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Gu L, Zhang GF, Kombu RS, Allen F, Kutz G, Brewer WU,
Roe CR, Brunengraber H. Parenteral and enteral metabolism of
anaplerotic triheptanoin in normal rats. II. Effects on lipolysis, glucose
production, and liver acyl-CoA profile. Am J Physiol Endocrinol
Metab 298: E362-E371, 2010. First published November 10, 2009;
doi:10.1152/ajpendo.00384.2009.—The anaplerotic odd-medium-
chain triglyceride triheptanoin is used in clinical trials for the
chronic dietary treatment of patients with long-chain fatty acid oxi-
dation disorders. We previously showed (Kinman RP, Kasumov T,
Jobbins KA, Thomas KR, Adams JE, Brunengraber LN, Kutz G,
Brewer WU, Roe CR, Brunengraber H. Am J Physiol Endocrinol
Metab 291: E860-E866, 2006) that the intravenous infusion of
triheptanoin increases lipolysis traced by the turnover of glycerol. In
this study, we tested whether lipolysis induced by triheptanoin infu-
sion is accompanied by the potentially harmful release of long-chain
fatty acids. Rats were infused with heptanoate = glycerol or trihep-
tanoin. Intravenous infusion of triheptanoin at 40% of caloric require-
ment markedly increased glycerol endogenous R, but not oleate
endogenous R,. Thus, the activation of lipolysis was balanced by fatty
acid reesterification in the same cells. The liver acyl-CoA profile
showed the accumulation of intermediates of heptanoate [3-oxidation
and Cs-ketogenesis and a decrease in free CoA but no evidence of
metabolic perturbation of liver metabolism such as propionyl over-
load. Our data suggest that triheptanoin, administered either intrave-
nously or intraduodenally, could be used for intensive care and
nutritional support of metabolically decompensated long-chain fatty
acid oxidation disorders.

INHERITED FATTY ACID OXIDATION DISORDERS (FOD) can affect the
carnitine transporter, the “carnitine cycle” [carnitine palmitoyl-
transferase (CPT) I, translocase, CPT II], or the mitochondrial
[-oxidation spiral (for a review, see Ref. 17). Although the
phenotype of long-chain FOD is variable, patients often suffer
from muscle weakness, hypotonia, cardiac arrhythmia, and
cardiomyopathy. Acute episodes, triggered by an infection or
trauma, often involve hypoketotic hypoglycemia, massive
rhabdomyolysis with release of creatine kinase in plasma,
shock, and death (22).

Since the early 1980s, the chronic dietary treatment of
long-chain FOD involved /) a moderately high-carbohydrate
diet with cornstarch at bed time, 2) decreasing long-chain fats
to about 20% of the calories, including essential fatty acids,
and 3) providing medium-chain triglycerides (1) since the
corresponding Cg and C,o fatty acids enter mitochondria as
carboxylates, which, after activation, require only those (3-ox-
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idation enzymes with medium- and short-chain specificity (10).
The treatment with medium-chain triglycerides is restricted to
long-chain FOD and is contraindicated for medium- and short-
chain FOD (17).

In 2002, we proposed to replace the even-medium-chain
triglycerides with odd-chain triheptanoin (19). Heptanoate, like
octanoate, enters mitochondria without passing through the
CPT system (10). Unlike octanoate, which is (-oxidized to
acetyl-CoA, heptanoate is oxidized to acetyl-CoA and propio-
nyl-CoA (Fig. 1). The latter is anaplerotic for the citric acid
cycle. We reasoned that, during episodes of metabolic decom-
pensation, such as long-chain FOD, the release of large mol-
ecules from cells, e.g., creatine kinase, is probably accompa-
nied by the release of small molecules, including citric acid
cycle intermediates. The latter carry acetyl groups as they are
oxidized to CO,. This would explain the muscle weakness
often encountered in long-chain FOD patients. Chronic anaple-
rotic therapy with triheptanoin improved the clinical status and
quality of life of a number of patients (18, 20).

In another study (8), we explored the metabolism of
triheptanoin administered to rats as an intravenous Vvs. an
intraduodenal emulsion. In the liver, the propionyl moiety of
heptanoate (3-oxidation has two main fates (Fig. 1), /) anaplerotic
gluconeogenesis and 2) formation of Cs-ketone bodies (3) (3-hy-
droxypentanoate (BHP) and B-ketopentanoate (BKP). Cs-
ketogenesis proceeds via the hydroxymethylglutaryl-CoA (HMG-
CoA) cycle that forms the Cy-ketone bodies -hydroxybutyrate
(BHB) and acetoacetate (AcAc). However, the intermediates of
Cs-ketogenesis are BKP-CoA and 3-hydroxy-3-ethylglutaryl-
CoA (HEG-CoA). In peripheral tissues, Cs-ketone bodies are
rapidly metabolized (9) via 3-oxoacid-CoA transferase and
converted to acetyl-CoA and propionyl-CoA. Thus, both hep-
tanoate and Cs-ketone bodies are anaplerotic in peripheral
tissues.

When triheptanoin was infused intravenously, we measured
high concentration ratios [heptanoate]/[Cs-ketone bodies] in
arterial blood (8). In contrast, when triheptanoin was infused
intraduodenally, the [heptanoate]/[Cs-ketone bodies] ratio was
low. This results from the obligatory passage through the liver
of all heptanoate derived from the hydrolysis of enteral trihep-
tanoin. This results in the conversion of a large fraction of
heptanoate derived from triheptanoin to Cs-ketone bodies. In
addition, we observed an apparent increase in lipolysis, which
was measured from the dilution of tracer ['*C3]glycerol during
intravenous infusion of triheptanoin. This was not the case
when triheptanoin was infused enterally. Activation of lipoly-
sis would not be desirable during the treatment of decompen-
sated long-chain FOD patients. The goal of the present study
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was to fully characterize the lipolytic process during the
intravenous administration of triheptanoin. We explored the
possibility that long-chain fatty acids, released in adipocytes by
hormone-sensitive lipase during intravenous infusion of trihep-
tanoin, could be reesterified in the same adipocytes. Thus,
activation of lipolysis by intravenous triheptanoin would not
lead to a flooding of muscle and heart cells with long-chain
fatty acids. Our data show that this is indeed the case.

METHODS

Materials. [*Celglucose, [6,6-*Hz]glucose, [1,1,2,3,3->Hs]glycerol,
[2-13C]glycerol, ['*Cs]glycerol, [?H,s]heptanoic acid, ['*C;s]oleate,
2H,0, NaO?H, sodium borodeuteride (NaB?H,), and general chemi-
cals were purchased from Isotec/Sigma-Aldrich (St. Louis, MO). The
derivatizing reagent bis(trimethylsilyl)trifluoroacetamide plus 10%
trimethylchlorosilane was purchased from Regis (Morton Grove, IL).
An internal standard of R,S-B-hydroxy-[*Hs]pentanoate was prepared
by incubating ethyl BKP in H,O plus NaO?H overnight followed by
reducing B-keto-[?Hs]pentanoate with sodium borodeuteride (9). A
10% sterile emulsion of triheptanoin was kindly donated by Sasol
(Witten, Germany). As per Sasol’s quality control data, the trihep-
tanoin contained 97.5% triester, with the remaining 2.5% being
monoester and diester. Before use, the ['*C;gloleate was complexed

Translational Physiology
E363

Propionate

Propionyl-CoA

Fig. 1. Interrelations between Ci-ketogenesis from
even-chain fatty acids, Cs-ketogenesis from odd-chain
fatty acids, and anaplerosis in the liver. The numbers
in italics refer to the following enzymes: 3-ketoacyl-
CoA thiolase (/), hydroxymethylglutaryl (HMG)-
CoA synthase (2), HMG-CoA lyase (3), and B-hy-
droxybutyrate (BHB) dehydrogenase (4). This figure
also shows the link between propionyl-CoA and the

Succinyl-CoA citric acid cycle (CAC) via anaplerosis (modified
from Ref. 3). BHP, B-hydroxypentanoate; AcAc, ace-
toacetate; BKP, 3-ketopentanoate; HEG, 3-hydroxy-

CAC 3-ethylglutaryl.
Gluconeogenesis E

with dialyzed fatty acid-free bovine serum albumin (Serologicals,
Norcross, GA).

Animal experiments. The animal experiments were approved by the
Institutional Animal Care and Utilization Committee of the School of
Medicine of Case Western Reserve University.

Preparation of rats. Male Sprague-Dawley rats were fed ad
libitum with Harlan Teklad rat chow. After an overnight fast to
initiate a catabolic state, rats (250-310 g) were anesthetized with
2-2.5% isoflurane in pure oxygen. Catheters were inserted in a
jugular vein and in a carotid artery. Some rats were also fitted with
a catheter in the duodenum for infusion. Following successful
placement of catheters, saline (58.3 wl/min) was infused into the
jugular vein for a 20-min equilibration period. A basal blood
sample (150 pnl) was obtained from the carotid artery before the
start of each protocol.

Protocols. Six groups of six to seven rats (Table 1) were used.
Group 1 was the control group. Groups 2 to 6 received Na-
heptanoate or triheptanoin in amounts that provided 40% of the
caloric requirement from the heptanoate moiety. These rates,
calculated on the basis of the weight of each rat, and the caloric
content of heptanoic acid (7.7 kcal/g) were on average 42.3 * 0.09
wmol heptanoate equivalents-min~'-kg~'. The substrates and
isotopic tracers infused, as well as the routes of administration, are
indicated in Table 1.

Table 1. Rates of administration of substrates and isotopic tracers

Substrate(s) Infused and Route of Rate of Heptanoate

Rate of Tracer
['3Ci5]Oleate

Rate of Tracer
['3C3]Glycerol

Rate of Tracer

Rate of Glycerol [6,6-*H2]Glucose

Group Administration Equivalent Administration Equivalent Administration iv Infusion iv Infusion iv Infusion
I (control)  Saline iv 0 0 1.2 1.5 0.3
2 Heptanoate-Na iv 423 0 1.2 3.7 0.6
3 Heptanoate-Na + glycerol iv 42.3 28.2 1.2 3.7 0.6
4 Triheptanoin iv 423 28.2 1.2 3.7 0.6
5 Triheptanoin + glucose + insulin iv 42.3 28.2 1.2 3.7 0.6
6 Triheptanoin id 423 28.2 1.2 3.7 0.6

Substrates and tracers were infused intravenously (iv) or intraduodenally (id) at the indicated rates expressed in wmol-kg~!+min~!. Heptanoate was infused

as the sodium salt (150 mM solution) or as a 10% triheptanoin emulsion. In groups 4, 5, and 6, the glycerol infused had 2 components: /) the glycerol moiety
of triheptanoin and 2) free glycerol used as an emulsifier. In group 3, free glycerol was infused at the same rate as the total glycerol infused in groups 4, 5, and
6. The ['3Cisloleate tracer was complexed with dialyzed fatty acid-free bovine serum albumin. Also in group 5, glucose and insulin were infused iv at 145
pmol-kg~!-min~! and 4 mU-kg™!-min—!, respectively. In group 6, [1,1,2,3,3->Hs]glycerol was infused id (3.7 wmol-kg~!-min~!) in addition to ['3Cs]glycerol iv.

AJP-Endocrinol Metab « VOL 298 « FEBRUARY 2010 « www.ajpendo.org

9T0Z ‘9T Jequialdas uo /#2°Z£'022 0T Aq /610 ABojoisAyd-opuadfe//:dny woly pspeojumod



http://ajpendo.physiology.org/

Translational Physiology
E364

Arterial blood samples (150 wl) were taken at O (basal), 20, 40, 60,
75, 90, 105, 120, and 125 min. After the last blood sampling the liver
was rapidly removed, quick-frozen (24), and stored in liquid nitrogen.

Analytical procedures. Arterial blood samples (150 wl) were cen-
trifuged immediately to obtain plasma. For the assays of glucose and
glycerol, 20 pl of plasma was pipetted into glass tubes containing 275
wl of an aqueous solution of internal standards: ['3*Cs]glucose (50
nmol), [1,1,2,3,3-Hs]glycerol (5 nmol in groups 1, 2, 3, 4, and 5), or
[2-13C]glycerol (0.16 nmol in group 6). For the assays of heptanoate,
Ca-ketone bodies, Cs-ketone bodies, and oleate, another 40 wl of
plasma was pipetted into glass tubes containing a 660-p.l solution of
internal standards: [?H;slheptanoate (20 nmol), R,S-B-hydroxy-
[2He]butyrate (40 nmol), R,S-B-hydroxy-[*Hs]pentanoate (20 nmol),
and heptadecanoic acid (16 nmol). After quick mixing, the solutions
were treated with 100 pl of 1 M sodium borodeuteride in 0.1 M
NaOH. The treatment with sodium borodeuteride converts unstable
AcAc and BKP to the stable M1 BHB and M1 BHP, respectively,
which can be distinguished by GC-MS from the unlabeled BHB and
BHP (9). It also converts glucose to M1 sorbitol. Plasma samples were
stored at —20°C until being assayed. Livers and adipose tissues were
stored at —80°C until being assayed.

Assays of glucose and glycerol. The borodeuteride-treated plasma
samples were acidified with 100 wl of 12 N HCI (to destroy excess
borodeuteride) and evaporated under nitrogen. The residue was re-
acted with 150 pl of acetic anhydride and 300 wl of pyridine, heated
for 1 h at 100°C, and then left overnight at room temperature. The
next day, samples were extracted three times with diethyl ether, and
the combined extract was dried over Na>SO4 before evaporation. The
residue was dissolved in 50 pl of ethyl acetate. Either 1 (glycerol
assay) or 2 .l (sorbitol derived from glucose assay) was injected into
an Agilent 6890 gas chromatograph linked to a 5973 MSD mass
spectrometer. The chromatograph was equipped with a 30-m OV-225
capillary column (Quadrex). The carrier gas was helium, and the
injection mode was either split (glycerol) or splitless (sorbitol derived
from glucose). It was necessary to use the splitless mode for the
sorbitol derivative because it does not extract well with diethyl ether.
The GC injector temperature was set at either 190 (glycerol) or 235°C
(glucose), and the transfer line was held at 240°C. For glycerol, the
column temperature was increased from 80°C by 4°C/min to 190°C
and then by 50°C/min from 190 to 220°C, where it was held for 10
min. For glucose, the column temperature was increased from 100°C
by 20°C/min to 190°C, by 5°C/min from 190 to 220°C, and then by
20°C/min from 220 to 235°C, where it was held for 45 min. The mass
spectrometer was operated under ammonia positive chemical ioniza-
tion, with the source pressure adjusted to obtain the maximal signal.
The retention times and ions monitored were as follows: glycerol [6.9
min; mass-to-charge ratio (m/z) 236, 237, 238, 239, and 241] and
glucose converted to sorbitol (25.6 min; m/z 453, 454, 455, and 459).

Assay of heptanoate, Cy-ketone bodies, Cs-ketone bodies, and
oleate. Plasma samples were deproteinized with 3 ml of acetonitrile-
methanol (vol/vol, 7:3). After centrifugation, the supernatant was
transferred to new tubes and evaporated. The residue was reacted with
100 wl of trimethylsilyl reagent and heated for 1 h at 90°C. Two
microliters were injected into the same gas chromatograph-mass
spectrometer as described above. The chromatograph was equipped
with a 60-m Varian CP 9017 VF-5 capillary column. The carrier gas
was helium (10.3 ml/min), and the injection mode was splitless. The
injector temperature was set at 290°C, and the transfer line was held
at 290°C. The column temperature was increased from 100°C by
2°C/min to 135°C, by 10°C/min from 135 to 200°C, by 4°C/min from
200 to 300°C, where it was held for 5 min, and then by 50°C/min from
300 to 310°C, where it was held for 10 min. The mass spectrometer
was operated under ammonia positive chemical ionization, with the
source pressure adjusted to obtain the maximal signal. The retention
times and ions monitored were as follows: heptanoate (13.8 min; m/z
220 and 233); BHB (13.2 min; m/z 249, 250, and 255); BHP (16.4
min; m/z 263, 264, and 268); oleate (38.3 min; m/z 372 and 390).

METABOLISM OF TRIHEPTANOIN IN RATS

Assay of short-chain and medium-chain acyl-CoAs in liver tissue.
Frozen powdered liver samples (~200 mg) were homogenized with a
Polytron homogenizer in a 50-ml screw-cap tube containing 4 ml of
methanol-H,O (vol/vol, 1:1), with 2% acetic acid and 1 nmol
[2Hs]propionyl-CoA as internal standard. The centrifuged extract was
loaded onto a Supelco solid-phase extraction cartridge [2-(pyridyl)-
ethyl functionalized silica gel] preconditioned with 3 ml of methanol
and then 3 ml of buffer A (1:1 methanol-H,O with 2% acetic acid).
The cartridge was then washed with 3 ml of buffer A to elute
impurities, followed sequentially by 3 ml of buffer B (1:1 methanol-
H>O with 50 mM ammonium formate), 3 ml of buffer C (3:1
methanol-H>O with 50 mM ammonium formate), and 3 ml of meth-
anol to elute the acyl-CoAs. The eluent was evaporated under nitro-
gen.

After the residue in 100 wl of mobile phase A was dissolved (100
mM ammonium formate in 5% acetonitrile, pH 5.0), 15 wl of sample
was injected on a Hypersil Gold C18 column (150 X 2.1 mm, 5-pm
particle size; Thermo Electron) protected by a guard column (10 X 2.1
mm, 5 wm; Hypersil Gold) in a Dionex Ultimate 3000 liquid chro-
matograph. The flow rate was constant at 0.2 ml/min. For elution,
1) for the first 7 min, mobile phase A was 98%; 2) from 7 to 25 min,
mobile phase B was 2-60% (5 mM ammonium formate in 95%
acetonitrile); 3) from 25 to 26 min, mobile phase B was increased to
90%; 4) from 26 to 31 min, mobile phase B was 90%; and 5) for
reequilibration, the mobile phase was brought back to 98% (A) over
1 min and held for 10 min.

The order of acyl-CoA elution (min) was malonyl-CoA (4.8),
methylmalonyl-CoA (9.7), succinyl-CoA (12.4), HMG-CoA (13.1),
acetyl-CoA (13.9), BHB-CoA, AcAc-CoA (14.2), HEG-CoA (14.7),
BHP-CoA, BKP-CoA (15.4), propionyl-CoA (15.4), pentanoyl-CoA
(18.5), and heptanoyl-CoA (21.7). In the absence of standards, HEG-
CoA, BHP-CoA, and BKP-CoA were identified from /) mother/
daughter ion pairs, 2) comparison with the spectra of analogs (HMG-
CoA, BHB-CoA, acetoacetyl-CoA), and 3) labeling in rat livers
perfused with [5,6,7-'3Cs]heptanoate (not shown).

The liquid chromatograph was coupled to an API 4000 QTrap mass
spectrometer (Applied Biosystems, Foster City, CA) operated under
positive ionization mode with the following source settings: turbo ion
spray source at 500°C under N» nebulization at 60 psi, N, heater gas
at 60 psi, curtain gas at 30 psi, collision-activated dissociation gas
pressure held at high, turbo ion spray voltage at 4,500 V, declustering
potential at 90 V, entrance potential at 10 V, and collision cell exit
potential at 50 V. The Analyst software (version 1.4.2; Applied
Biology) was used for data registration.

Plasma insulin concentrations were assayed in samples of plasma
taken at 125 min using the rat/mouse insulin ELISA kit (Linco
Research). Liver glycogen contents were assayed by the standard
acid-alcohol extraction, followed by glycogen acid hydrolysis and
enzymatic assay of glucose.

Data analysis and calculations. Total Cs-ketone bodies were cal-
culated as the sum of BHB and AcAc, whereas total Cs-ketone bodies
were the sum of BHP and BKP. The rates of appearance (R,) of
glucose, glycerol, and oleate were calculated according to the steady-
state equation

Total Ra = [(IEinfusale/IEplasma) — 1] (INF), )

where IEinfusaie 1S the isotopic enrichment of the infused tracer,
IE1asma 18 the isotopic enrichment of the tracee in plasma, and INF is
the rate of the tracer infusion (wmol-kg~'-min~'). Whenever exog-
enous unlabeled glucose (group 5) or glycerol (groups 3—6) was
infused, the corresponding total R, were corrected for the amounts of
exogenous substrate(s) infused:

Endogenous Ra = {[(IEinfusale/IEplasma) —1]1-(INF)} — Ginf’ (2

where Giyr is the total exogenous glycerol or glucose infusion rate
(wmol-kg~'-min~!). Note that the glycerol content of the trihep-
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tanoin emulsion (467 wmol/ml) has two almost equal components, the
glycerol moiety of triheptanoin and the free glycerol, which keeps the
emulsion stable.

In group 6, rats were infused intraduodenally with triheptanoin and
M5 [?Hs]glycerol. The other tracers, including M3 ['3Cs]glycerol,
were infused intravenously. The two glycerol tracers were infused at
the same rate (3.7 wmol-kg~!-min~"'). The total glycerol R, (endog-
enous + exogenous) was calculated from the arterial ['*Cs]glycerol
enrichment (Eq. 1). We calculated the endogenous glycerol R, ac-
cording to the equation

Endogenous glycerol R, = total glycerol R,
- (Ginf)[MS/M3)anerial], (&)

where (M5/M3)areriai 1s the labeling ratio of glycerol in arterial
plasma. This ratio represents the fraction of the intraduodenally
infused glycerol (as triheptanoin + free glycerol) that escaped uptake
by the liver. The identical rates of infusion of the M3 and M5 glycerol
tracers are not included in Eq. 3 because they cancel out.

The rate of lipolysis was calculated as the endogenous R, of
glycerol, i.e., total R, minus glycerol infused as such (group 3), or as
a component of triheptanoin, plus as an emusifying agent in the
triheptanoin emulsion (groups 4—6). Assuming that oleate accounts
for one-fourth of plasma long-chain fatty acids, the percentage of the
long-chain fatty acids released by lipolysis that was reesterified in the
same cells was calculated as 100 [(3 X glycerol R,) — (4 X oleate
R.))/(3 X glycerol R,).

Statistics. Data are reported as means = SE. We used one-way
ANOVA with Tukey post hoc comparisons, using Graphpad Prism
Software version 3.03 (Graphpad Software, La Jolla, CA), to identify
significant differences between groups. The significance level was set
at P < 0.05. Since plasma heptanoate and glycerol concentrations, as
well as M18 oleate enrichment, reached steady state at 90 min,
statistics were performed on 90- to 125-min data (105-125 min for
plasma oleate concentration). For other plasma metabolites (glucose
and C4- and Cs-ketone bodies), statistics were performed on the
125-min data. All statistical comparisons between groups are pre-
sented in Table 2. Comparisons between a given group and the control
group are also presented in the text.

RESULTS

Figure 2 shows the profile of plasma heptanoate concentra-
tions in the six groups of rats. Baseline heptanoate was unde-
tectable in all groups and in the saline-infused control group.
The infusion of Na-heptanoate at 40% of the caloric require-
ment resulted in stable heptanoate concentration of 0.34 =
0.016 mM between 90 and 125 min (P < 0.001 compared with
control; for other comparisons, see Table 2). Addition of
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Fig. 2. Profile of heptanoate concentrations in rat plasma. In this and subse-
quent figures, data are presented as means = SE (n = 6). iv, Intravenous; TH,
triheptanoin; id, intraduodenal.

glycerol to the Na-heptanoate infusion did not appreciably
increase plasma heptanoate concentration. However, the infu-
sion of triheptanoin markedly increased heptanoate concentra-
tion to 1.58 = 0.11 mM compared with controls (P < 0.001).
This was despite the fact that the infusions of triheptanoin and
of Na-heptanoate plus glycerol supplied the same amounts of
heptanoate and of glycerol equivalents. Addition of glucose
plus insulin to the triheptanoin infusion further increased hep-
tanoate concentration to 1.78 * 0.11 mM compared with
controls (P < 0.001). In contrast, as shown previously (8), the
intraduodenal infusion of triheptanoin led to very low arterial
plasma concentrations of heptanoate, ~0.069 = 0.021 mM
(not significantly different from control).

The basal concentration of Cs-ketone bodies (Fig. 3) was
undetectable in all groups and did not change during saline
infusion. Similar concentrations of Cs-ketone bodies were
achieved at the end of infusions of either Na-heptanoate (0.66 *
0.076 mM), Na-heptanoate plus glycerol (0.63 = 0.036 mM), or
triheptanoin (0.59 = 0.070 mM). The accumulation of Cs-ketone
bodies was markedly blunted to 0.22 = 0.013 mM (P < 0.05)

Table 2. Tukey test comparisons between profiles of plasma metabolite concentrations in 6 groups of experiments

P Value

Groups Being Compared Heptanoate Cs-Ketone Bodies Ca-Ketone Bodies Glycerol Glucose Oleate Enrichment Oleate
Group 1 vs. 2 0.001 0.001 0.001 NS 0.05 0.001 0.05
Group 1 vs. 3 0.001 0.001 0.01 0.01 0.05 0.001 NS
Group 1 vs. 4 0.001 0.001 0.01 0.001 0.001 0.001 0.01
Group 1 vs. 5 0.001 0.05 0.001 0.001 0.001 0.001 0.001
Group 1 vs. 6 NS 0.001 0.001 NS 0.001 0.001 0.01
Group 2 vs. 3 NS NS NS 0.001 NS 0.01 NS
Group 4 vs. 5 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Group 4 vs. 6 0.001 NS NS 0.001 NS 0.001 0.001

NS, not significantly different. Since plasma heptanoate and glycerol concentrations as well as M 18 oleate enrichment reached steady state at 90 min, statistics
were performed on 90- to 125-min data (105-125 min for plasma oleate concentration). For other plasma metabolites (glucose, Cs4- and Cs-ketone bodies), statistics
were performed on the 125-min data. The compounds infused in the 6 groups are as follows: saline iv (group 1), heptanoate iv (group 2), heptanoate + glycerol iv (group
3), triheptanoin iv (group 4), triheptanoin + glucose + insulin iv (group 5), and triheptanoin id (group 6).
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Fig. 3. Profile of total Cs-ketone body concentrations in plasma.

when glucose plus insulin was added to the triheptanoin infusion.
As shown previously, the intraduodenal infusion of triheptanoin
led to the highest concentrations of Cs-ketone bodies, 0.76 *
0.041 mM (Fig. 3), and the lowest concentrations of heptanoate,
except for the controls (Fig. 2).

The basal concentration of Cs-ketone bodies (Fig. 4) was
high in all groups (1.37 = 0.10 to 2.08 = 0.17 mM). This is the
result of anesthesia that decreases the uptake of Cs-ketone
bodies by the brain (25). In the saline-infused rats, the concen-
tration of C4-ketone bodies increased steadily to 2.48 = (.28
mM, presumably as a result of increased fasting duration. In
the rats infused intravenously with Na-heptanoate, the concen-
tration of C4-ketone bodies did not change. However, intrave-
nous infusion of Na-heptanoate plus glycerol or triheptanoin
slowly decreased the concentration of Cs-ketone bodies. The
same profile was observed during intraduodenal infusion of
triheptanoin. The addition of glucose plus insulin to the intra-
venous infusion of triheptanoin lead to a 95% decrease in
Cs-ketone body concentration (P < 0.001 compared with
controls) over 2 h.

25

—e—saline
—&—heptanoate-Na L.V.
—A— heptanoate-Na + glycerol L.V.

[Total C4-ketone bodies] (mM)
P

——THILV.
0.5 —O—TH + glucose + insulin L.V.
—e—TH I.D.
0
0 20 40 60 80 100 120 140

Time (min)

Fig. 4. Profile of total C4-ketone body concentrations in plasma.

METABOLISM OF TRIHEPTANOIN IN RATS

In all groups, the [BHB]/[AcAc] and [BHP]/[BKP] ratios,
measured in plasma, were stable from 60 to 125 min. The
[BHB]/[AcAc] ratio was 1.49 = 0.19 (SD; n = 216, all
groups). The [BHP]/[BKP] ratio was 1.09 = 0.18 (SD; n =
180, groups 2—6). Since both ratios are in equilibrium with the
[NADH]/[NAD™] ratio in liver mitochondria via BHB dehy-
drogenase, we calculated the midpotential (in mV) of the
BHP/BKP system using the equation E'%gppprp = —297 —
13.5 log {[BHB]/[AcAc]/[BHP]/[BKP]}, where —297 mV is
the midpotential of the BHB/AcAc couple (23). Using all of
the ratios measured between 60 and 125 min, the calculated
midpotential of the BHP/BKP couple is —298.8 = 0.6 mV
(SD; n = 180).

The plasma glycerol concentrations were 0.21 = 0.011 mM
in control (Fig. 5) and were not affected by the intravenous
infusion of Na-heptanoate (0.26 = 0.019 mM) or by the
intraduodenal infusion of triheptanoin (0.29 = 0.011 mM).
Addition of glycerol to the intravenous Na-heptanoate infusion
significantly increased glycerol concentration from 0.21 =
0.011 t0 0.57 = 0.017 mM (P < 0.001). Intravenous infusions
of triheptanoin led to very high glycerol concentrations
(1.71 = 0.11 mM, P < 0.001 compared with controls); this
again is despite the fact that the infusions of triheptanoin
and of Na-heptanoate plus glycerol supplied the same
amounts of heptanoate and glycerol equivalents. Addition of
glucose plus insulin to the triheptanoin infusion blunted
about one-third of the glycerol concentration compared with
the infusion of triheptanoin alone (P < 0.001). In rats
infused with triheptanoin intraduodenally (group 6), M3 and
M5 glycerol were infused intravenously and intraduodenally
at equal rates (Table 1). The M5/M3 enrichment ratio in
plasma glycerol was stable at 0.28 = 0.018 (n = 6). Thus,
~30% of the glycerol content of the intraduodenal infusion
of triheptanoin escaped uptake by the liver.

The basal glucose concentration (6.6—7.4 mM; Fig. 6) was
slightly above physiological, presumably because of the surgi-
cal stress. During saline infusion, glucose concentration de-
creased to almost normal values (5.75 = 0.33 mM). Intrave-
nous infusion of Na-heptanoate or Na-heptanoate plus glycerol
significantly increased glucose concentration to 7.88 = 0.16

—e—saline LV.

—a— heptanoate-Na I.V.
2 —&—heptanoate-Na + glycerol L.V.
——THILV.

—O—TH + glucose + insulin
—e—TH I.D.

[Glycerol] (mM)

0 20 40 60 80 100 120 140
Time (min)

Fig. 5. Profile of glycerol concentrations in plasma.
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—a— heptanoate-Na + glycerol I.V.
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—O—TH + glucose + insulin L.V.
—e—TH I.D.
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[Glucose] (mM)
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Fig. 6. Profile of glucose concentrations in plasma.

(P < 0.05 or 798 = 0.15 mM (P < 0.05) compared with
controls, respectively. Infusion of triheptanoin, whether intra-
venous or intraduodenal, significantly increased glucose con-
centration to 9.12 £ 0.089 (P < 0.001) or 10.3 £ 0.29 mM
(P < 0.001) compared with controls, respectively. Last, addi-
tion of glucose plus insulin to the intravenous triheptanoin
infusion brought glucose concentration to 12.4 = 0.26 mM
(P < 0.001 compared with controls). The liver glycogen
content (Table 3) was very low in the control group, 0.76 mg
glucose equivalent/g, as expected for rats deprived of food for
~18 h. In groups 2-6, which were infused for 2 h with
gluconeogenic substrate(s) (and glucose + insulin in group 5),
the liver glycogen content increased to a maximum of 6.9 mg
glucose equivalents/g in group 5.

The concentration of plasma oleate (Fig. 7B) remained
stable from the start in all groups, except in the group infused
intravenously with triheptanoin. However, in the latter group,
the oleate concentration stabilized after 1 h. The M18 enrich-
ment of plasma oleate remained stable in all groups (Fig. 7A).
The concentrations of plasma palmitate and stearate remained
stable in all groups (data not shown). Since steady-state con-
centration and enrichment of oleate were achieved in all groups
during the last 30 min of the experiments, we calculated the
turnover of oleate using the standard steady-state equation
(Table 3). The endogenous R, of oleate was not affected by the
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Fig. 7. Profile of oleate M 18 enrichment (A) and concentration (B) in plasma.
MPE, molar %enrichment.

intravenous infusion of Na-heptanoate or of triheptanoin. The
lack of increase in the endogenous R, of oleate by intravenous
triheptanoin contrasts with the 10.8-fold increase in glycerol
endogenous R, induced by the intravenous infusion of trihep-

Table 3. Liver glycogen contents at 125 min and endogenous R, of glucose, glycerol, and oleate

Group Compound(s) infused Liver Glycogen Glucose Ra Glycerol Ra Oleate Ra %FA Reesterification
1 (control) Saline iv 0.76 = 0.12 299 34 262 = 3.1 153 1.0 22
2 Heptanoate iv 1.08 = 0.14 46.9 = 1.4* 352+ 38 145+038 45
3 Heptanoate + glycerol iv 3.65 = 0.62* 46.7 = 1.4% 348 £22 193 1.2 26
4 Triheptanoin iv 4.59 = 0.42% 45.8 = 2.2% 282 £ 11%* 172 0.7 92
5 Triheptanoin + glucose + insulin iv 6.93 * 0.46%f —15 £ 5.2%% 145 = 14*% 8.3 = 1.2%f 92
6 Triheptanoin id 5.55 = 0.27* 323 £ 097 11.1 = 0.9%¢ 12.8 = 1.5F —-53

Liver glycogen contents are expressed as mg glucose equivalents/g (means * SE; n = 6). Ry, rate of appearance corrected for infusion of exogenous tracer

or tracer + unlabeled substrate; FA, fatty acid. All rates are expressed in pumol-kg™

L min~! (means * SE; n = 6). In groups 2—6, heptanoate-Na or triheptanoin

was infused iv or id at 42.3 wmol heptanoate equivalents-min~'-kg~'. In group 5, glucose was infused at 145 pmol-min~'-kg~'. Assuming that oleate accounts
for %4 of plasma long-chain fatty acids, the percentage of the long-chain fatty acids released by lipolysis that was reesterified in the same cells was calculated
as 100 [(3 X glycerol Ray) — (4 X oleate Ra)]/(3 X glycerol R,). The 2 values in italics are not considered precise values (see RESULTS). *P < 0.05 compared
with control group; TP < 0.05, comparison between groups 4 and 5 or between groups 4 and 6.
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tanoin. When glucose plus insulin was added to the intravenous
infusion of triheptanoin, the endogenous R, of oleate was
halved, whereas the endogenous R, of glycerol was 5.5 times
that of controls. Last, the intraduodenal infusion of triheptanoin
did not change the endogenous R, of oleate.

The plasma insulin concentration remained between 0.3 and
0.4 ng/ml in groups 1, 2, 3, 4, and 6 (data not shown). It rose
to 4.4 ng/ml in group 5 (infused with triheptanoin + glucose +
insulin; data not shown). We had expected some increase in
insulin concentration in groups 4 and 6, where triheptanoin
was infused alone intravenously or intraduodenally, respec-
tively, and where plasma glucose concentration went =9-10
mM. The assays were repeated with the same results. We
ascribe the absence of glucose-induced insulin release to
isoflurane anesthesia (see DISCUSSION).

Table 4 shows the concentrations of medium- and short-
chain acyl-CoAs, as well as free CoA, in the liver of the rats.
In all rats infused with heptanoate or triheptanoin, the
concentration of free CoA decreased as the concentrations
of acyl-CoAs derived from heptanoate (heptanoyl-CoA,
pentanoyl-CoA, and propionyl-CoA) increased. The sum of
assayed concentrations of acyl-CoA plus free CoA increased
by up to one-half in livers of rats infused with triheptanoin
plus glucose plus insulin intravenously or triheptanoin in-
traduodenally. The concentrations of the intermediates of
Cs-ketogenesis (HMG-CoA, acetoacetyl-CoA) and Cs-
ketogenesis (HEG-CoA, BKP-CoA) remained fairly con-
stant despite vastly different rates of C4- and Cs-ketogen-
esis.

DISCUSSION

Considerations on triglyceride metabolism. The metabolism
of an odd-medium-chain triglyceride like triheptanoin differs
from that of an even-medium-chain triglyceride like trioctanoin
or tridecanoin (components of medium-chain triglyceride oil).
First, in the liver, even- and odd-chain fatty acids are partially
converted to C4- and Cs-ketone bodies (3), respectively. Sec-
ond, odd-chain fatty acids are gluconeogenic in liver and kidney.
Third, odd-chain fatty acids are anaplerotic in liver and in all
organs that can use odd-medium-chain fatty acids and Cs-ketone
bodies. The anaplerotic property of heptanoate and of Cs-ketone

Table 4. Liver acyl-CoA concentrations

METABOLISM OF TRIHEPTANOIN IN RATS

bodies was the basis of the clinical trials that used triheptanoin
for the chronic treatment of patients with long-chain FOD (19,
20) and for the treatment of one patient with a severe pyruvate
carboxylase deficiency (12).

It is well known that the infusion of a triglyceride emulsion
(even-long chain or mixed even-long + even-medium chain)
induces the activation of plasma lipoprotein lipase, which
hydrolyzes the infused triglyceride (13). In addition, human
studies based on arterio-venous differences in fatty acid con-
centration across adipose tissue and the arm provided evidence
that the infusion of a triglyceride emulsion (intralipid) results
in an increase in long-chain fatty acid release from adipose
tissue (5, 6, 21). In a previous study (8), we found that
intravenous administration of a triheptanoin emulsion to nor-
mal rats induces an increase the endogenous R, of glycerol
using tracer ['*Cs]glycerol. The data were corrected for the
exogenous glycerol infused in the triheptanoin emulsion. The
increase in the endogenous R, of glycerol reflected an activa-
tion of lipolysis, presumably in adipose tissue. Such an in-
crease in adipose tissue lipolysis by triheptanoin, if accompa-
nied by an increase in long-chain fatty acid release from
adipose tissue, would be detrimental to decompensated long-
chain FOD patients. However, triheptanoin decreases rhabdo-
myolysis in long-chain FOD patients, as reflected by a decrease
in creatine kinase activity in plasma. These observations
prompted the present study, in which five different modalities
of heptanoate administration were used and in which the
endogenous R, of both glycerol and long-chain fatty acids were
measured with tracer ['*Cs]glycerol and ['*C;gloleate.

Profiles of metabolite concentrations and R,. The intrave-
nous infusion of equimolar amounts of heptanoate (alone,
mixed with glycerol, as triheptanoin, or as triheptanoin +
glucose + insulin, groups 2-5; Fig. 1) resulted in different
plasma concentrations of heptanoate (Fig. 2). Although adding
free glycerol to the free heptanoate infusion did not affect
heptanoate concentration, infusion of triheptanoin resulted in
much higher heptanoate concentrations. Since the heptanoate
concentrations reached plateaus during the 2nd hour of the
experiments, the rates of heptanoate metabolism were identical
in all rats in groups 2-5, albeit under very different plasma
heptanoate concentrations. Therefore, some factors were inhib-

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

(Saline iv) (Heptanoate iv)  (Heptanoate + Glycerol iv)  (Triheptanoin iv)  (Triheptanoin + Glucose + Insulin iv)  (Triheptanoin id)
Free CoA 147+ 1.5 3.44 = 1.08* 2.04 = 0.07* 1.70 = 0.10* 3.05 = 0.54* 4.58 + 1.47*
Acetyl-CoA 443 £ 1.8 35.0 £ 1.5% 36.9 = 0.76* 30.7 £ 2.2% 36.8 £ 0.78*f 33.2 = 1.8%
Propionyl-CoA 4.66 £0.34 459 £0.63 5.52 £0.42 4.52 £ 0.61 5.38 £0.53 9.20 £ 1.69*7
Malonyl-CoA 1.78 £ 0.04 1.46 = 0.09* 1.57 = 0.08* 1.33 £ 0.07* 4.56 = 0.55%F 1.45 = 0.09*
Methylmalonyl-CoA 2.31 = 0.11 1.97 £ 0.14 2.48 = 0.14 1.89 = 0.15% 2.90 £ 0.21*F 2.41 = 0.39
Succinyl-CoA 6321084 4.75x0.76 7.14 £ 0.60 4.15 £ 0.35% 12.1 = 1.1%f 7.18 £ 0.70F
AcAc-CoA 0.22 £0.02 0.20 £ 0.03 0.28 = 0.01* 0.30 = 0.01* 0.74 = 0.02*F 0.76 = 0.02%F
BHP-CoA 0.13 £0.02 0.65 = 0.07* 0.49 £ 0.03* 0.54 = 0.09* 0.57 £ 0.05* 1.18 = 0.19*%
BKP-CoA 0.08 £0.01 0.17 £0.05 0.30 = 0.02* 0.32 = 0.01* 0.72 £ 0.02*F 0.74 £ 0.03%F
Pentanoyl-CoA 0.76 £0.10 10.8 £ 0.41* 11.8 = 1.2% 17.5 £ 1.3* 15.0 £ 1.0%* 22.4 +2.9%
HMG-CoA 153+12 18.6 £ 1.1 16.0 1.2 14.9 = 0.70 17.0 = 0.55¢ 17.7 = 0.537
HEG-CoA 0.81 £0.02 0.82 £0.04 0.83 £ 0.03 0.89 + 0.03* 0.55 £ 0.03*f 0.96 £ 0.03*
Heptanoyl-CoA 0.00 17.4 = 1.0* 15.8 = 2.0* 36.6 = 2.7* 35.2 £ 1.08%* 36.6 = 2.5%
Total assayed CoA esters 92.6 = 2.2 106 £ 4.4* 108 £ 3.8%* 116 £ 6.3* 138 £ 4.2%} 140 £ 6.2%F

All concentrations are expressed in nmol/g (means = SE; n = 6-8). AcAc, acetoacetate; BHP, B-hydroxypentanoate; BKP, 3-ketopenanoate; HMG,
hydroxymethylglutaryl; HEG, 3-hydroxy-3-ethylglutatyl. *P < 0.05 compared with control group I; P <0.05, comparison between groups 4 and 5 or between

groups 4 and 6.
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iting the metabolism of heptanoate derived from triheptanoin
until the influence of such factors was balanced by higher
heptanoate concentrations. In group 5 (infused with trihep-
tanoin + glucose + insulin), the marked hyperglycemia (Fig.
6) and massive exogenous hyperinsulinemia favored glucose
over heptanoate utilization. Similarly, in group 4, infused with
triheptanoin alone, the 4-mM increase in glucose concentration
compared with controls (Fig. 6) interfered with heptanoate
utilization.

As shown in our previous study (8), the intraduodenal
infusion of triheptanoin (group 6) resulted in very low arterial
heptanoate concentrations (Fig. 2) because the whole heptano-
ate load passed first through the liver. This explains also why
the concentration of Cs-ketone bodies was the highest in group
6 (Fig. 3). In rats infused intravenously with heptanoate,
heptanoate plus glycerol, or triheptanoin (groups 2—4), the
profiles of Cs-ketone body concentrations were similar (Fig. 3).
Also, in the same groups, the profiles of Cs-ketone body
concentration were similar (Fig. 4). However, the accumula-
tions of C4- and Cs-ketone bodies were inhibited in rats infused
with triheptanoin plus glucose plus insulin (Figs. 3 and 4, open
circles). The rapid inhibition of Cs-ketogenesis by supraphysi-
ological concentrations of insulin in the presence of the highest
heptanoate concentrations (Fig. 2) shows that insulin can
interfere with mitochondrial Cs-ketogenesis in a time frame
shorter than that needed for modulation of gene expression.
This is confirmed by the very strong inhibition of C4-ketogen-
esis in the same rats (Fig. 4).

The arterial concentration of glycerol (Fig. 5) was not
affected by either the intravenous infusion of heptanoate or the
intraduodenal infusion of triheptanoin. This confirms that the
glycerol resulting from the enteral hydrolysis of triheptanoin
and the free glycerol contained in the triheptanoin emulsion are
taken up entirely by the liver in a single pass of portal vein
blood. In contrast, the intravenous infusion of equimolar
amounts of glycerol (mixed with heptanoate, as triheptanoin, or
as triheptanoin + glucose + insulin, groups 2-5; Fig. 1)
resulted in different plasma concentrations of glycerol (Fig. 5).
This results from the fact that the intravenous administration of
triheptanoin led to a major increase in the production of
endogenous glycerol from lipolysis (groups 4 and 5; Table 3).
In these groups, the load of lipolytic glycerol was equivalent to
10 and five times the load of glycerol infused as part of the
triheptanoin emulsion (28.2 wmol-min~'-kg™1).

The intravenous administration of heptanoate did not signif-
icantly increase endogenous lipolysis (groups 1-3; Table 3).
The intravenous infusion of triheptanoin (without or with
glucose + insulin, groups 4 and 5) resulted in large increases
in glycerol R,, as shown by others with different triglycerides
(5, 6, 21). However, the 10.8-fold increase in endogenous
glycerol R, we measured in the present study is much larger
than the twofold increase we measured in our previous study
(8). Actually, in group 5 of the present study (triheptanoin +
glucose + insulin iv), the endogenous glycerol R, was also
much higher than any value in our previous study. The only
difference between the two studies is the mode of anesthesia.
In the previous study, the rats were anesthetized with pento-
barbital sodium intraperitoneally followed by a continuous iv
infusion. In the present study, the rats were anesthetized with
isoflurane. In reviewing the metabolic effects of isoflurane
anesthesia, we found reports showing that isoflurane induces
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hyperglycemia, inhibits glucose-induced insulin secretion, and
stimulates lipolysis (4, 15, 26). These effects, ascribed to the
stimulation of growth hormone by isoflurane (15), were not
observed during anesthesia with pentobarbital sodium (26).
The inhibition of insulin secretion by isoflurane probably
explains why, in the present experiments, plasma insulin con-
centration increased only in group 5, when exogenous insulin
was infused. In groups 2, 3, 4, and 6, insulin concentration did
not increase despite hyperglycemia. This may be related to
differences in the effect of triheptanoin on the R, of glucose
between our previous study (R, increased by one-half with
triheptanoin intraduodenally but was not significantly in-
creased by iv infusion) and the present study (opposite find-
ings).

In rats infused with triheptanoin, the 10.8-fold increase in
glycerol endogenous R, (Table 3) may be caused by an
amplification by isoflurane of the stimulation of lipolysis in-
duced by the infusion of triheptanoin. The stimulation of
lipolysis was not accompanied by any significant increase in
the endogenous R, of plasma oleate traced with ['3C;g]oleate.
The latter tracer was chosen instead of the more commonly
used ['*C]palmitate or ['3C]stearate because the unavoidable
contamination of glassware and reagents by ubiquitous palmi-
tate and stearate makes the assay of the enrichment of palmitate
and stearate in small samples of rat plasma very imprecise.
Figure 7, A and B, shows that the enrichment and concentration
of plasma oleate were stable at the end of the experiments.
From the endogenous R, of glycerol and oleate, we estimated
the percentage of the lipolytic long-chain fatty acids that were
reesterified in adipose tissue. The estimation assumes that
oleate accounts for one-fourth of the turnover of plasma long-
chain fatty acids in all groups (16). On the basis of this
assumption, the percent of reesterification is 22% in the control
rats and about 90% in rats infused intravenously with trihep-
tanoin (= glucose + insulin, groups 4 and 5). We acknowledge
that there is some uncertainty in the estimated percent reesteri-
fication; however, the comparison of the glycerol and oleate
endogenous R, in groups 4 and 5 supports our conclusion that,
in rats infused intravenously with triheptanoin, most of the
long-chain fatty acids derived from adipose tissue lipolysis are
reesterified in the same cells.

In rats infused with triheptanoin intraduodenally (group 6),
the above calculation yields an impossible —55% reesterifica-
tion. Because the low-glycerol endogenous R, in group 6 was
calculated using two glycerol tracers, the calculation of fatty
acid reesterification is admittedly imprecise.

The plasma glucose concentrations (Fig. 6) and the endog-
enous R, of glucose (Table 3) must be interpreted taking into
account /) the concentrations of gluconeogenic precursors
(heptanoate, glycerol; Figs. 2 and 5), 2) the concentrations of
competing energy fuels (heptanoate, Cs- and C4-ketone bodies;
Figs. 2, 3, and 4), and 3) the metabolic loads corresponding to
the supply of exogenous and endogenous gluconeogenic pre-
cursors (exogenous glycerol, propionyl moiety of exogenous
heptanoate, endogenous glycerol). In Fig. 8, these metabolic
loads are compared with the endogenous glucose R, and to the
increase in the concentration of liver glycogen in groups 2—6
compared with group 1. Note that all rates presented in Fig. 8
are expressed in (pumol glucose equivalents-min~!-kg~!.
These comparisons are somewhat difficult because our mea-
surements of the glucose endogenous R, do not distinguish
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Fig. 8. Comparison between the glucose endoge-
nous rates of appearance (R,) (open bars), the rate
of liver glycogen synthesis over control (cross-
hatched bars), and the potential glucose produc-
tions from /) endogenous glycerol R, (vertically
hatched bars), 2) exogenous glycerol (diagonally
hatched bars), and 3) exogenous propionyl equiv-
alents derived from heptanoate or triheptanoin
(black bars). All rates are expressed in pmol
glucose equivalents-min~'-kg~!. SE for endoge-
nous glycerol and glucose R, are shown in Table 3.
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1) the two components of the glucose R,, glycogenolysis and
gluconeogenesis, and 2) the contributions of gluconeogenic
precursors, amino acids derived from proteolysis, glycerol, and
propionyl-CoA derived from heptanoate. In all experiments,
the enrichment of glucose was stable during the last 30 min.
Thus R, was equal to rates of disappearance.

In rats infused intravenously with gluconeogenic heptanoate
(alone, + glycerol, or as triheptanoin, groups 2—4), the endog-
enous R, of glucose was about 1.5 times that of the control
group (Table 3). It is not clear why the glucose endogenous R,
was the same in these three groups given that groups 3 and 4
(unlike group 2) were given exogenous glycerol in addition to
the same load of propionyl precursor. Also, group 4 (trihep-
tanoin intravenous) and group 5 (triheptanoin + glucose +
insulin intravenous) had to dispose of a large load of gluconeo-
genic glycerol derived from lipolysis. Clearly, this large load of
glycerol was not converted to free glucose. In groups 3-6,
some of the exogenous plus endogenous glycerol ended up
stored as liver glycogen (Fig. 8). However, the increase in liver
glycogen content would account for only a small fraction of the
metabolized glycerol. Also, the small increase in glycogen
content has a component of gluconeogenesis from the propio-
nyl moiety of heptanoate (groups 3—6). Last, a small fraction
of the glucose infused in group 5 probably contributed to liver
glycogen synthesis. Overall, the observed increases in liver
glycogen contents represent only a small fraction of the poten-
tial glycogen precursors available. It is likely that there was
some accumulation in muscle glycogen in groups 4 and 5, but
we did not assay muscle glycogen content.

The a-glycerophosphate used for fatty acid reesterifica-
tion in adipose tissue can be derived from glucose catabo-
lism and possibly from glycerolneogenesis via phosphoenol-
pyruvate carboxykinase (2, 14). One can wonder whether
the propionyl moiety of heptanoate could be glyceroneo-
genic in adipose tissue. However, the supply of propionyl-
CoA equivalents during intravenous infusion of triheptanoin
(42.3 wmol-min~!-kg~!) is much smaller than the amount
of fatty acid released by lipolysis that needs to be reesteri-
fied. The latter is three times the glycerol R,, i.e., 3 X 282 = 846
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3 & &
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S

wmol-min~!-kg~! (Table 3). Thus, when triheptanoin was
infused, the reesterification of long-chain fatty acid derived
from lipolysis could not be supported by glyceroneogenesis
from the propionyl moiety of heptanoate. Thus, the supply
of a-glycerophosphate for fatty acid reesterification must be
derived from glycolysis stimulated by hyperglycemia (Fig.
6) and possibly by glyceroneogenesis from pyruvate derived
from glycolysis (14).

Profiles of acyl-CoA concentrations in liver. Administration
of heptanoate or triheptanoin led to substantial changes in the
concentrations of some acyl-CoA and of free CoA in the liver
(Table 4). The sum of the concentrations of the assayed short-
and medium-chain acyl-CoAs increased by up to 50% com-
pared with saline-infused controls. This reflects a redistribution
of CoA from long-chain to short- and medium-chain esters.
Concern that the administration of some substrates or drugs
could lead to “CoA sequestration, toxicity, or redistribution”
has been expressed (11). In particular, the trapping of CoA into
unusually large pools of some acyl-CoAs would decrease the
availability of free CoA and impact on the rate of CoA-
dependent reactions. In our experiments, the trapping of CoA
in the intermediates of heptanoate [-oxidation (heptanoyl-
CoA, pentanoyl-CoA, BKP-CoA, BHP-CoA, and propionyl-
CoA) resulted in up to 10-fold and one-third decreases in the
concentrations of free CoA and acetyl-CoA, respectively.
However, the plateauing of the plasma heptanoate concentra-
tions (Fig. 2), albeit at different levels, indicated that all of the
infused heptanoate equivalents were being metabolized. Also,
despite an up to one-third decrease in liver acetyl-CoA con-
centration, there was a large flow of acetyl groups into C4- and
Cs-ketogenesis, except when insulin was infused (Figs. 3 and
4). Ketogenesis removes from the liver acetyl groups that
cannot be oxidized in the citric acid cycle, the rate of which is
linked to the rate of ATP regeneration (7). Therefore, the
trapping of free CoA by heptanoate metabolism did not impair
the energy metabolism of the liver.

Despite very large differences in rates of C4- and Cs-
ketogenesis between rats infused with saline and rats infused
with heptanoate or triheptanoin (Figs. 3 and 4), there were little
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variations in the concentrations of HMG-CoA and HEG-CoA.
This reflects the high activities of HMG-CoA synthase and
HMG-CoA lyase. Thus, under the conditions of the experi-
ments, the rates of C4- and Cs-ketogenesis depend on the
supply of acetyl and propionyl groups to the HMG-CoA cycle.

Conclusions and clinical implications. First, although the
intravenous administration of triheptanoin leads to a stimula-
tion of lipolysis, presumably in adipose tissue, there is no
increase in fatty acid endogenous R, because of intense rees-
terification of these fatty acids. Thus, the intravenous admin-
istration of triheptanoin should be considered for the acute
treatment of decompensated long-chain FOD patients. Second,
enteral treatment of these patients with triheptanoin (by naso-
gastric tube) remains an option because this treatment does not
lead to increased lipolysis; it actually decreases basal lipolysis
(Table 3). Third, intravenous infusion of triheptanoin does not
need to be supplemented with glucose infusion because the
gluconeogenic property of the infusion leads to moderate
hyperglycemia. We realize that the normal rats used in the
present investigation, although starved overnight, were not in a
severely stressed condition comparable with that of decompen-
sated long-chain FOD and other patients requiring intensive
care support. In these patients, the massive basal lipolysis and
the lipolysis induced by intravenous triheptanoin intravenous
infusion may not be fully balanced by the reesterification
processes demonstrated in our study. So these patients may
benefit from the administration of insulin. This question should
be investigated in animals subjected to lipolytic conditions
such as the infusion of a catecholamine.
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