The TCA supernatants were 
collected by centrifugation at lOOOg for 20 
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min. Glucose in the supernatant was assayed 
using an enzymatic determination with glu- 
cose oxidase (Sigma kit 5 10). Glucose pro- 
duction was linear over 30 min. 

For measuring the incorporation of [U- 
14C]lactate into glucose we used 10 mM 
lactate as substrate. After 30 min, the incu- 
bation was terminated by the addition of 0.5 
ml of 5% ZnS04; 0.5 ml of 0.15 M Ba 
(OH),, and 2 ml of water were then added 
and the precipitate removed by centrifugation 
as described by Claus et al. (9). We separated 
['4C]glucose from the supernatant by the 
procedure of Exton and Park (10). An aliquot 
of the resin-treated supernatant was added to 
10 ml of Aquasol and analyzed for [I4C]glu- 
cose in a Packard liquid scintillation counter. 

In experiments measuring glycolysis, 10 
mM glucose was used as the substrate. After 
chilling for 5 min in ice, the perchloric acid 
supernatants were collected by centrifugation 
at 1500g for 10 min. Lactate was determined 
in the supernatant using lactate dehydroge- 
nase and measuring the production of NADH 
(Sigma kit 826-UV). Lactate production was 
linear over 30 min. 

Results. Eflects of SCFA on hepatic glucose 
production rates. SCFA with even numbers 
of carbon atoms, acetate and butyrate, were 
not substrates for glucose production but did 
increase glucose production from lactate. 
Maximal rates of glucose production were 
observed with acetate and butyrate at con- 
centrations of 5 &, at these concentrations 

TABLE I. EFFECTS OF FATTY ACIDS (FA) ON GLUCOSE 

glucose production from lactate was 48 and 
68% higher with acetate and butyrate, re- 
spectively, than values without these SCFA 
(Table I). 

In sharp contrast SCFA with odd numbers 
of carbon atoms, propionate and valerate, 
decreased glucose production rates. Although 
propionate and valerate were converted to 
glucose to a limited extent, their net effects 
were to decrease glucose production. Maximal 
rates of glucose production were 2.2 and 1.4 
pmole/30 min/g hepatocyte from propionate 
and valerate, respectively, when lactate was 
not present; these values were subtracted 
from values in the presence of lactate to 
compute net gluconeogenic rates. Glucose 
production from lactate was maximally de- 
creased with propionate concentrations of 2 
mM and valerate concentrations of 10 mM. 
Net glucose production from lactate was 
decreased by 28% with 5 mM propionate 
and 38% with 5 mM valerate (Table I). 

The conversion of [14C]lactate to ["C]- 
glucose with various SCFA is summarized in 
Fig. 1. Acetate, 5 mM, increased glucose 
production by 55%. Butyrate increased glu- 
cose production at concentrations of 0.1 mM 
and produced an 80% increase in lactate to 
glucose conversion at 5 mM. In sharp con- 
trast, propionate produced a marked decrease 
in glucose production. Propionate, 5 mM, 
produced a 67% decrease whereas 10 mM 
propionate decreased lactate to glucose con- 
version by 76%. 

PRODUCTION RATES IN ISOLATED RAT HEPATKYTES 

Substrate 

Lactate 
FA concn 
(mw FA No FA With FA 

Acetate 5 0 8.7 k 0.4 12.9 f 1.1 (6)" 
Propionate 5 2.2 k 0.3 8.9 k 0.4 6.4 f 0.6 (9)' 
Butyrate 5 0 8.5 f 0.5 14.3 f 1.2 (6)" 
Valerate 5 1.4 f 0.3 8.9 f 1.2 5.6 f 1.3 (4)" 
Nonanoate 1 0 9.1 2 1.1 13.7 f 2.3 (3) 
Oleate 1 0 8.6 f 0.4 15.1 k 1.3 (8)b 

Nofe. Values are means f SEM expressed as pmoles glucose produced/30 min/g hepatacyte (wet wt) with number 
of experiments in parenthesis. Glucose production rates without lactate or FA were 0.8 k 0.1 pmole/30 min/g ( N  
= 23). Glucose production rates from propionate or valerate alone were subtracted from values obtained with 
lactate. Significant differences are indicated. Lactate, 10 My was used as substrate. 
"-' P vs value with no FA: ", <0.005; b, (0.001; ') < 0.025. 
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FIG. 1 .  Effects of butyrate, acetate, and propionate on 
glucose production from [ ''C]lactate in isolated rat he- 
patocytes. Values are expressed as percentage of values 
in the absence of fatty acids with SEM indicated by bars. 
Number of experiments are indicated in parentheses. 

Eflect of SCFA on hepatic rates of glycol- 
ysis. When the rates of conversion of glucose 
to lactate were measured, acetate and butyrate 
decreased this process while propionate and 
valerate increased it (Table 11). Acetate and 
butyrate were not accompanied by measur- 
able increases in lactate production in the 
absence of glucose but lactate production 
rates from glucose were significantly decreased 

by acetate ( 12%) and butyrate ( 15%). Maximal 
rates of lactate production were 6.0 and 4.3 
pmole/g/30 min from propionate and valer- 
ate, respectively, in the absence of glucose; 
these values were subtracted from values in 
the presence of glucose to compute net gly- 
colytic rates. Furthermore, 5 mA4 concentra- 
tions of propionate and valerate significantly 
increased net rates of glucose conversion to 
lactate by 25 and 15%, respectively. 

Efect of nonanoate and oleate on hepatic 
gl ucon eogen es is and glycolys is rates . Because 
of the consistent differences between SCFA 
with even vs odd numbers of carbon atoms, 
we compared the effects of nonanoate, a 9- 
carbon fatty acid, and oleate, an 18-carbon 
fatty acid, on glucose production and glycol- 
ysis. The effects of nonanoate and oleate 
were similar and were consistent with the 
well-documented effects of long-chain fatty 
acids on hepatic glucose metabolism ( 1  1). 
Nonanoate at 1 mM concentrations signifi- 
cantly increased glucose production rates 
from lactate by 5 1% (Table I). Oleate also 
had a pronounced effect on glucose produc- 
tion with maximal effects observed at 1 mM 
concentration. The net effects of nonanoate 
and oleate on glucose production rates were 
similar in direction to the effects of acetate 
and butyrate but opposite in direction to the 
effects of propionate and valerate. 

Both nonanoate and oleate decreased rates 
of glycolysis; maximal decreases were ob- 
served at oleate concentrations between 0.5 
and 1 mA4. Lactate production rates from 

TABLE 11. E m c r s  OF FATTY ACIDS (FA) ON GLYCOLYTIC RATES IN ISOLATED RAT HEPATOCYTES 

Substrate 

Glucose 
FA concn 
(M) FA No FA With FA 

Acetate 5 0 13.0 f 1.0 11.5 k 1.2 (8)' 
Propionate 5 6.4 f 0.4 13.6 f 1.0 16.9 2 1.1 (9)b 

11.1 f 1.2 (8)' 
Valerate 5 4.3 f 0.6 11.8 f 1.8 13.6 f 1.7 (3) 
Nonanoate 5 0 10.0 f 1.7 7.7 * 1.7 (3) 
Oleate 1 0 12.3 f 1.1 10.3 f 1.1 (7)' 

13.0 f 1.0 But yrate 5 0 

Nole. Values are means f SEM expressed as pmoles lactate produced/30 min/g hepatocyte (wet wt) with number 
of experiments in parenthesis. Lactate production rates without glucose or FA were 1.4 f 0.2 pmole/g/30 min ( N  
= 16). Significant differences are indicated. Glucose, 10 mM, was used as substrate. 
'-' P vs value with no FA: ', <0.001; b, <0.005; ', < 0.01. 
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glucose were 23% lower with 5 mM nona- 
noate and 15% lower with 1 mM oleate than 
values in the absence of these fatty acids 
(Table 11). Thus the net effects of the longer 
chain fatty acids on glycolytic rates were 
similar in direction to the effects of acetate 
and butyrate but opposite in direction to the 
effects of propionate and valerate. 

Discussion. Plant fiber intake alters the 
digestion, absorption and metabolism of car- 
bohydrates by a variety of mechanisms. Cer- 
tain fibers may alter the rate of gastric emp- 
tying (12), intestinal transit time (I), the rate 
of hydrolysis of carbohydrates (12), and the 
absorption rate of sugars (12). Fiber intake 
also influences the secretion of pancreatic 
and gut hormones (12) and may increase 
insulin receptor concentrations in certain tis- 
sues (1  2). The influence of SCFA fermenta- 
tion products of fiber which are absorbed 
from the colon ( 5 )  on hepatic glucose metab- 
olism, however, has not been thoroughly 
evaluated. 

SCFA and longer-chain fatty acids have 
important hepatic effects on both glucose 
production and glycolysis. The distinctly dif- 
ferent effects of propionate and valerate may 
be mediated by their unique metabolic prod- 
ucts. Whereas acetate, butyrate, nonanoate 
and oleate are oxidized predominately to 
acetyl CoA ( 13, 14), propionate and valerate 
are converted sequentially to propionyl CoA, 
methylmalonyl CoA and succinyl CoA (6, 
15). Oleate appears to stimulate hepatic glu- 
coneogenic rates largely by activating pyru- 
vate carboxylase via acetyl CoA generation 
(1 3, 14). Acetate, butyrate and nonanoate 
probably stimulate gluconeogenesis by this 
same mechanism (16, 17). In sharp contrast, 
propionate administration appears to lower 
hepatic acetyl CoA concentrations ( 18) and 
inhibits pyruvate carboxylase activity further 
via methylmalonyl CoA and succinyl CoA, 
specific inhibitors of this enzyme (1 1, 15). 

Glycolytic rates are influenced importantly 
by the activity of phosphofructokinase (14, 
19); citrate appears to be an important met- 
abolic inhibitor of this enzyme (14, 19). 
Oleate metabolism is accompanied by in- 
creased tissue concentrations of citrate in 
liver (1 1, 13), muscle (19), and heart (20); 
decreased rates of glycolysis in these tissues 
in the presence of oleate have been attributed 

to citrate-induced inhibition of phosphofruc- 
tokinase. In sharp contrast, propionate me- 
tabolism is accompanied by a reduction in 
hepatic citrate concentration (1 1) and valerate 
may induce similar changes since it is metab- 
olized in a similar manner to propionate (6). 
The increase in glycolysis we observed with 
propionate and valerate may be related to 
decreased hepatic citrate concentrations. 

The effects of increased plant fiber intake 
on portal vein concentrations of SCFA are 
not well delineated. Recently Illman and 
colleagues (2 1 ) measured SCFA concentra- 
tions from portal vein blood samples of rats 
fed standard rat chow, pectin or wheat bran 
diets. They reported propionate concentra- 
tions of 0.21 mM from chow-fed rats and 
values of 0.15 mM from pectin-fed rats. 
These concentrations are in the range that 
produced significant decreases of hepatic glu- 
coneogenesis (Fig. 1). Illman et al. (2 1) noted 
portal vein blood acetate concentrations 
which were approximately fivefold higher 
than propionate concentrations while butyrate 
concentrations were roughly equivalent to 
propionate concentrations. Acetate, the pre- 
dominate SCFA produced in the colon ( 5 ,  
22) is not well metabolized in the liver when 
propionate is present ( 15,23). Using a variety 
of combinations of SCFA, we documented 
that propionate overrode the effects of acetate 
on glucose metabolism in rat hepatocytes (J. 
W. Anderson, unpublished observations). 
Thus, even in the presence of several-fold 
higher concentrations of acetate, propionate 
acted to inhibit hepatic glucose production 
and stimulate hepatic glycolysis. Much further 
study is required to delineate the mechanisms 
of action of SCFA on glucose metabolism 
and the physiologic significance of our obser- 
vations. 
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