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Short-chain fatty acids constitute a major
energy source in ruminants (Annison & Lewis,
1959). These products of ruminal fermentation are
absorbed directly into portal blood and pass to the
liver before reaching the general circulation.
Examination of arterial and portal blood in sheep
has indicated that propionate and butyrate are
almost completely removed by the liver under
normal feeding conditions, but substantial quan-
tities of acetate appear in peripheral blood (Anni-
son, Hill & Lewis, 1957). A substantial glucose
turnover in sheep has been indicated (Annison &
White, 1961; Kronfeld & Simesen, 1961), focusing
attention on the nature of glucose precursors in this
species since very little glucose is absorbed from the
alimentary tract. Propionate is well recognized as a
source of glucose, but the possibility of butyrate
and, to a less extent, of acetate being a precursor of
glucose has been the subject of much speculation.
In the present investigation no evidence was ob-
tained of net synthesis of carbohydrate from buty-
rate or acetate in liver slices. The possible synthesis
of glycogen from glucose or propionate in liver
slices was studied in media containing several com-
binations of inorganic ions. Glycogen loss occurred
in all media examined, although in a medium with
high potassium content reported to favour glycogen
synthesis in rat-liver slices (Hastings, Teng, Nes-
bett & Sinex, 1952) glycogen loss was minimal.
The metabolic interrelations of acetate, pro-

pionate and butyrate in liver slices were also
examined with 14C-labelled substrates. Incorpora-
tion of substrate into glucose, oxidation to [14C]-
carbon dioxide and production oflactate and ketone
bodies were examined. Considerable ketone-body
production from butyrate was observed, and the
labelling pattern in P-hydroxybutyrate derived
from [1-14C]butyrate was similar to that reported
by Hird & Symons (1959) with rumen or omasum
epithelium and the same substrate.

MATERIALS AND METHODS

Experimental animals. Merino wethers, age 2-3 years,
were housed indoors and fed once daily on a standard
ration of 800 g. of lucerne chaff. Starved animals were
allowed access to water.

Preparation of liver 8lices. Animals were killed by ex-
sanguination, and samples of liver tissue immediately

removed with a stainless-steel cork borer (1.3 cm. diam.).
Tissue samples were placed in incubating medium at 40 and
slices (0-02-0-04 mm. thick) were cut by hand at this
temperature.

Incubation procedures. Double-side-bulb Warburg flasks
were used as incubation vessels. Tissue slices (250 mg.),
which were randomized before incubation, were blotted dry
on filter paper, weighed and incubated in 3-0 ml. of medium.
Substrates were added in 0-9 % NaCl (0- 1 ml.), and 0-2 ml.
of 6N-H2S04 was placed in one side arm. The gas phase was
100% 02 when phosphate medium was used, and 02 + CO2
(95:5) with media based on bicarbonate. Incubations (in
duplicate) were carried out for 2 hr. at 390 with a shaking
rate of 100 strokes/min. Krebs-Ringer phosphate and
Krebs-Ringer bicarbonate media were prepared as
described by Umbreit, Burris & Stauffer (1957). Results
were expressed as umc (or pmoles or mg.)/hr./g. of tissue
(,umc/hr./g_).

Purification of substrates. After distillation AnalaR-grade
acetic acid, propionic acid and n-butyric acid (British Drug
Houses Ltd.) were found to be homogeneous when examined
by gas-liquid partition chromatography (James & Martin,
1952). Aqueous solutions of these substrates were neutral-
ized (pH 7-0) with NaOH and stored at -10°.

Radioactive substrates. The sodium salts of [1-14C]acetic
acid, [2-_4C]acetic acid, [1_14C]propionic acid, [2_14C]_
propionic acid and [1-14C]butyric acid, and NaH14CO3, were
obtained from The Radiochemical Centre, Amersham,
Bucks. Sodium [2-_4C]butyrate and sodium [3_14C]butyrate
were purchased from California Foundation for Biochemical
Research, Calif., U.S.A. The radioactivity of labelled sub-
strates was checked by wet oxidation (Van Slyke & Folch,
1940) to C02, which was assayed as BaCO3 by the procedure
described by Annison & White (1961).
Leuconostoc mesenteroides. A culture of this organism

(strain 39) was obtained from the Department of Bac-
teriology, Indiana University, Bloomington, Ind., U.S.A.

Ion-exchange resins and silicic acid. These materials were
obtained from Mallinckrodt Chemical Works, St Louis,
Mo., U.S.A.

Chemical methods
After acidification of the medium at the end of the

incubation period and absorption of CO2 the flask contents
were diluted with 3 ml. ofwater, and the tissue was removed
by centrifuging. Analyses were made on the supernatant.

Glucose. This was estimated by the glucose-oxidase
method of Huggett & Nixon (1957).

Glycogen. Glycogen was isolated from liver tissue by the
method of Good, Kramer & Somogyi (1933) and hydrolysed
with N-HCI at 1000 for 3 hr. Neutralized hydrolysates were
assayed for glucose.

Lactic acid. A method based on lactate dehydrogenase
(Barker & Britton, 1957) was used. The reduction of NAD+
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to NADH at 340 m,u in the presence of semicarbazide
(0M) in a glycine buffer (0-6M, pH 10-1) provided a
measure of lactate content.

Ketone bodies. Total ketone bodies (acetone, acetoacetate
and fl-hydroxybutyrate) were estimated by the method of
Bakker & White (1957). Recoveries of acetone from
fl-hydroxybutyrate were in the range 91-95%. The con-
centration of salicylaldehyde used for colour development
was decreased from 20 to 10 %, resulting in reduced colour
production in blank estimations. When ,-hydroxybutyrate
values were required the filtrates (5 ml.) were made acid
with 5 N-H2SO4 (1 ml.) and heated in a boiling-water bath to
remove acetoacetate and acetone before assay.

Analysis of volatile fatty acids. These were estimated by
titration with alkali after steam-distillation (Annison,
1954), and mixtures of fatty acids were analysed by gas-
liquid partition chromatography (James & Martin, 1952) as
described by Annison (1954).

Assay of labelled carbon dioxide. When Krebs-Ringer
phosphate was used as incubating medium, CO2 was col-
lected in 0-2 ml. of 5% (w/v) C02-free NaOH in the centre
well of the incubation flasks. Carbon dioxide produced
during incubations in bicarbonate media was collected at
the end of the incubation by injecting 0-4 ml. of 5 % (w/v)
C02-free NaOH through a rubber stopper into one side arm,
and tipping 0-2 ml. of 6N-H2SO4 from the second side arm.
The flasks were left 6 hr. to allow absorption of CO2. Solu-
tions of NaOH containing absorbed C02 were transferred
quantitatively to tubes containing 0-4 ml. of 5% (w/v)
NH4Cl and 1 ml. of0 5% Na2CO, as carrier where necessary,
and precipitated as BaCO3 with 0 4 ml. of 20% (w/v)
BaCl2,2H20. The BaCO3 was assayed for radioactivity as
described by Annison & White (1961).
Assay of labelled glUcose. Supernatant fluid (3 ml.) was

placed in a centrifuge tube with 0-5 ml. of 3-2% (w/v)
glucose, deproteinized with 72% (w/v) HC104 (0 05 ml.) and
the precipitate removed by centrifuging. The supernatant
was transferred to another 15 ml. centrifuge tube contain-
ing phenylhydrazine hydrochloride (0-5 g.) and 2 ml. of
sodium acetate-acetic acid buffer (containing 25 mg. of
sodium acetate/ml. and 25 mg. of acetic acid/ml.) was added
to adjust the solution to pH 4-7. After thorough mixing the
solution was heated in a boiling-water bath until a heavy
precipitate of glucosazone appeared (usually after about
30 min.). The glucosazone was collected by centrifuging,
washed twice with water (10 ml.), dissolved in pyridine
(0-5 ml.) and precipitated with water (10 ml.). This process
was repeated four times, the final precipitate being filtered
and plated out as described for BaCO2 (Annison & White,
1961). The plated osazone was dried under suction in air by
using an infrared lamp before removal of the planchet
from the filter stem. Oven-drying of the osazone was found
to cause curling and breaking ofthe precipitate. The osazone
was assayed for radioactivity as described for BaCO3 and
corrected for self-absorption by the method of Hendler
(1959).
The possible contamination of glucosazone with labelled

substrates or labelled metabolic products was checked in
control experiments. Glucose was isolated as glucosazone
from an aqueous solution containing labelled acetate, pro-
pionate, butyrate, pyruvate and fumarate (10 Mumoles,
5 /tmc of each substrate/ml.) and unlabelled glucose
(30,moles/ml.). The glucosazone was without detectable
radioactivity.

Isolation and step-wise degradation of glUcose. Carrier
glucose (96 mg.) was added to flask contents after incuba-
tion and before deproteinization with Ba(OH)2-ZnSO4. The
precipitate was removed by filtration, and the filtrate and
washings were concentrated to 2-3 ml. in vacuo at 500 in a
rotary evaporator. Purification of the glucose was effected
with ion-exchange resins, the material being passed suc-
cessively through 10 g. columns of Amberlite IR-120 (H+
form) and Amberlite IR-4B (OH form). The final effluent
was concentrated to 2-3 ml. as above, made up to 10 ml.
and assayed for glucose content. The glucose was fermented
to lactic acid, ethanol and CO2with Leuconostoc mesenteroides
by the general procedure described by Bernstein & Wood
(1957).

(i) C-1. The 14CO2 produced during fermentation was
collected in C02-free NaOH and assayed for specific activity
as BaCO3.

(ii) C-2 and C-3. The ethanol was oxidized to acetic acid
(Bernstein & Wood, 1957), which was isolated and purified
by steam-distillation atpH 4-0. Acetic acid was decarboxyl-
ated by the Schmidt reaction, by the following modification
of the method of Phares (1951), suggested by Dr D. B.
Lindsay. Sodium acetate (0-2 m-mole) from the oxidation
of ethanol was obtained dry in a 1 oz. screw-cap bottle con-
taining a small tube fitted with a filter-paper wick. Sodium
azide (20 mg.) and 100% H2SO4 (0-2 ml.) were added to the
chilled bottle (0°), which was immediately tightly closed
and evacuated by suction applied through a hypodermic
needle (24-gauge) inserted through the cap and rubber liner.
The bottle was then placed in a water bath at 450 and the
temperature raised to 70° during a period of 10 min. After
45 min. at 700 the bottle was cooled and 1 ml. of C02-free
2N-NaOH was injected into the small tube through the
bottle cap. The bottle was allowed to stand overnight to
allow absorption of CO2. The NaOH solution, which in addi-
tion to absorbed C02 also contained SO2, was placed in a
C02-transfer apparatus (Kornberg, Davies & Wood, 1952)
and acidified with 2 N-lactic acid containing H202 (5 vol. %),
which oxidized sulphite to sulphate. The liberated CO2 was
absorbed in C02-free 0 5N-NaOH and assayed for specific
activity as BaCO.. Methylamine produced in the reaction
was steam-distilled (pH 10-0, Markham still) into 2 ml. of
2 N-H2S04, the distillate concentrated in vacuo and oxidized
(Van Slyke & Folch, 1940) to C02, which was assayed for
specific activity as before.

(iii) C-4, C-5 and C-6. Lactic acid was isolated by silica-
gel chromatography as described below, and degraded to
C02 (C-4) and acetic acid by the procedures described by
Bernstein & Wood (1957). Liberated C02 was assayed for
specific activity as BaCO3 and the distribution of radio-
activity in acetic acid was determined as described above.

18olation of lactic acid and ,-hydroxybutyric acid. Silica-
gel chromatography was used to isolate lactate and f,-
hydroxybutyrate produced during the incubation of liver
slices with labelled butyrate. The acids were extracted
from flask contents with ether (after acidification) and
separated by chromatography on silica gel with CHC13-
tert.-pentanol (Pennington & Sutherland, 1956). Columns
(1 cm. diam.) containing 12 g. of silicic acid were used with
loadings of 0-2-0*5 m-mole of acid mixtures. Progressively
changing solvent mixture was applied to the column by the
mixing device of Donaldson, Tulane & Marshall (1952), the
mixing vessel containing 320 ml. of CHC13 (equilibrated
with 0-25 N-H2SO4) and the upper vessel CHCl3-tert.-
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Table 1. Effect of concentrations of Na+ and K+ ions on the metabolism of [1-I4C]propionate

Liver slices from a fed sheep were incubated with rl-14C]propionate (100,4inc, 40,moles).

Composition of medium
(mm)

. -
K+ ions Na+ ions

0 163-3
38 126-3
76 89-3

113 51-3
150 13-3

Giycogen content
(g./100 g.)

Before
incubation

077
0-72
0-68
0-78
075

After
incubation

0-52
0-51
0-58
0-60
0-61

Uptake of
propionate

(jmoles/hr./g.)
36-0
33-4
30-4
21-2
12-8

Production
of 14CO2

(pmc/hr./g.)
38-8
26-4
23-8
23-4
11-2

Incorporation
of radioactivity
into glucose
(,Fmc/hr./g.)

6-1
4.5
2-4
2-8
1-6

Table 2. Comparison of propionate metabolism in
media with high and low contents of K+ ion

Krebs-Ringer bicarbonate (low K+ ion) and the medium
of high K+ ion content of Hastings et al. (1952) were used.
Liver slices from fed and starved (6 days) sheep were
incubated with [1-14C]propionate (40,zmoles, 100,umc).

Production of 14CO2
(tmc/g./hr.)

Fed Starved-
sheep sheep
32*0 1-2
16-2 1-7

Incorporation of
radioactivity into

glucose
(pmc/g./hr.)
Fed Starved
sheep sheep
6-7 0
1-8 0

distilled into 2 ml. of 2,4-dinitrophenylhydrazine reagent
prepared by dissolving 1 g. of the solid in 7-5 ml. of conc.
H2SO4, 75 ml. of 95% (v/v) ethanol and then water being
added to a volume of 100 ml. The hydrazone, which
appeared in the receiving vessel as a red precipitate, was
filtered off, recrystallized from ethanol-water, dried and
assayed for radioactivity by oxidation to C02 (Van Slyke &
Folch, 1940).

(iii) C-2 and C-4. The acetone produced by decarboxyl-
ation of ,-hydroxybutyrate was distilled into 1 ml. of 5%
(w/v) NaOH and a solution of iodine (1 %, w/v) in aqueous
KI (10 %, w/v) was added dropwise to the distillate (2 ml.).
The precipitate of iodoform was filtered off, recrystallized
from ethanol-water, dried and assayed for radioactivity by
oxidation to C02 (Van Slyke & Folcb, 1940).

pentanol (4: 1, v/v). Fractions (5 ml.) were titrated with
0-01 N-NaOH in methanol under C02-free conditions with
cresol red (0-1 % in methanol) as indicator. Separations of
acids similar to those reported by Pennington & Sutherland
(1956) were obtained except that ,B-hydroxybutyric acid
preceded and slightly overlapped lactic acid.

Stepwie degradation of ,-hydroxybutyrate. The acid iso-
lated by silica-gel chromatography was chromatographed a

second time in the system described above, isolated and the
specific activity determined by wet oxidation (Van Slyke &
Folch, 1940). Decarboxylation of ,-hydroxybutyrate to
acetone and C02, followed by conversion of acetone into
iodoform and acetic acid, gave the relative distribution of
radioactivity in C-1 and 0-3, and a mean value for C-2 and
C-4.

(i) C-1. Sodium f-hydroxybutyrate was decarboxylated
by a modification of the procedure of Bakker & White
(1957). An aqueous solution (3 ml.) containing 10-12 mg.
of sodium ,-hydroxybutyrate was added to a 1 oz. screw-

cap bottle containing 5 ml. of 0-2% K2Cr204 in N-H2SO4.
A small tube was placed upright in the bottle, which was

fitted with a cap containing a silicone-rubber liner. The
bottle was heated in an autoclave (15 lb./in.2) for 30 min.,
cooled and 1 ml. of C02-free N-NaOH injected into the small

tube through the bottle cap. After standing overnight to
allow absorption of C02, the contents of the tube were

removed and the absorbed C02 was assayed for specific
activity as BaCO3.

(ii) C-2, C-3 and C-4. The acetone produced in 91-95%
yield (Bakker & White, 1957) by the decarboxylation reac-

tion was isolated from the bottle contents by distillation
in the apparatus described by Reid (1961). Acetone was
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RESULTS

Effects of medium on glycogenolysis andpropionate
metabolism. Sodium [1-14C]propionate was incu-
bated with liver slices from fed sheep in media con-

taining varying ratios of Na+ ion: K+ ion (Table 1).
Glycogenolysis was extensive during the prepara-
tion of tissue in all media. In the typical experi-
ment shown in Table 1 the liver-glycogen content
immnediately after removal of tissue at death was

1-8 g./100 g., which declined to about 0 7 g./100 g.

during preparation of tissue. The rate of glycogen
loss was slowed but not halted during incubations,
particularly in media with a high content of K+ ion
(Table 1). Changes in glycogen content during
incubation were unaffected by the presence of sub-
strate. Propionate metabolism, measured by pro-
pionate uptake, oxidation to C02 and incorporation
into glucose, was favoured by increased concentra-
tion of Na+ ion (Table 1). In further experiments
on the influence of the ionic composition of media
on propionate metabolism, the medium reported by
Hastings et al. (1952) to favour glycogen synthesis in
rat-liver slices was compared with Krebs-Ringer
bicarbonate medium with tissue from fed and
starved (6 days) sheep (Table 2). No incorporation
of propionate into glycogen was observed with
either medium, but propionate oxidation and in-
corporation into glucose were greatest in Krebs-
Ringer bicarbonate, and this medium of low K+ ion

Bioch. 1963, 86

Content of
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Table 3. Metabolism of acetate, propionoate and butyrate by sheep-liver slices

Slices were incubated in Kreb-Ringer bicarbonate with acetate (40umoles, 200,umc), propionate (40 jimoles,
lOO1mc) and butyrate (20,umoles, 200,umc). The results of four experiments on fed sheep are compared with
those from one experiment with tissue from a starved (6 days) sheep.

Substrate
[1-l4C]Acetate
[2-14C]Acetate
[1-14C]Propionate
[2-14C]Propionate
[1-14C]Butyrate
[2-14C]Butyrate
[3-14C]Butyrate

Production of 14CJ2
(/ma/hr./g.)

Starved
Fed sheep sheep

20-8+4-2 3-6
8-4±1-4 1-6

43-4±6-8 7-8
6-2±1-0 2-8

33-8±4-8 14.4
24-8±3-2 9-6
31-2±6-6 4-8

Incorporation into glucose
(pxmc/hr./g.)

Starved
Fed sheep sheep

1-7± 0-4 0-2
5-8± 1-1 0
8-1± 2-5 0-6

28-3±10-7 3-0
1-6± 0-5 0-2
7-6+ 4-2 0-4
1-5± 0-7 0-2

content was used in subsequent experiments.
Propionate metabolism was considerably depressed
in tissue from starved animals (Table 2).

Concentrations ofglycogen in the livers offed and
starved sheep were 4-6 ± 0-3 (17) and 1-2 ± 0-2 (4) g./
100 g. of tissue respectively.

Oxidation offatty acid8 and their incorporation into
glucose. Differentially 14C-labelled acetate, pro-
pionate and butyrate were incubated in Krebs-
Ringer bicarbonate with liver slices from fed and
starved sheep, and 14CO2 production and incorpora-
tion of radioactivity into glucose measured
(Table 3). Propionate and butyrate were more
readily oxidized than acetate, and propionate was
incorporated into glucose to a greater extent than
acetate or butyrate. As expected, 1-14C-labelled
substrates produced more 14CO2 than substrates
labelled in other positions, and [2-14C]propionate
gave rise to more highly labelled glucose than did
[1-14C]propionate.
The mean ratio of 14CO2 produced from [1-14C]_

and [2-_4C]-acetate was 2-1, range 1-6-2-5 (6), and
the ratio for [1-14C]- and [2-14C]-butyrate was 1-7,
1-4-2-0 (4). These C02 ratios indicate substantial
influx of unlabelled tricarboxylic acid-cycle inter-
mediates (Weinman, Strisower & Chaikoff, 1957).
The effect of propionate concentration on pro-

pionate metabolism in bicarbonate medium is
shown in Fig. 1. Oxidation of propionate and
incorporation into glucose reached a maximum at a
propionate concentration of about 6 mm.

Propionate metabolism was considerably de-
pressed in phosphate medium (Table 4). Although
slight oxidative activity was detected, some depres-
sion of oxidation of endogenous substrates was
revealed by measurements of oxygen uptakes
(Fig. 2). Metabolism of acetate and butyrate in
phosphate medium was similar to that in bi-
carbonate. Comparison of oxygen uptakes in the
presence and absence ofadded substrates suggested
that endogenous respiration accounted for 66 and

coa

*S0

0

bov

0

0*.l
ev

0 2 4 6 8 10 12 14
Concn. of propionate (mM)

Fig. 1. Effect of concentration of propionate on [2-14C]-
propionate metabolism by sheep-liver slices from a fed
sheep. Tissues (250 mg.) were incubated in Krebs-Ringer
bicarbonate (3 ml.) at 390 for 2 hr. Gas phase, 02+C02
(95:5). 0, Incorporation into glucose; *, oxidation to
140O2

51 % of total oxidative metabolism in the presence
of acetate and butyrate respectively (Fig. 2). The
possible suppression or enhancement of endogenous
metabolism in the presence of added substrates was
examined by incubating liver slices in phosphate
medium with uniformly labelled acetate and with
butyrate labelled equally at C-1 and C-2. The ratios
of the specific activities of liberated C02 and added
substrates examined in relation to uptake of 02 in-
dicated that endogenous respiration was unaffected
by the presence of acetate or butyrate (Table 5).
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Table 4. Metabolism of acetate, propionate and butyrate by liver sliCes from fed sheep

Slices were incubated in Krebs-Ringer phosphate with acetate (40,tmoles, 200jbmc), propionate (40 /moles,
lOO,mc) and butyrate (200E1moles, 200,umc). All results are the mean values from four experiments.

Substrate
[1-14C]Acetate
[1-14C]Acetate and propionate
[1-14C]Acetate and butyrate
rl-14C]Propionate
[1-14C]Propionate and acetate
[1-14C]Propionate and butyrate
[1-14C]Butyrate
[1-14C]Butyrate and acetate
[1-14C]Butyrate and propionate

Production
of 14CO2

(pmc/hr./g.)
24*3±3-4
09±0-3
1-7h0*3
3-5±0-8
5X1 ±09
14-3±4*3
31-0±1-1
31-4±1.1
21-6±0-2

Radioactivity
incorporated
into glucose
(Izmc/hr./g.)
1*6+0-2
0
0.1±041
0*3±0*1
0-3±0-1
2*9±0*8
1-2±0*21-29t0*31-9±03
1-8±0-1

00
0

p40-

0 30 60 90 120

Time (min.)

Fig. 2. Uptake of oxygen of liver slices (from a fed sheep)
incubated with fatty acids. Tissue (250 mg.) was incubated
in Krebs-Ringer phosphate (3 ml.) at 39°. Gas phase,
100% 02. 0, Butyrate; 0, butyrate + propionate;
A, acetate; A, acetate +propionate; E], no substrate;
*, propionate.

The stimulation of propionate metabolism by
butyrate in phosphate medium (Table 4) was not
solely due to increased C02 production, since the
uptake Of 02 of liver slices was only doubled in the
presence of butyrate (Table 5), but propionate
incorporation into glucose increased tenfold
(Table 4).

Glucose production from acetate, propionate and
butyrate. The distribution of radioactivity in

Table 5. Effects of acetate and butyrate on
endogenous respiration

Liver slices from fed sheep were incubated with uni-
formly labelled acetate (40junmoles, 200,umc) and [1,2-"0C21]-
butyrate (20,umoles, 200,Lmc) in Krebs-Ringer phosphate.
A, Apparent contribution ofendogenous substances to total
oxidative metabolism calculated from 02 uptake values in
the presence and absence of substrate; B, actual contribu-
tion ofendogenous respiration to total oxidative metabolism
calculated from specific activities of substrates and
liberated C02.

Substrate
None
Acetate
Butyrate

Uptake
of 02

(pl./hr./g-)
422
636
829

Specific
Specific activity of

activity of liberated
substrates CO0
(,c/g. of C) (I,c/g. ofC) A B

208 68 66 67
208 82 50 61

glucose isolated after the incubation of liver slices
from fed sheep with acetate and propionate labelled
at C-1 or C-2 and butyrate labelled at C-1, C-2 or
C-3 (Table 6) indicated that propionate can act as a
source of glucose, but the incorporation of acetate
and butyrate was consistent with entry into glucose
as acetyl-CoA through the tricarboxylic acid cycle
(Weinman et al. 1957). The labelling patterns in
glucose obtained from [1-14C]acetate, [1-14C]_
butyrate and [3-14C]butyrate were closely similar,
and [2-14C]acetate and [2-14C]butyrate were also
equivalent in this respect (Table 6).

Metabolic interrelations of acetate, propionate and
butyrate. These interrelations were investigated with
1-14C-labelled substrates and production of
labelled 14CO2 and incorporation of radioactivity
into glucose were followed. Results were obtained
with liver slices from fed and starved sheep with
phosphate and bicarbonate media. Acetate and
butyrate stimulated propionate metabolism by
tissues from starved sheep in bicarbonate medium

21-2
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Table 6. Labelling patterns in glucose produced by incubation of sheep-liver slices with labelled acetate,
propionate and butyrate

Tissue (1 g.) was incubated at 390 for 3 hr. in Krebs-Ringer bicarbonate medium (12 ml.), with each substrate
(acetate and propionate, 5 ,uc, 160 ,umoles; butyrate 5 ,c, 80 jumoles). The gas phase was 02 + CO2 (95: 5). Mean
values from two experiments are shown.

Substrate
[1-14C]Acetate
[2-14C]Acetate
[1_1-4C]Butyrate
[2-14C]Butyrate
[3-14C]Butyrate
[1-_4C]Propionate

[2-14C]Propionate

Radioactivity
recovered in

glucose
('tmc)
20
77
17
83
13

346

685

Distribution of radioactivity in glucose (%)

C-i C-2
1 3

25 19
2 4

28 25
5 5

<1 <1

C-3
41
4

43
4
39
56

34 14 1

C-4 C-5 C-6
43 7 5
8 26 18

48 2 1
6 20 17

44 5 2
43 < 1 < 1

3 48

Table 7. Interrelations of acetate, propionate and butyrate metabolism
Liver slices from fed and starved (6 days) sheep were incubated in Krebs-Ringer bicarbonate with acetate

(40 umoles, 200&mc), propionate (40ymoles, lOO,umc) and butyrate (20,umoles, 200,umc).

Substrate
[1-14C]Acetate
[1-_4C]Acetate + propionate
[1-14C]Acetate + butyrate
[1-14C]Propionate
[1-14C]Propionate + acetate
[1-14C]Propionate + butyrate
[1-14C]Butyrate
[1-14C]Butyrate + acetate
[1-'4C]Butyrate +propionate

Production of 14CO2
(tmc/hr./g.)

Fed Starved
sheep sheep

16-2+1-5 (3) 5-6
1-5+0-2 (3) 1-2
1-6+0-1 (3) 0-5

41-7+5-3 (3) 10-8
37-2+2-5 (3) 27-2
25-1 +4-0 (3) 20-4
29-0+3-5 (3) 18-8
29-0+3-5 (3) 18-8
28-3+5-3 (3) 11-4

Radioactivity incorporated
into glucose
(umc/hr./g.)

Fed Starved
sheep sheep

1-7+0-3 (3) 0-2
0-7+0-3 (4) 0-2
0-4+0-3 (4) -
9-2+1-3 (3) 0-6
9-0+2-4 (3) 1-7
6-8+1-0 (3) 1-0
1-8+0-2 (3) 0-3
1-8+0-2 (3) 0-2
5-6+0-2 (3) 0-7

(Table 7), but with fed animals no significant
(P > 0-05) effects were observed. Propionate and
butyrate both inhibited acetate oxidation
(P < 0-01) and reduced acetate incorporation into
glucose in experiments with liver slices from fed and
starved sheep in both media (Tables 4 and 7).

Acetate and propionate had no marked influence
on butyrate oxidation, but butyrate incorporation
into glucose was augmented in the presence of
mulabelled propionate in bicarbonate medium
(Table 7). These results suggested either that C02
produced by butyrate oxidation was preferentially
fixed during propionate metabolism, or that pro-
pionate stimulated butyrate incorporation into
glucose through acetyl-CoA. The first hypothesis
was checked by using labelled bicarbonate. The
depression of incorporation of 14C into glucose by
butyrate in the system [14C]bicarbonate-unlabelled
propionate was compared with the depression of
[14C]propionate incorporation produced by butyrate
in the system unlabelled bicarbonate-[14C]pro-
pionate (Table 8). Butyrate decreased labelled
propionate incorporation into glucose, but the
depression was not significantly less (P > 0-05)

Table 8. Carbon dioxide and propionate
fixation into glucose

Liver slices were incubated in Krebs-Ringer bicarbonate
solution containing [14C]bicarbonate (250,umc) and un-
labelled acetate (40,moles), propionate (40,moles) or
butyrate (20jumoles). The effect of butyrate on [1_14C]_
propionate (100 pmc) incorporation into glucose was
examined in the same experiment.

Radioactivity
incorporated
into glucose

Flask contents (pmc/hr./g.)
NaH14CO3 0-3+0-1 (6)
NaH"4CO3 + acetate 0-9+0-1 (4)
NaH14CO3+ butyrate 0-3+0-1 (4)
NaH'4CO +propionate 9-2 +3-8 (6)
NaH14CO +propionate + butyrate 4-8+2-0 (6)
[1-14C]Propionate 11-6+2-2 (6)
[I-14C]Propionate + butyrate 7-6+3-8 (6)

than that ofbutyrate on the fixation of 14CO2 during
propionate metabolism.

Analysis of short-chain fatty acids recovered by
steam-distillation from incubation mixtures indi-
cated the absence of production of short-chain fatty
acid by liver tissue.
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Table 9. Ketone-body production by sheep-liver sliCe8

Slices from fed and starved (6 days) sheep were incubated in Krebs-Ringer bicarbonate with acetate (40 ,lmoles),
propionate (40,umoles) or butyrate (20pzmoles). P-Hydroxybutyrate concentrations were estimated in experi-
ments with tissue from fed sheep.

Substrate
None
Acetate
Propionate
Butyrate
Acetate + propionate
Butyrate + propionate

Production of ketone body
(,umoles/hr./g.)
Fed Starved
sheep sheep

4-0±0-4 (7) 3-0
6-6±0-5 (6) 5-0
4-3±0-8 (7) 2-8
12-4±1-2 (7) 8-2
3-9±1-2(4) 3-0
6-7±2-0 (4) 6-4

P-Hydroxy-
butyrate
(% of total

ketone bodies)
85
85
83
88

Table 10. Lactate production by liver sliceS

Slices from fed and starved (6 days) sheep were incubated
in Krebs-Ringer bicarbonate, with acetate (40 ,umoles),
propionate (40,Lmoles) or butyrate (20,moles).

Substrate
None
Acetate
Propionate
Butyrate

Lactic acid produced
(,umoles/hr./g.)
Fed Starved
sheep sheep

6-2±2-1 (4) 0-8
3-9±0-5 (4) 1-3
10-2±1-4 (4) 4-4
3-4±0-5 (4) 1-2

Production of ketone body. This was investigated
in bicarbonate medium (Table 9). Increased ketone-
body production was observed in the presence of
acetate and butyrate. Propionate had no effect on
endogenous ketone-body production, but ketone-
body production from butyrate was decreased, and
from acetate abolished, in the presence ofpropionate
(Table 9). The results obtained in two identical
experiments with phosphate medium were within
the range of values obtained in bicarbonate medium
(Table 9).
The distribution of radioactivity in f-hydroxy-

butyrate produced by the incubation of liver slices
with [1-14C]butyrate was investigated. [1-14C]-
Butyrate (80 ,umoles, 800 lzmc) was incubated with
liver slices (1 g.) in 12 ml. of Krebs-Ringer bi-
carbonate for 3 hr. and the resulting ,B-hydroxy-
butyrate isolated by column chromatography. The
lactate band was also collected. Stepwise degrada-
tion of P-hydroxybutyrate indicated substantial
relocation of activity from C-1 of the butyrate to
C-3 in the hydroxy acid; 82 % of the activity was

recovered in C-1 and 17 % in C-3 with negligible
activity (< 1 %) in C-2 and C-4. Comparison of the
specific activities of added butyrate (10 Hmc/
,umole) with /-hydroxybutyrate (8-5 ,mc/a/mole)
indicated some suppression of endogenous ketone-
body production, since the results in Table 9 sug-

gested a reduction of specific activity of about 25 %

if ketone-body production proceeded unchanged in
the presence of butyrate.
The proportion of P-hydroxybutyrate in ketone

bodies produced by liver slices in the presence and
absence of substrate exceeded 80 % in all cases
(Table 9).

Production of lactate. Liver slices from fed and
starved sheep were incubated in bicarbonate
medium with acetate, propionate and butyrate.
Acetate and butyrate had no significant effect on
lactate production (Table 10) but some accumula-
tion of lactate occurred in the presence of propion-
ate. Starvation markedly reduced lactate produc-
tion in the presence and absence of substrate
(Table 10).
The lactate produced during the incubation of

[1-14C]butyrate (see above) was examined for
radioactivity. The specific activity of the lactate
(0-9,umc/,mole) was low relative to that of g-
hydroxybutyrate (8-5 ,umc/pmole) produced during
the same experiment. McCarthy, Shaw & Laksh-
manan (1958) reported the production of relatively
highly labelled lactate from labelled butyrate by a
perfused goat-liver preparation.

DISCUSSION

The failure to achieve glycogen synthesis in
sheep-liver slices in media known to favour glyco-
gen deposition in rat-liver slices (Hastings et al.
1952) suggested that tissue damage associated with
preparation of slices was not reversed in the high-
potassium 'intracellular' medium. Reasonably
constant oxygen uptakes (Fig. 2), however, sug-
gested that the preparation retained sufficient
metabolic activities to justify the present studies in
vitro.
The relative abundance of short-chain fatty acids

in rumninants and the limited amounts of glucose
absorbed from the alimentary tract (Annison &
Lewis, 1959) have led to much speculation on the
possible existence in ruminant tissue of pathways
leading to the net conversion of fatty acids into
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glucose. Butyrate has been the subject of con-
troversy since Potter (1952) found that sodium
butyrate injected intravenously relieved insulin
convulsions. Several investigators have observed
raised blood-sugar concentrations after butyrate
administration (Jarrett, Potter & Filsell, 1952;
Johnson, 1955; Clark & Malan, 1956; Kronfeld,
Campbell, Hooper & Galligan, 1956), and Shaw
(1959) has reported the net conversion of large
amounts of butyrate into carbohydrate by the
perfused goat liver. Kleiber et al. (1954) observed
appreciable labelling of milk lactose after the intra-
venous injection of labelled butyrate in cows, but
Black, Kleiber & Brown (1961) have convincingly
demonstrated the absence of metabolic pathways
that would account for the 'glucogenic' behaviour
of butyrate in lactating cows. Lauryssens,
Verbeke, Peeters & Reinards (1960) compared the
incorporation into cow's-milk constituents of
[1-14C]butyrate and [3-14C]butyrate and concluded
that butyrate metabolism proceeded after cleavage
into C2 fragments. In the present studies close
similarities were observed in the labelling patterns
in glucose derived from [1-14C]acetate and [1-14C]-
or [2-14C]-butyrate. Similarly [2-14C]acetate and
[2-_4C]butyrate each gave rise to glucose with
almost identical labelling patterns (Table 6). The
distribution of radioactivity was consistent with
incorporation into glucose through the tricarboxylic
acid cycle (Weinman et al. 1957). The close simi-
larities in glucose labelling obtained with [1-14C]-
acetate and [1-14C]- and [3-14C]-butyrate showed the
absence of major pathways leading to butyrate
incorporation into glucose as a C3 unit. The liver is a
major site of butyrate utilization in ruminants, and
these results strongly suggest the absence of net
synthesis of carbohydrate from butyrate or acetate.
The stimulation by propionate of butyrate incor-
poration into glucose observed in the present
studies in vitro (Table 6) was consistent with ob-
servations of appreciable labelling in vivo of glyco-
gen (Shaw, 1959) and lactose (Kleiber et al. 1954)
after administration of labelled butyrate. Large
quantities ofpropionate are absorbed by ruminants,
and both propionate and butyrate are extensively
metabolized by the liver (Annison et al. 1957). No
evidence was obtained of the transfer of butyrate
carbon atoms to lactate, in contrast with the find-
ings of McCarthy et al. (1958) with a perfused goat-
liver preparation.

Pritchard & Tove (1960a) examined short-chain
fatty acid metabolism by sheep-liver slices from
starved (6-8 days) sheep. Starvation reduces the
overall metabolic activity of liver slices and pro-
pionate metabolism in particular is severely
diminished (Table 7). The suppression of acetate
oxidation by propionate and butyrate in both bi-
carbonate and phosphate media (Tables 4 and 6)

confirmed the observations of Pritchard & Tove
(1960a) and was in agreement with similar results
obtained with rumen epithelium (Pennington,
1957; Pennington & Appleton, 1958) and rat liver
(Masoro, Felts, Panagos & Rapport, 1957). Since
acetate absorbed from the rumen is always accom-
panied by propionate and butyrate, acetate oxid-
ation by rumen wall and liver in vivo is probably
low, and oxidation in peripheral tissues must
account for a substantial proportion of the total
acetate oxidation observed in the whole animal
(Annison & Lindsay, 1961). The stimulation of
propionate metabolism by acetate and butyrate
reported by Pritchard & Tove (1960 b) was observed
only with tissue from starved sheep (Table 6).
Butyrate oxidation was unaffected by propionate,
the stimulation of labelled butyrate incorporation
into glucose by propionate (Table 6) presumably
reflecting increasedtricarboxylic acid-cycle activity.
The possibility that carbon dioxide resulting from
butyrate oxidation was preferentially fixed during
propionate metabolism was not supported by the
results of experiments in which the fixation of
labelled bicarbonate into glucose during propionate
metabolism was examined in the presence and
absence of unlabelled butyrate (Table 7).

In contrast with the findings of Pritchard & Tove
(1960a) considerable ketone-body production was
observed in liver slices from fed and starved sheep
in the presence and absence of added substrate.
Pennington (1952) reported ketone-body produc-
tion by sheep liver in vitro. The distribution of
radioactivity in P-hydroxybutyric acid produced
from [ 1-14C]butyrate was closely similar to that
reported by Hird & Symons (1959) with sheep-
omasum epithelium. This relocation ofradioactivity
implies that there is continued breakdown and re-
synthesis of acetoacetyl-coenzyme A through the
intermediate acetyl-coenzyme A. The greater part
of the ketone bodies produced from butyrate was
present in the reduced form (Table 9). Hird &
Symons (1959) showed that, in the presence of
glucose, ketone bodies were produced by omasum
epithelium mainly in the reduced form. Glucose
and glycogen were invariably present during the
incubation of sheep-liver slices in the present
experiments since even in starvation (6 days) liver
glycogen was not fully depleted.

SUMMARY

1. The metabolism of acetate, propionate and
butyrate by sheep-liver slices was studied with
"4C-labelled substrates. Production of labelled
carbon dioxide and incorporation of radioactivity
into glucose were followed.

2. Propionate and butyrate were more readily
oxidized than acetate, and propionate was in-
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corporated into glucose to a greater extent than
were the other substrates. Oxidation of pro-
pionate and incorporation into glucose reached a
maximum at a propionate concentration of about
6 mm.

3. The distribution of radioactivity in glucose
isolated after the incubation of liver slices from fed
sheep with acetate and propionate labelled at C-1
or C-2 and butyrate labelled at C-1, C-2 or C-3
indicated that propionate could act as a source of
glucose, but the incorporation of acetate and butyr-
ate was consistent with entry into glucose as
acetyl-coenzyme A through the tricarboxylic acid
cycle.

4. The interrelations of acetate, propionate and
butyrate were studied. Acetate and butyrate
stimulated propionate metabolism by tissues from
starved sheep, and propionate and butyrate both
inhibited acetate oxidation. Acetate and propionate
were without effect on butyrate oxidation, but
butyrate incorporation into glucose was augmented
in the presence of unlabelled propionate.

5. Increased ketone-body production by liver
slices was observed in the presence of acetate and
butyrate. The proportion of 9-hydroxybutyrate in
ketone bodies exceeded 80 % in all cases.

6. Attempts to promote glycogen synthesis in
liver slices in media containing varying ratios of
Na+ ion: K+ ion concentrations were unsuccessful.

These studies were made possible by the generous
support of the Australian Wool Research Committee and
the University of New England Research Fund.
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