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We investigated the interrelations between C, ketogenesis
(production of B-hydroxybutyrate + acetoacetate), C; ketogen-
esis (production of B-hydroxypentanoate + 3-ketopentanoate),
and anaplerosis in isolated rat livers perfused with '>C-labeled
octanoate, heptanoate, or propionate. Mass isotopomer analysis
of C, and C; ketone bodies and of related acyl-CoA esters reveal
that C, and C; ketogenesis share the same pool of acetyl-CoA.
Although the uptake of octanoate and heptanoate by the liver
are similar, the rate of C; ketogenesis from heptanoate is much
lower than the rate of C, ketogenesis from octanoate. This
results from the channeling of the propionyl moiety of heptano-
ate into anaplerosis of the citric acid cycle. C; ketogenesis from
propionate is virtually nil because acetoacyl-CoA thiolase does
not favor the formation of 3-ketopentanoyl-CoA from propio-
nyl-CoA and acetyl-CoA. Anaplerosis and gluconeogenesis
from heptanoate are inhibited by octanoate. The data have
implications for the design of diets for the treatment of long
chain fatty acid oxidation disorders, such as the triheptanoin-
based diet.

The regulation of the metabolism of C, ketone bodies, i.e.
B-hydroxybutyrate (BHB)? and acetoacetate (AcAc) has been
extensively investigated in vivo in isolated livers, hepatocytes,
and subcellular preparations (for reviews, see Refs. 1-4). In
contrast, very little information is available on the metabolism
of C; ketone bodies, i.e. B-hydroxypentanoate (BHP) and 3-ke-
topentanoate (BKP), which are known in the clinical literature
as 3-hydroxyvalerate and 3-ketovalerate (5, 6). The C; ketone
bodies are formed in liver from the partial oxidation of odd-
chain fatty acids (see Fig. 1, center column). C ketogenesis uses
the same enzymes of the 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) cycle as C, ketogenesis. The counterpart of
HMG-CoA in Cg ketogenesis is 3-hydroxy-3-ethylglutaryl-
CoA (HEG-CoA). We only found one report on the formation
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of ["*C]JHEG-CoA in liver extract incubated with propionyl-
CoA and [1-'*CJacetyl-CoA (7).

Because odd-chain fatty acids are absent from the diet of
non-ruminant mammals, body fluids contain only traces of C
ketone bodies. However, C ketone bodies and hydroxyethylgl-
utarate are found in body fluids of patients with disorders of the
anaplerotic pathway, propionyl-CoA — methylmalonyl-
CoA — succinyl-CoA, such as deficiency in propionyl-CoA
carboxylase and methylmalonyl-CoA mutase as well as biotin
or vitamin B12 deficiency (5, 6, 8). The formation of C; ketone
bodies in these pathological states involves either the conver-
sion of propionyl-CoA to BKP-CoA via 3-ketoacyl-CoA thio-
lase (Fig. 1, reaction 1) or the B-oxidation of odd-chain fatty
acids synthesized in these patients (9) using propionyl-CoA as a
primer (10).

Like their C, counterparts, the C, ketone bodies are inter-
converted by mitochondrial BHB dehydrogenase (11). In
peripheral tissues, C; ketone bodies are converted to propionyl-
CoA (which is anaplerotic) + acetyl-CoA via 3-oxoacid-CoA
transferase (12) and 3-ketoacyl-CoA thiolase. Peripheral tissues
have a high capacity to utilize exogenous C ketone bodies (13),
especially heart, kidney, and brain, which have high activities of
3-oxoacid-CoA transferase (14, 15).

Our interest in C; ketone body metabolism arose from an
ongoing clinical trial where patients with long chain fatty acid
oxidation disorders are treated with a diet containing trihep-
tanoin (16, 17) instead of the classical treatment with the even-
chain triglyceride trioctanoin. These patients suffer from mus-
cle weakness and rhabdomyolysis, manifested by the release of
creatine kinase in plasma. It was hypothesized that the accumu-
lation of long chain acyl-CoAs and long chain acylcarnitines
results in membrane damage with release of large and small
molecules from cells. The leakage of small molecules would
deplete intermediates of the citric acid cycle (CAC) which carry
acetyl groups as they are oxidized. It was further hypothesized
that boosting anaplerosis with a suitable substrate would com-
pensate for the chronic cataplerosis and improve heart and
muscle function. The catabolism of heptanoate yields propio-
nyl-CoA, which can be used for anaplerosis in most tissues, and
C; ketone bodies in liver. C, ketone bodies are converted to
propionyl-CoA, which can be used for anaplerosis in peripheral
tissues. The marked improvement of the patients’ conditions
after switching from a trioctanoin- to a triheptanoin-based diet
supported the hypothesis.

After ingestion of meals containing triheptanoin as the only
lipid component, both C, ketone bodies and C, ketone bodies
accumulated in the plasma of patients that have been diagnosed
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FIGURE 1. Scheme of C, ketogenesis and C; ketogenesis in the liver. Num-
bers refer to the following enzymes: 3-ketoacyl-CoA thiolase (1), HMG-CoA
synthase (2), HMG-CoA lyase (3), and B-hydroxybutyrate dehydrogenase (4).
The figure also shows the link between propionyl-CoA and the CAC via
anaplerosis.

with disorders of long chain fatty acid oxidation (16). This sug-
gested that acetyl groups derived from heptanoate can be used
for the synthesis of C, and C, ketone bodies. Alternatively, the
accumulation of C, ketone bodies after triheptanoin ingestion
might result from the inhibition of the utilization of C, ketone
bodies in peripheral tissues by C ketone bodies.

The aim of the present study was to investigate the interac-
tion between C, and C; ketogenesis in rat livers perfused with
octanoate and/or heptanoate. To gain insight on the fates of the
acetyl groups of both fatty acids and on the fate of the
propionyl-CoA moiety of heptanoate, we conducted the exper-
iments with a series of labeled substrates: [1-'*CJoctanoate,
[8-'2CJoctanoate, [5,6,7-'>C;]heptanoate, [1-'*C]heptanoate,
and ['*C;]propionate. The outcome of the propionyl-CoA moi-
ety of [5,6,7-'>C,]heptanoate and ['*C,]propionate was traced
by measurements of anaplerosis and glucose labeling by mass
isotopomer® analysis (18). In previous studies on the metabo-
lism of odd-chain fatty acids in liver or hepatocytes (19, 20),
ketone bodies were assayed with BHB dehydrogenase. This
assay does not differentiate C, from C; ketone bodies. In the
present study we used gas chromatography-mass spectrometry
to specifically assay C, and C, ketone bodies (13).

EXPERIMENTAL PROCEDURES

Materials—General chemicals were purchased from Sigma-
Aldrich: [**C,]propionic, [*Hg]propionic, [1-'*CJoctanoic,
[8-"3*C]Joctanoic, [*H,z]octanoic, [*H,;]heptanoic, and [5,6,7-
13C,]heptanoic acids. *H,O (99%), NaO?H, and '*CO,, gas were
obtained from Isotec. [1-'*C]Heptanoic acid was prepared by
reacting hexylmagnesium bromide with '*CO,. The purity of
the vacuum-distilled product was assessed by gas chromatog-
raphy-mass spectrometry and NMR. Internal standards of
B-hydroxy-[2,2,3,4,4,4->H,]butyrate and R,S-B-hydroxy-[2,2,

3 Mass isotopomers are designated as M1, M2...Mn, where n is the number of
heavy atoms in the molecule. The mol percent enrichment of each isoto-
pomer is designated as m1, m2...mn.
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3,4,4->H|pentanoate were prepared (13, 21) by (i) incubating
ethyl acetoacetate or ethyl B-ketopentanoate in *H,O +
NaO’H overnight, (ii) reacting with NaB*H,, (iii) acidifying to
destroy excess NaB’H,, and (iv) neutralization and lyophilization.
B-Hydroxypentanoate was prepared by overnight hydrolysis of
the ethyl ester with 1.1 eq of NaOH followed by neutralization and
lyophilization. Reagents for trimethylsilyl and tert-butyldimeth-
ylsilyl derivatization were purchased from Pierce.

Liver Perfusion Experiments—Male Sprague-Dawley rats
(130-140g) were fed ad libitum for 8—12 days with standard
laboratory chow. Livers from overnight-fasted rats were per-
fused with non-recirculating bicarbonate buffer (30 ml/min)
and 4 mM glucose containing 0 to 1 mm of either a single
fatty acid ([1-'*CJoctanoate, [8-'*CJoctanoate, [5,6,7->C,]-
heptanoate, or [**C,]propionate) or (1 mm octanoate + 0—1
mM heptanoate (or vice versa)) with different labeling patterns.
At 14 and 18.5 min, samples of influent and effluent perfusate
(collected over 1 min) were treated with NaB?H, and frozen.
This procedure stabilizes the unstable keto acids by converting
them to stable monodeuterated hydroxy acids (13, 21). Other
samples of perfusate were frozen without treatment. After 20
min the livers were quick-frozen and kept in liquid nitrogen
until analysis.

Analytical Procedures—To assay the uptake of fatty acids and
the production of C, and C; ketone bodies, 0.1-ml samples of
NaB?H,-treated perfusate (influent and effluent) were (i)
spiked with internal standards (30 nmol of [*H,,]heptanoate,
30 nmol of [*H,]octanoate, 50 nmol of [*H] propionate, 45
nmol of B-hydroxy-[*H]butyrate, and 34 nmol of B-hydroxy-
[*H]pentanoate), (ii) acidified (to destroy excess NaB®H,), and
(iii) deproteinized with 0.7 ml of acetonitrile/methanol (7:3).
Supernatants from samples from experiments with octanoate
and/or heptanoate were dried with N,, and the residue was
treated to form the trimethylsilyl derivatives of the analytes.
Supernatants from samples from experiments with propio-
nate were dried with N,, and the residue was treated to form
the tert-butyldimethylsilyl derivatives of the analytes. The
treatment of the samples with NaB”H,, prevents assaying the
individual concentrations of the labeled C, ketone bodies
(BHB and AcAc) and C, ketone bodies (BHP and BKP)
because of overlapping of some mass isotopomers. There-
fore, the data of this assay yield total concentrations of C, or
C; ketone bodies (13, 21).

For the assay of the labeling pattern of individual C, and C,
ketone bodies, 0.5-ml samples of effluent perfusate (not treated
with NaB*H,) were incubated with 50 pmol of methoxylamine-
HCI (adjusted to pH 9) and incubated at 60 °C for 40 min. After
acidifying with HCI to pH 1, the samples were extracted 3 times
with 5 ml of diethyl ether. The combined extracts were dried
with N,, and the residue was treated to form the tert-butyldi-
methylsilyl derivatives of the ketone bodies. Gas chromatogra-
phy-mass spectrometry assay under electron ionization condi-
tions yielded the mass isotopomer distribution of the total C,
and C; ketone body molecules and the fragments correspond-
ing to C-3 + 4 of C, ketone bodies and C-3 + 4 + 5 of C ketone
bodies (13, 21). Labeling of glucose was assayed on the penta-
acetate derivative.
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For the assay of the mass isotopomer distribution of acyl-
CoA esters, 250 mg of frozen liver powder was extracted with 4
ml of methanol/H,O (1:1) containing 5% acetic acid. After a
1-min extraction at 0 °C with a Polytron and centrifugation at
8000 X g for 30 min at 4 °C, the supernatant was run through a
solid phase extraction ion exchange cartridge packed with 300
mg of 2-2(pyridyl)ethyl silica gel (Sigma-Aldrich). The car-
tridge was preactivated with 3 ml of methanol followed by 3 ml
of methanol/H,O (1:1) containing 5% acetic acid. After washing
the cartridge with 3 ml of methanol/H,O (1:1) containing 5%
acetic acid, the acyl-CoA esters were eluted out by (i) 3 ml of
methanol/H,O (1:1) containing 50 mmM ammonium formate, (ii)
3 ml methanol/H,O (3:1) containing 50 mm ammonium for-
mate, and (iii) 3 ml of methanol. The combined effluent was
dried under N,, and the residue was stored at —80 °C until
liquid chromatography-mass spectrometry analysis.

Liquid Chromatography-Mass Spectrometry Assays—After
dissolving the acyl-CoAs in 100 ul of high performance liquid
chromatography buffer A (5% acetonitrile in 100 mm ammo-
nium formate, pH 5.0), 10 ul of solution was injected on a
Thermo Electron Hypersil Gold column (C18, 100 X 2.1 mm,
3-pum particle size) protected by a guard column (Hypersil
Gold, C18, 10 X 2.1 mm, 3-um particle size). Gradient elution
at a constant flow rate of 0.2 ml/min was (i) 98% buffer A + 2%
buffer B (5 mmM ammonium formate in 95% acetonitrile) for 7
min, (ii) 2 to 60% B from 7 to 25 min, (iii) 60 to 90% B from 25 to
26 min, (iv) 90% B from 26 to 30 min, and (v) re-equilibration
with initial buffer for 9 min before next injection. The order of
acyl-CoA elution was malonyl-CoA (2.2 min), methylmalonyl-
CoA (2.7 min), succinyl-CoA (3.5 min), HMG-CoA (3.9 min),
acetyl-CoA (6.7 min), AcAc-CoA (6.9 min), BHB-CoA (8.1
min), HEG-CoA (9.1 min), BKP-CoA (14.0 min), propionyl-
CoA (14.2 min), BHP-CoA (14.4 min), pentanoyl-CoA (17.7
min), hexanoyl-CoA (19.5 min), heptanoyl-CoA (20.9 min),
and octanoyl-CoA (22.2 min).

The liquid chromatograph was coupled to a 4000 QTrap
mass spectrometer (Applied Biosystems, Foster City, CA) oper-
ated under positive electrospray ionization mode with the fol-
lowing parameters; the source temperature was set at 600 °C
with gas 1 and gas 2 at 65 and 55 p.s.i., respectively. The curtain
gas was at 30 p.s.i,, and the collision-activated dissociation gas
pressure was held at high. The turbo ion-spray voltage, declus-
tering potential, entrance potential, and collision cell exit
potential were 4500, 70, 10, and 50 V, respectively. Multiple
reaction monitoring mode was used for quantitation and iso-
tope enrichment analysis. The analyst software (Version 1.4.2,
Applied Biosystems) was used for data collection and analysis.

Calculations—Correction of measured mass isotopomer dis-
tributions for natural enrichment was performed using the
CORMAT software (22). Relative rates of anaplerosis from
[*3C,]propionyl-CoA precursors (['*C,]propionate, [5,6,7-
13C,]heptanoate) were calculated (18) as the ratio (m3 succinyl-
CoA)/(m3 propionyl-CoA). These ratios refer to the contribu-
tion of the anaplerotic substrates to the catalytic intermediates
of the CAC, which carry acetyl units as they are oxidized. Note
that when label enters the CAC only via propionyl-CoA, M3
succinyl-CoA is only formed from the sequence M3 propionyl-
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CoA — M3 methylmalonyl-CoA — M3 succinyl-CoA (recy-
cling of label in the CAC cannot form M3 succinyl-CoA).

In experiments with [1-'*C]octanoate or [8-'*CJoctanoate,
the distribution of label between the two acetyl of C, ketone
bodies was calculated using (i) the m1 and m2 enrichments of
the whole BHB molecule, and (ii) the m1 enrichment of the
C-3 + 4 fragment of BHB. The m1 enrichment of the C-1 + 2
acetyl of BHB was calculated as: m1 of C-1 + 2 = [(2m2 + m1)
of C-1 = 4] — (m1 of C-3 + 4).

Data Presentation and Statistics—Herein, we present data
from ~70 liver perfusion experiments. For each of the condi-
tions chosen, we ran six perfusions in the presence of selected
unlabeled or *3C-labeled substrate(s) with the concentration
parameters being allowed to vary. The data points shown in the
figures represent means of duplicate gas chromatography-mass
spectrometry or liquid chromatography-mass spectrometry
injections, which differed by <2%. The statistical differences
between some profiles were tested using a paired ¢ test (Graph
Pad Prism Software, Version 3).

RESULTS AND DISCUSSION

Relationship between the Uptake of Cy, C,, and C, Fatty
Acids and the Formation of C, and C. Ketone Bodies—Fig. 2A
shows the uptake of octanoate and its conversion to C, ketone
bodies. Because 1 molecule of octanoate can yield up to two
molecules of C, ketone bodies, the yield of C, ketogenesis from
exogenous octanoate ranged from 80 to 90%. This calculation
assumes that basal C, ketogenesis at zero octanoate concentra-
tion was not inhibited by increasing concentrations of octano-
ate. Similar data were reported by McGarry and Foster (23). Fig.
2B shows the uptake of heptanoate and its conversion to both
C,- and C, ketone bodies. The uptake of heptanoate (Fig. 2B)
was very similar to the uptake of octanoate (Fig. 2A). Because
the oxidation of 1 molecule of heptanoate yields 1 molecule of
propionyl-CoA and 2 molecules of acetyl-CoA, one calculates
that (i) only about 40% of the propionyl moiety of heptanoate
was converted to Cg ketone bodies, and (ii) about 75% of the
acetyl moiety of heptanoate was converted to C;- and C, ketone
bodies. Thus, as outlined in Fig. 1, acetyl-CoA derived from
heptanoate seems to be used to form both C;- and C, ketone
bodies. This will be confirmed by the labeling data presented
below. The low yield of conversion of the propionyl moiety of
heptanoate to C; ketone bodies results from its diversion to
anaplerosis and gluconeogenesis (Fig. 1) as will be shown below.

Fig. 2C shows the uptake of propionate and the release of C.-
and C, ketone bodies. The yield of C, ketogenesis from propi-
onate was extremely low (about 0.1%). The much lower yield of
C, ketogenesis from propionate compared with heptanoate
(Fig. 2B) reflects the properties of 3-ketoacyl-CoA thiolase (Fig.
1, reaction 1), which had been described for the interconversion
of AcAc-CoA and acetyl-CoA by this enzyme (24-27).
Although the thiolase reaction is reversible in vitro, its kinetic
properties prevent the formation of AcAc-CoA from acetyl-
CoA. This explains why C, ketogenesis cannot be fueled by
acetyl-CoA derived from glucose metabolism. The virtually nil
C, ketogenesis from propionate demonstrates that in the intact
liver thiolase does not allow the formation of BKP-CoA from
propionyl-CoA + acetyl-CoA. In contrast, thiolase allows the
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FIGURE 2. Comparison between the uptake of octanoate (A), heptanoate (B), or propionate (C) and the production of C, ketone bodies (3-hydroxybuty-
rate + acetoacetate) and C, ketone bodies (-hydroxypentanoate + -ketopentanoate). ®, fatty acid uptake; ll, C, ketogenesis; A, C5 ketogenesis). A, no Cg
ketone bodies were detected in the presence of octanoate. A, B, C, n = 6 at zero concentration of influent fatty acid; n = 1 for the other concentrations. All liver
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cleavage of BKP-CoA derived from
heptanoate to propionyl-CoA +
acetyl-CoA. Fig. 2C also shows that
propionate inhibits C, ketogenesis
from endogenous fatty acids, as
reported by Brass and Beyerinck
(20).

To test the interaction between
the uptakes of octanoate and hep-
tanoate as well as the formation of
C, and C; ketone bodies, we per-
fused livers with 1 mm concentra-
tions of one fatty acid and increasing
concentrations of the second fatty
acid and vice versa (Figs. 3 and 4).
Figs. 3, A and B, show that, starting
with similar uptakes of 1 mm octa-
noate or heptanoate alone, the
effects of octanoate on heptano-
ate metabolism are different from
the effects of heptanoate on octano-
ate metabolism. The competition
favors octanoate uptake over hep-
tanoate uptake (Figs. 3, A and B; p <
0.05 for both comparisons). Fig. 44
shows that when increasing concen-
trations of heptanoate are added to
a constant 1 mMm octanoate, the pro-
duction of C, ketone bodies was not
inhibited (slope was not signifi-
cantly different from zero). Also, the
production of C; ketone bodies was
much lower than in the presence of
heptanoate alone (Fig. 2B). Fig. 4B
shows that when increasing concen-
trations of octanoate were added to
a constant 1 mM heptanoate, the
production of C, ketone bodies
increased markedly, almost as much

VOLUME 284 -NUMBER 41+-OCTOBER 9, 2009



as in the presence of octanoate alone (Fig. 2A). Furthermore,
the production of C; ketone bodies from heptanoate decreased
compared with what occurred in the presence of 1 mm heptano-
ate alone (Fig. 2B).

Labeling of Ketone Bodies—Before presenting the labeling
pattern of C, and C; ketone bodies labeled from [**CJoctanoate
or/and [**C]heptanoate, we want to stress that the interpreta-
tion of the data must take into account (i) the concept of zona-
tion of liver metabolism (28) and (ii) the factors that influence
the distribution of label between the two acetyl moieties of C,
ketone bodies. First, Fig. 5 shows that at low influent concen-
trations of octanoate (up to 0.2 mm), almost no substrate left the
liver in the effluent perfusate. In perfusions with increasing
concentrations of heptanoate, the profile of effluent heptanoate

-
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FIGURE 5. Profile of concentrations of octanoate (®) and propionate (A)
in the effluent perfusate. The data refer to perfusions with increasing con-
centrations of a single fatty acid and are plotted as a function of the influent
concentration of each fatty acid. The dotted line is the theoretical identity of
influent and effluent concentrations.
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concentrations (not shown) was identical to what was meas-
ured in perfusions with octanoate. Under these conditions, the
pericentral cells of the liver lobule were in contact with much
lower octanoate or heptanoate concentrations than the peri-
portal cells. The zonation of propionate concentrations (Fig. 5,
upper curve) was less pronounced than in perfusions with octa-
noate, but the profiles were not significantly different. Second,
the distribution of label between the two acetyl moieties of C,
ketone bodies depends on whether label enters the HMG-CoA
cycle as acetyl-CoA or as the C-3 + 4 moiety of AcAc-CoA (Fig.
1). The latter is formed in one of the final steps of fatty acid
B-oxidation. Hiith et al. (25) has shown that in the reversible
reaction catalyzed by 3-ketoacyl-CoA thiolase (AcAc-CoA +
CoA <> 2 acetyl-CoA (Fig. 1 (left side), reaction 1), the C-3 + 4
moiety of AcAc-CoA exchanges much more slowly with the
free acetyl-CoA pool than its C-1 + 2 moiety.

For livers perfused with increasing concentrations of
[1-"*CJoctanoate or [8-'*C]octanoate, Figs. 6, A and B, show
the labeling of BHB, its acetyl moieties, and liver acetyl-CoA.
We calculated the distribution of label between the two acetyl
moieties of C, ketone bodies from the electron ionization mass
spectrum of the TBDMS derivative of BHB, which includes ions
corresponding to carbons 1-4 and carbons 3 and 4 of BHB (21).
The two acetyl moieties of BHB had very different labeling. In
the presence of [1-'*C]octanoate, most of the label of BHB was
on the C-1 + 2 acetyl, with relatively little label on the C-3 + 4
acetyl (Fig. 6A). The opposite labeling pattern of BHB was
observed in perfusions with [8-'*C]octanoate, where 90% of the
BHB labeling was on the C-3 + 4 acetyl, the labeling of which
plateaued at 37%. This results from the fact that the C-3 + 4
acetyl of BHB derives from the C-7 + 8 acetyl of octanoate via
the C-3 + 4 acetyl of AcAc-CoA. Because the C-3 + 4 acetyl of
AcAc-CoA exchanges poorly with the free acetyl-CoA pool, the
two acetyl moieties of BHB have very unequal labeling.

Katz (29) suggests that the labeling of C-1 + 2 of BHB could
be taken as a proxy, i.e. an indicator, of that of liver mitochon-
drial acetyl-CoA. Fig. 64 shows that in the presence of

[1-'3CJoctanoate, the enrichment

45 45 of acetyl-CoA plateaued close to
w0 | A w0 | B 25%, which is the maximal possi-
ble enrichment because [1-'3C]-

35T 35 I octanoate was labeled on only one

30 | 30 acetyl moiety. At high [1-'3C]-

25 | 25 octanoate concentrations, the label-

:\: i ing of acetyl-CoA and of the C-1 + 2
g 20 | e 4 acetyl of BHB were very close. How-
15 1 15 ever, at low [1-'*CJoctanoate con-
centrations (0.1-0.2 mMm), the

o7 100 C-1 + 2 acetyl of BHB was much

5 5 more labeled than acetyl-CoA.

0 ; : : : | 0 e - § Thereare two possible explanations

0o 02 04 06 08 1 o 02 04 o6 o8 1 ofthisdiscrepancy: metaboliczona-

[1-13C-Octanoate] (mM)

reported values are the means of the 14 and 18.5 min measurements.
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[8-13C-Octanoate] (mM)

FIGURE 6. Labeling pattern of effluent BHB and tissue acetyl-CoA from livers perfused with increasing
concentrations of [1-'3>Cloctanoate (A) or [8-"*Cloctanoate (B). The figures show the molar percent enrich-
ments (MPE) of the M1 (ll) and M2 ((]) mass isotopomers of BHB, the MPE of the C-1 + 2 (A) and C-3 + 4 (»)
acetyls of BHB, and the MPE of liver acetyl-CoA (@). The labeling patterns of ketone bodies (Figs. 6 and 7) were
assayed in samples of effluent perfusate taken at 14 and 18.5 min (collecting the samples over 1 min). All

tion (28) and/or metabolic channel-
ing (30). First, in livers perfused with
0.1-0.2 mM [1-*3CJoctanoate, the
pericentral cells of the liver lobule
were in contact with perfusate con-
taining little or no labeled octano-
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Share a Pool of Acetyl-CoA—The

B labeling pattern of ketone bodies,
HMG-CoA and HEG-CoA shows

> that when octanoate and heptano-

3 ate are used by the liver, acetyl-CoA
—a—M derived from each substrate is avail-

able to both C, and C; ketogenesis.
Consider the labeling of ketone
bodies. First, in liver perfused with
[1-'3C]heptanoate alone (Fig. 7A4,
left side), BHB was M1- and M2-la-

0 0.2 0.4 0.6 0.8 1 0 0.2
[Octanoate] (mM)

0.4 0.6 0.8 1
[1-13C]Octanoate (mM)

beled. Therefore, labeled acetyl-
CoA derived from [1-'*C]heptano-
ate was incorporated into C, ketone

10 1mM [5,6,7-°C,Jheptanoate ® 1mM [1-13C]octanoate bodies. As increasing concentra-

9 c D tions of unlabeled octanoate were

8 20 added to 1 mm [1-'*C]heptanoate,
.7 the M1 and M2 enrichments of BHB
E 6 ;\: 15 decreased, as expected. Second, in
s s —=—M4 g —a— M1 livers perfused with 1 mm [5,6,7-
% 4 % 10 13C,]heptanoate alone (left side of
3 Fig. 7B), BHP was only M3-labeled,

2 5 as expected. When increasing con-

1 -_._-/._’./. centrations of [1-'3Cloctanoate

0 . were added to [5,6,7-'*Cslhep-

0 0.2 04 0.6 0.8 1 0 0.2 08 4 tanoate, BHP became up to 20%

[8-13C]Octanoate (mM)

heptanoate.

ate, as inferred from the very low concentration of octanoate in
the effluent perfusate (Fig. 5). In the pericentral cells, acetyl-
CoA was unlabeled or minimally labeled. Thus, when acetyl-
CoA was assayed in a total liver extract, its enrichment was a
composite of labeled periportal and unlabeled pericentral
acetyl-CoA. Moreover, because ketogenesis predominates in
the periportal cells, there were few unlabeled ketone bodies
produced in the pericentral cells, thus little dilution of the
ketone bodies in the total liver extract. Second, metabolic chan-
neling transfers labeled acetyl-CoA derived from fatty acid oxi-
dation directly to the HMG-CoA cycle without equilibration
with the total pool of mitochondrial acetyl-CoA. We previously
showed (31) that in livers perfused with 0.2 mm [1-**C]octano-
ate, the labeling of the C1 + 2 moiety of BHB is greater than that
of the acetyl moiety of citrate (a proxy of mitochondrial
acetyl-CoA).

In the perfusions with [8-'*C]octanoate (Fig. 6B), the enrich-
ment of the C-1 + 2 acetyl of BHB was greater than the almost
nil enrichment of acetyl-CoA (p = 0.0005). This is a conse-
quence of the poor equilibration of label between [4-'*C]AcAc-
CoA derived from [8-"*CJoctanoate and free acetyl-CoA via
thiolase. Therefore, the labeling of the C1 + 2 acetyl of BHB
cannot in most case be used as a proxy of the labeling of mito-
chondrial acetyl-CoA.
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FIGURE 7. Sharing of acetyl groups between C, and C; ketogenesis reflected by the mass isotopomer
distribution of BHB and BHP. A, labeling pattern of BHB in perfusions with constant 1 mm [1-'*Clheptano-
ate + increasing concentrations of unlabeled octanoate. B, labeling pattern of BHP in perfusions with constant
[5,6,7-'3C;]heptanoate and increasing concentrations of [1-'*Cloctanoate. C, labeling pattern of BHP in perfu-
sions with constant [5,6,7-'3C;]heptanoate and increasing concentrations of [8-'>Cloctanoate. D, labeling pat-
tern of BHP in perfusions with constant [1-'*Cloctanoate and increasing concentrations of unlabeled

M4-labeled, whereas M3 labeling
decreased from 90 to 70% (Fig. 7B).
Thus, in this experiment, M4 BHP
was formed from a M3 propionyl-
CoA derived from [5,6,7-'3C,]-
heptanoate and an M1-acetyl-CoA
derived from [1-'3CJoctanoate.
However, when increasing concentrations of [8-'>CJoctanoate
were added to 1 mm [5,6,7-"2C;]heptanoate (Fig. 7C), the M4
labeling of BHP was very low (up to 2%), whereas the M3
enrichment of BHP barely decreased from 90% (not shown).
This is because [8-'>CJoctanoate does not substantially label
acetyl-CoA, as mentioned above (Fig. 6B). Third, in perfusions
with constant 1 mm [1-'*CJoctanoate and increasing concen-
trations of unlabeled heptanoate, M1 BHP did accumulate (Fig.
7D). This M1 BHP was formed from unlabeled propionyl
(derived from heptanoate) and M1 acetyl-CoA (derived from
[1-'3C]octanoate). These three set of experiments show that C,
and C; ketogenesis share the same acetyl-CoA pool (Fig. 1).
Consider now the labeling patterns of HMG-CoA (Fig. 84)
and HEG-CoA (Fig. 8B). In liver perfused only with [1-"*C]hep-
tanoate (Fig. 8, A and B, at zero substrate concentration), HMG-
CoA was M1-, M2-, and M3-labeled, whereas HEG-CoA was M1-
and M2-labeled. The M1 and M2 enrichments of HMG-CoA were
not significantly different from the corresponding enrichments of
HEG-CoA. This also indicates that the syntheses of HMG-CoA
and HEG-CoA share the same pool of acetyl-CoA, in this case
([1-*3Clacetyl-CoA derived from [1-'*C]heptanoate). As increas-
ing concentrations of unlabeled octanoate were added to the 1 mm
[1-'3C]heptanoate, the enrichments of (i) the M1, M2, and M3
isotopomers of HMG-CoA and (ii) M1 and M2 isotopomers of
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HEG-CoA decreased. This demonstrates that HMG-CoA synthe-
sis can use acetyl-CoA derived from heptanoate oxidation and that
HEG-CoA synthesis can use acetyl-CoA derived from octanoate
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FIGURE 8. Mass isotopomer distribution of HMG-CoA (A) and HEG-CoA (B) in livers perfused with con-
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Relative anaplerosis

Absolute anaplerosis

C,and C5 Ketogenesis in Liver

oxidation. This does confirm that acetyl-CoA derived from octa-
noate oxidation was used for C, ketogenesis.
Reversibility of the BHB-CoA Dehydrogenase Reaction—When

[1-*3*CJoctanoate undergoes B-oxi-
dation, carbons 5-8 of octanoate
(which will go to BHB-CoA and
AcAc-CoA) are initially unlabeled.
Although as predicted, hexanoyl-
CoA and butyryl-CoA were unla-
beled (not shown), BHB-CoA and
AcAc-CoA were M1- and M2-la-
beled (Fig. 9). The labeling of AcAc-
CoA results from the partial iso-
topic equilibration of AcAc-CoA
and acetyl-CoA via 3-ketoacyl-CoA
thiolase (Fig. 1, reaction I). The M1
and M2 labeling of BHB-CoA (Fig.
9) shows that the BHB-CoA dehy-
drogenase reaction is reversible in
the intact liver despite the high
rate of [-oxidation. A similar
equilibration occurs in the catabo-
lism of [1-'*C]heptanoate. In one
perfusion with 1 mm [1-'3C]-
heptanoate, although pentanoyl-
CoA was unlabeled, BHP-CoA and
acetyl-CoA were 12.7 and 40%
M1-labeled, respectively (BKP-CoA
was undetectable).

Anaplerosis from Heptanoate and
Propionate—Anaplerosis can be
expressed as a relative or an abso-
lute flux. Relative anaplerosis is
the fractional contribution of an
anaplerotic substrate to the four-
carbon component of CAC inter-
mediates which carry acetyl groups
as they are oxidized. For example, in
Fig 10A ['*C,]propionate contrib-
utes up to 0.37 of the catalytic inter-
mediates of the CAC. The remain-

Glucose labeling
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FIGURE 10. Anaplerosis and glucose labeling from increasing concentrations of ['>C;]propionate ( ¢ ) or [5,6,7-'>C;]heptanoate (M, A). The perfusions
with increasing [5,6,7-'>C;lheptanoate concentrations were conducted in the absence (A) or presence (M) of constant 1 mm [1-">Cloctanoate. A, relative
anaplerosis expressed as the m3 enrichment ratio (succinyl-CoA)/(propionyl-CoA). B, absolute anaplerosis. C, M2 + M3 labeling of glucose in the effluent
perfusate.
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ing fraction (1 — 0.37 = 0.63) derives from recycling of catalytic
intermediates. Absolute anaplerosis is a flux of an anaplerotic
substrate into the CAC, expressed as umol-(g dry wt) **min .

In experiments with precursors of M3 propionyl-CoA
([5,6,7-'3C;]heptanoate and [**C,]propionate), we calculated
relative anaplerosis as the m3 enrichment ratio (succinyl-CoA)/
(propionyl-CoA) (Fig. 10A). This ratio represents the contribu-
tion of the propionyl-CoA precursor to CAC catalytic interme-
diates which carry acetyl units as they are oxidized. Assuming
that propionate and heptanoate in the liver are channeled only
to anaplerosis and C; ketogenesis, we calculated absolute
anaplerosis from each propionyl-CoA precursor as (uptake of
substrate minus C; ketogenesis)/(fractional anaplerosis from
this substrate). This rate, which is up to 15 wmol'min™'(g dry
wt) ! for [5,6,7-'2C;]heptanoate (Fig. 10B), does not represent
a flux of acetyl-CoA through the CAC. It does represent the rate
of the sections of the CAC going from succinyl-CoA to oxalo-
acetate, the cataplerotic intermediate leading to phosphoenol-
pyruvate and glucose.

Relative anaplerosis from [**C]propionate increased faster
with substrate concentration than relative anaplerosis from
(5,6,7-'3C,]heptanoate. The opposite occurred with absolute
anaplerosis (compare Figs. 10, A and B). This probably results in
a faster CAC flux in the presence of [5,6,7->C,]heptanoate
(which supplies 2 acetyl-CoA) than in the presence of
[*3C,]propionate (which supplies no acetyl-CoA).

Absolute anaplerosis from [5,6,7-'*C;]heptanoate was sig-
nificantly decreased in the presence of octanoate (p < 0.05),
although the latter is not anaplerotic (Fig. 10B, top versus bot-
tom curve). This results from the inhibition of heptanoate
uptake by octanoate (Figs. 2B and 3A). Thus, anaplerosis from
an odd-chain fatty acid is modulated by the presence of an even-
chain fatty acid.

If all absolute anaplerosis from [5,6,7-'*C,]heptanoate or
['3C,]propionate (Fig. 10B) were used for gluconeogenesis, one
calculates that the glucose in the effluent perfusate should be
about 1.4—-1.7% labeled in M2 + M3 isotopomers. This calcu-
lation takes into account the m3 enrichment of succinyl-CoA,
the absolute anaplerosis, and the supply of unlabeled glucose in
the influent perfusate. In fact, glucose labeling from [5,6,7-
13C,]heptanoate and ['*C;]propionate plateaued at 0.8 —1%.
This dilution (by a factor of about two) results from isotopic
exchanges between CAC intermediates and related com-
pounds, as shown by Hetenyi (32). Quite striking is the absence
of labeling of glucose from [5,6,7-'3C,]heptanoate in the pres-
ence of unlabeled octanoate (Fig. 10C, lower curve, B). This,
despite the fact that anaplerosis from [5,6,7-'>C,]heptanoate
was not fully abolished by octanoate (Fig. 10B). This inhibition
may result from the increase in the [NADH]/[NAD™] ratios
induced by the rapid oxidation of octanoate.

One can wonder whether zonation of liver metabolism influ-
ences the calculated rates of relative anaplerosis, especially at
low [5,6,7-'3C5]heptanoate concentrations, when the pericen-
tral hepatocytes are not in contact with the labeled substrate
(Fig. 5). The pericentral cells must have pools of unlabeled pro-
pionyl-CoA, methylmalonyl-CoA, and succinyl-CoA derived
from amino acid catabolism and recycling of succinyl-CoA in
the CAC. Hence, in the extract of a whole liver perfused with a
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low concentration of [5,6,7-'*C,]heptanoate, the m3 enrich-
ments of propionyl-CoA and succinyl-CoA formed in peripor-
tal cells are diluted by unlabeled substrates formed in the peri-
central cells. Moreover, the relative anaplerosis calculated at
low [5,6,7-'3C,]heptanoate concentration may either be over-
or underestimated, depending on the relative sizes and enrich-
ments of the propionyl-CoA and succinyl-CoA pools in the
pericentral cells.

Concluding Remarks—In the above investigations the associ-
ation of measurements of substrate fluxes and mass isotopomer
analysis of intermediates provides a wealth of information on
the interrelation between C, ketogenesis, C; ketogenesis, and
anaplerosis. Our data extend to C, ketogenesis the concept that
the mitochondrial 3-ketoacyl-CoA thiolase reaction (Fig. 1,
reaction 1) does not allow a net acyl-CoA condensation flux
(33). This is shown by the absence of C; ketogenesis from pro-
pionate (Fig. 2C) and the absence of C, ketogenesis from ace-
tate (34) or from glucose. The absence of net acyl-CoA conden-
sation does not prevent partial isotopic equilibration between
acetyl-CoA and AcAc-CoA, as shown by (i) the incorporation
of label from [1-**CJoctanoate into C, ketone bodies (Fig. 6A4)
and C; ketone bodies (in the presence of unlabeled heptanoate,
Fig. 7D) and (ii) the incorporation of label from [1-'*C]acetate
into C, ketone bodies (see Fig. 1 of Ref. 34). Also, the absence of
net condensation between propionyl-CoA derived from propi-
onate and acetyl-CoA, resulting in only traces of C; ketone
body production (Fig. 2C), does not prevent incorporation of
label from [**C,]propionate into HEG-CoA, which was 90%
M3-labeled (not shown). The absence of C; ketogenesis from
propionate or propionyl-CoA strongly suggests that the con-
centration of C; ketone bodies found in body fluids of patients
with disorders of the propionyl-CoA pathway are formed via
B-oxidation of odd-long-chain fatty acids synthesized from
propionyl-CoA in these patients. This is similar to C, ketogen-
esis from heptanoate (Fig. 1, middle column).

Our data confirm Hiith et al. (25) finding that the rate of
equilibration of the C3 + 4 acetyl moiety of AcAc-CoA with
acetyl-CoA via AcAc-CoA thiolase is much smaller than the
rate of equilibration of the C1 + 2 moiety. This is clearly illus-
trated by the difference in the enrichments of the C1 + 2 and C3
+ 4 moieties of C, ketone bodies in the presence of
[1-'*C]octanoate versus [8-'>Cloctanoate (Fig. 6).

Although the liver takes up octanoate or heptanoate at sim-
ilar rates (Fig. 2, A and B), the flux of C, ketogenesis is more
rapid than that of C; ketogenesis. This results from the diver-
sion of the propionyl moiety of heptanoate to anaplerosis of the
CAC and gluconeogenesis (Figs. 1 and 10). Also, in the presence
of octanoate and heptanoate, the uptake of octanoate and C,
ketogenesis prevails over the uptake of heptanoate and C keto-
genesis. The inhibition of anaplerosis and gluconeogenesis
from heptanoate by octanoate (Fig. 10, B and C) has implica-
tions for the design of diets, which are both anaplerotic and
gluconeogenic, for the treatment of some metabolic diseases
such as disorders of long-chain fatty acid oxidation. Physicians
may be tempted to progressively modify the patients’ diet to
replace medium-even-chain triglycerides (which have been
used since the 1980s to treat such patients (35)) by triheptanoin
(16, 17). This would not be advisable because octanoate inhibits
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heptanoate uptake (Fig. 3B), C; ketogenesis from heptanoate
(Fig. 4B), and anaplerosis from heptanoate (Figs 10, A and B).
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