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(Background: SCOT-KO mice cannot oxidize ketone bodies and die within 48 h of birth, due to hyperketonemic
Results: After suckling milk, livers of SCOT-KO mice develop diminished pyruvate pools and alterations of hepatic pyruvate,

Conclusion: Extrahepatic ketone oxidation supports hepatic adaptation to the extrauterine environment.
Significance: Neonatal ketone metabolism reveals the importance of dynamic interorgan metabolic interactions.

J

Preservation of bioenergetic homeostasis during the transi-
tion from the carbohydrate-laden fetal diet to the high fat, low
carbohydrate neonatal diet requires inductions of hepatic fatty
acid oxidation, gluconeogenesis, and ketogenesis. Mice with
loss-of-function mutation in the extrahepatic mitochondrial
enzyme CoA transferase (succinyl-CoA:3-oxoacid CoA trans-
ferase, SCOT, encoded by nuclear OxctI) cannot terminally oxi-
dize ketone bodies and develop lethal hyperketonemic hypogly-
cemia within 48 h of birth. Here we use this model to
demonstrate that loss of ketone body oxidation, an exclusively
extrahepatic process, disrupts hepatic intermediary metabolic
homeostasis after high fat mother’s milk is ingested. Livers of
SCOT-knock-out (SCOT-KO) neonates induce the expression
of the genes encoding peroxisome proliferator-activated recep-
tor vy co-activator-1la (PGC-1«), phosphoenolpyruvate carboxy-
kinase (PEPCK), pyruvate carboxylase, and glucose-6-phospha-
tase, and the neonate’s pools of gluconeogenic alanine and
lactate are each diminished by 50%. NMR-based quantitative
fate mapping of '3C-labeled substrates revealed that livers of
SCOT-KO newborn mice synthesize glucose from exogenously
administered pyruvate. However, the contribution of exogenous
pyruvate to the tricarboxylic acid cycle as acetyl-CoA is
increased in SCOT-KO livers and is associated with diminished
terminal oxidation of fatty acids. After mother’s milk provokes
hyperketonemia, livers of SCOT-KO mice diminish de novo
hepatic f-hydroxybutyrate synthesis by 90%. Disruption of
B-hydroxybutyrate production increases hepatic NAD*/NADH
ratios 3-fold, oxidizing redox potential in liver but not skeletal
muscle. Together, these results indicate that peripheral ketone
body oxidation prevents hypoglycemia and supports hepatic
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metabolic homeostasis, which is critical for the maintenance of
glycemia during the adaptation to birth.

Atbirth, a transplacental nutrient stream replete with carbo-
hydrates is terminated and replaced with a high fat, low carbo-
hydrate milk diet that is cyclically interrupted by periods of
nutrient deprivation. Hepatic glucose production plays a criti-
cal role in providing fuel, particularly to the developing brain
(1). Nonetheless, glucose utilization is thought to support only
~70% of the neonatal brain’s energetic needs, and additional
substrates, including ketone bodies, are required to supply the
balance (2). To meet this demand, a coordinated hepatic meta-
bolic program integrates 3-oxidation and terminal oxidation of
fatty acids, gluconeogenesis, and ketogenesis (1). Ketone body
metabolism mediates energy transfer by partially oxidizing
hepatic fatty acids to water-soluble four-carbon ketone body
intermediates that are transported to extrahepatic organs for
terminal oxidation during physiological states characterized by
limited carbohydrate supply (3-5). As such, contributions of
ketone body metabolism to neonatal bioenergetic homeostasis
are 2-fold: (i) because the neonatal diet has high lipid content,
ketogenesis provides a spillover pathway for excess fatty acid
oxidation-derived acetyl-CoA that would otherwise require
terminal oxidation, storage, or secretion (4, 6, 7); and (ii) extra-
hepatic ketone body oxidation diminishes hepatic gluconeo-
genic demand because ketone body oxidation spares glucose
utilization in peripheral tissues (3).

Most ketogenesis occurs within hepatic mitochondria, at
rates proportional to B-oxidation of fatty acids (4). Sequential
ketogenic reactions catalyzed by mitochondrial thiolase, mito-
chondrial hydroxymethylglutaryl-CoA synthase (HMGCS2),
and hydroxymethylglutaryl-CoA lyase convert 3-oxidation-de-

2 The abbreviations used are: HMGCS2, mitochondrial hydroxymethylglutaryl-
CoA synthase; AcAc, acetoacetate; BDH1, b-BOHB-dehydrogenase; b-BOHB,
D-B-hydroxybutyrate; gHSQC, gradient heteronuclear single-quantum corre-
lation; MS/MS, tandem MS; PDH, pyruvate dehydrogenase; Pn, postnatal day
n; SCOT, succinyl-CoA:3-oxoacid CoA transferase; TCA, tricarboxylic acid.
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rived acetyl-CoA to the ketone body acetoacetate (AcAc),
which is reduced by mitochondrial p-B-hydroxybutyrate
(p-BOHB)-dehydrogenase (BDH1) to b-BOHB in an NAD™/
NADH-coupled redox reaction (8—10). Within extrahepatic
organs, mitochondrial BDH1 reoxidizes b-BOHB to AcAc.
Covalent activation of AcAc by CoA is catalyzed by the mito-
chondrial matrix enzyme succinyl-CoA:3-oxoacid CoA trans-
ferase (SCOT (encoded by the nuclear gene Oxctl), the only
mammalian CoA transferase) to generate AcAc-CoA, which
upon thiolytic cleavage, liberates acetyl-CoA that enters the
tricarboxylic acid (TCA) cycle for terminal oxidation (11). CoA
transferase catalyzes a near equilibrium reaction in which coen-
zyme A is exchanged between succinate and AcAc (12). Ketone
bodies are efficient energetic substrates that are oxidized in
proportion to their delivery (1, 3,4). The neonatal brain extracts
ketones at rates up to 40-fold greater than the adult brain, and
ketone body oxidation can support as much as 25% of the neo-
nate’s total basal energy requirements (2, 13). Because neurons
oxidize fatty acids poorly (2, 14), ketogenesis has been proposed
as a key determinant in vertebrate evolution and the evolution
of human brain size (15).

Prior analysis of germline CoA transferase knock-out
(SCOT-KO) mice revealed that CoA transferase is required for
terminal ketone body oxidation. SCOT-KO mice are born nor-
mal, but exhibit increased cerebral glucose oxidation. These
mice ultimately develop hyperketonemic hypoglycemia and die
within 48 h of birth unless their lifespan is prolonged by fre-
quent glucose administration (16). Unlike mice with a global
CoA transferase defect, recent studies using cell type-specific
SCOT-KO mice reveal that the selective absence of ketone
body oxidation individually within neurons, cardiomyocytes, or
skeletal myocytes (the three greatest consumers of ketone bod-
ies (3,17)) does not cause hyperketonemia or hypoglycemia and
does not impair survival during the neonatal period or starva-
tion in adulthood. As observed in brains of germline SCOT-KO
neonates, selective absence of neuronal CoA transferase activ-
ity was associated with increased glycolysis and glucose oxida-
tion in the neonatal brain (18). Taken together, the phenotypes
of germline and tissue-specific SCOT-KO mice reveal that
ketolytic cells do not require the energy stored in ketone bodies,
but ketone body oxidation is necessary for maintenance of gly-
cemia and therefore survival in the neonatal period.

During states in which dietary carbohydrates are in short
supply, the balance of hepatic glucose output with extrahepatic
glucose consumption coordinates glucose homeostasis. In-
creased extrahepatic glucose consumption in neonatal germ-
line SCOT-KO mice may therefore contribute to the develop-
ment of hypoglycemia. To determine whether the absence of
extrahepatic ketone body oxidation influences hepatic glucose
production and intermediary metabolic homeostasis, we used
biochemical approaches to quantify dynamic metabolism in liv-
ers of germline neonatal SCOT-KO mice.

EXPERIMENTAL PROCEDURES

Animals—Oxct]™'~ (germline SCOT-KO) mice were gener-
ated on the C57BL/6 genetic background (16). To obtain unfed
neonatal mice, pups were collected within 1 h of birth. Pups
without gastric milk spots were confirmed by open examina-
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tion of the stomach and intestine at the time of sacrifice. Fed
postnatal day zero (PO, the first day of postnatal life) mice were
collected within 4 h of birth. All postnatal day 1 (P1) mice were
maintained with the dam through the first 30 h after birth and
were milk-fed. All mice were maintained at 22 °C on standard
polysaccharide-rich chow diet (Lab Diet 5053) and autoclaved
water ad libitum. Lights were off between 1800 and 0600. All
experiments consisted of mouse pups that were harvested from
at least three litters from three different breeder pairings. All
experiments were conducted using protocols approved by the
Animal Studies Committee at Washington University.

Plasma Metabolite Measurements—Measurements of
plasma AcAc and p-BOHB were performed using standard bio-
chemical assays coupled to colorimetric substrates (Wako), as
described previously (19). AcAc concentrations were deter-
mined by measuring total ketone body concentrations and sub-
tracting the corresponding measured pD-BOHB concentration.
Plasma lactate and pyruvate were measured using colorimetric
and fluorescent biochemical assays, respectively (Biovision).
Blood glucose was measured in duplicate using glucometers
(Aviva).

Gene Expression Analysis—Quantification of gene expres-
sion was performed using real-time RT-quantitative PCR using
the AACt approach as described, normalizing to Rpl/32, using
primer sequences listed within supplemental Table S1 (19).

Immunoblotting—Immunoblotting, using protein lysates
from neonatal brain, heart, liver, and quadriceps/hamstring
muscles to detect SCOT (rabbit anti-SCOT; Proteintech
Group), actin (rabbit anti-actin; Sigma), HMGCS2 (rabbit anti-
mHMGCS; Santa Cruz Biotechnology), PDH-Ela (rabbit anti-
pyruvate dehydrogenase El-a subunit antibody; Abcam
ab155096), phosphoserine 293 PDH-Ela (PhosphoDetect™
anti-PDH-Ela (Ser(P)-293 rabbit antibody; Millipore AP1062),
and BDHI (rabbit anti-BDH1; Proteintech Group) was per-
formed as described previously (34). Band intensities were
quantified densitometrically using QuantityOne software
(Bio-Rad).

In Vitro Ketogenesis of Hepatic Explants—Neonatal mice
were sacrificed by decapitation. Livers were collected and
weighed, and each liver was placed in a single well of a 6-well
tissue culture plate containing 2 ml of phosphate-buffered
saline (PBS) on ice. Livers were minced and transferred to a
2-ml Eppendorf tube. Tissues were allowed to settle on ice and
were centrifuged at 500 X gfor 1 min. Minced-liver pellets were
resuspended in 1 ml of assay medium (Dulbecco’s modified
Eagle’s medium supplemented with 2.78 mm glucose (which
reflects glycemia in neonatal mice), 0.63 mM sodium pyruvate,
and 150 um oleic acid (conjugated to bovine serum albumin in
a 2:1 molar ratio)). Each liver preparation was plated in a single
well of a 12-well plate containing 1 ml of medium, and incu-
bated at 37 °C. At time points indicated in the figure legends,
50 ul of medium was removed to quantify ketone body
concentrations.

Tissue Triglyceride, Glycogen, and Nicotinamide Metabolite
Quantifications—Hepatic triacylglycerol concentrations were
determined using a Folch extract of liver and biochemical quan-
tification using a biochemical assay (Wako), as described pre-
viously (20). Hepatic glycogen and NAD " (H) concentrations
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were measured in liver lysates using fluorescent biochemical
assays (Biovision).

In Vivo Substrate Utilization—PO0 or P1 mice were injected
intraperitoneally with 10 umol of sodium [1,2,3,4-
13C,Joctanoate, 10 umol of sodium [3-'>C]pyruvate, or co-in-
jected with 10 wmol of sodium [1,2,3,4-'3C,Joctanoate, plus
20 umol of naturally occurring sodium pyruvate, sodium
D-BOHB, sodium L-BOHB, or AcAc per g of body weight (ven-
dor for stable isotopes: Cambridge Isotope Laboratories). Base
hydrolysis of ethyl-AcAc (Sigma W241512) was performed by
addition of 50% NaOH to pH 12 and incubation at 60 °C for 30
min. The pH of base-hydrolyzed AcAc was adjusted to pH 8.5,
and [AcAc] was confirmed using standard biochemical assays
coupled to colorimetric substrates (Wako), as described previ-
ously (19). After intraperitoneal injections, neonatal mice were
maintained on a heating pad for the indicated durations (see
text and figure legends), killed by decapitation, and tissues were
rapidly freeze-clamped in liquid N,. Neutralized perchloric
acid tissue extracts were profiled using '*C-edited proton
nuclear magnetic resonance (NMR) measured at 11.75 Tesla
(Varian/Agilent Direct Drive-1) via first increment gradient
heteronuclear single-quantum correlation (gHSQC). The
majority of studies were carried out using a traditional probe,
but extracts generated from mice injected with sodium
[3-'3C]pyruvate were analyzed using a high sensitivity cold
probe at 11.75 Tesla (Varian/Agilent Direct Drive-1). Signals
were collected from extracts dissolved in 275 ul of D,O + 1 mm
trimethylsilyl propionate, loaded into high precision, thin
walled 5-mm tubes (Shigemi). Quantification of signals by inte-
gration from the 'H{**C} and '*C-edited (gHSQC) collections
of carbon 2 for taurine, carbon 4 for BOHB, carbon 1 for glu-
cose, carbon 4 for glutamate, and 'H{'>C} of carbon 3 for lactate
were all performed as described previously (16). Tissue concen-
trations (pool size) of glucose, taurine, glutamate, and BOHB
were calculated by normalizing the integrals for each metabo-
lite obtained from the '"H{*>C} collections to trimethylsilyl pro-
pionate and tissue weight. Because tissue taurine concentra-
tions were constant across conditions (supplemental Tables S2
and S3) and taurine is not enriched by administration of these
experimental substrates (19, 21), taurine was used as a normal-
izing metabolite between the 'H{**C} and gHSQC collections
to calculate the moles of '*C-labeled metabolites present in
each sample. The moles of *C-labeled metabolites produced
from the labeled substrate in each sample were calculated by
subtracting the moles of >C-labeled metabolites attributable to
the metabolite pool size (i.e. in the absence of any enrichment
from exogenous '>C-labeled substrates, 1.1% of the metabolites
within the entire pool are expected to be '*C-labeled, based
upon the natural abundance of **C) from the total amount of
13C-labeled metabolites detected in the gHSQC collections.
Fractional enrichments of '*C-labeled glutamate and BOHB
were then calculated as described (19) by dividing taurine-nor-
malized integral values for each queried metabolite derived
from the gHSQC collections by the corresponding integral
value obtained from the *H{*3C} collections.

Tandem Mass Spectrometry (MS/MS) Analysis of Blood
Amino Acids and Acylcarnitines—Neonatal blood was spotted
onto 1.3-cm spots on Whatman 903 filter paper. Amino acids
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were quantified as butyl ester derivatives using multiple precur-
sor/product combinations in a reversed-phase liquid chroma-
tography protocol coupled to MS/MS (22). Carnitine esters
were measured by scanning for the precursors of the common
m/z 85 carnitine fragment. Quantification was achieved in all
cases using stable isotope *H-labeled internal standards using
an electrospray ionization source coupled to an API 3200-
Qtrap tandem mass spectrometer (Applied Biosystems).

RESULTS

Neonatal SCOT-KO Mice Engage a Hepatic Gluconeogenic
Gene Program—The liver is the most important source of glu-
cose for the neonatal brain (2, 23), which increases its reliance
on this vital fuel when CoA transferase inactivation prevents
ketone body oxidation in the entire brain (16) or selectively
within neurons (18). Therefore, we hypothesized that neonatal
germline SCOT-KO mice, which cannot terminally oxidize
ketone bodies, engage compensatory mechanisms in the liver to
meet increased peripheral glucose demand. Increased abun-
dances of the mRNAs encoding peroxisome proliferator-
activated receptor y co-activator-la (PGC-la, encoded by
Ppargcla), pyruvate carboxylase (encoded by Pcx), phosphoe-
nolpyruvate carboxykinase (PEPCK, encoded by PckI), and glu-
cose-6-phosphatase (encoded by G6pc) were observed in livers
of postnatal day 1 (P1, the day immediately following delivery)
SCOT-KO mice (Fig. 14), and as expected, hepatic glycogen
content was depleted in livers of P1 SCOT-KO mice (Fig. 1B).
Consistent with increased gluconeogenic demand, MS/MS
analysis of circulating amino acids demonstrated that alanine,
which becomes the gluconeogenic substrate pyruvate following
transamination (24), was diminished 51% in blood of P1
SCOT-KO mice (Fig. 1C). Serine, which is deaminated to pyru-
vate by serine dehydratase, also trended lower in these mice. In
addition, blood concentrations of the anaplerotic amino acid
glutamate, which can replenish TCA cycle intermediates fol-
lowing conversion to a-ketoglutarate, were diminished 40% in
SCOT-KO neonates. This contrasted with many glucogenic/
ketogenic, glucogenic, ketogenic, and urea cycle amino acids,
whose circulating concentrations were increased in P1
SCOT-KO mice (Fig. 1D; see supplemental Tables S4 and S5 for
complete PO and P1 blood amino acid profiles, respectively, of
wild-type and SCOT-KO mice), suggesting enhanced skeletal
muscle proteolysis in P1 SCOT-KO mice. In addition, the total
circulating pyruvate pool (the sum of pyruvate plus lactate,
which form a redox couple with NAD¥/NADH), a critical
source of gluconeogenic precursors via the Cori cycle, was
diminished 53% in P1 SCOT-KO mice (Fig. 1E). In SCOT-KO
neonates, increased extrahepatic glucose and lactate consump-
tion (16, 18) are likely contributors to hypoglycemia. Unlike
wild-type littermates, endogenous hepatic content of free glu-
cose was below the limit of detection by proton NMR in P1
SCOT-KO mice (Fig. 1F, left), suggesting that hepatic glucose
generated from residual endogenous substrates is rapidly
cleared to meet increased peripheral demands and that this
production is insufficient to support the glycemic requirements
for survival in these mice. However, intraperitoneal supple-
mentation of P1 SCOT-KO mice with exogenous ['*C]pyruvate
30 min prior to harvest of the liver demonstrated robust gener-
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FIGURE 1. Absence of extrahepatic ketone body oxidation engages an hepatic gluconeogenic program in neonatal mice. A, relative mRNA abundance
of encoded mediators of pyruvate metabolism and gluconeogenesis in livers of P1 mice. n = 5/group. B, liver glycogen content (ug of glycogen/mg of tissue)
in P1 neonates. n = 8/group. p = 0.06 by Student'’s t test. C, blood alanine, serine, and glutamate concentrations (micromolar) in P1 mice. n = 5-7/group. D,
circulating amino acid concentrations (micromolar) in blood of P1 mice. n = 5-10/group. E, plasma pyruvate pool (pyruvate + lactate) in P1 mice. n =
8-11/group. F, endogenous hepatic glucose concentration (left) and accumulated ['*Clglucose in livers (right) of P1 mice that had been injected with
[3-"3Clpyruvate (10 wmol/g of body weight) 30 min prior to collection of tissues and generation of extracts for NMR. n = 4/group. ¥, p < 0.05; **, p < 0.01; ***,

p < 0.001 by Student's t test. Error bars, S.E.

ation of ['®C]glucose (Fig. 1F, right). Taken together, these data
suggest that neonatal hepatic glucose production is increased to
meet enhanced peripheral requirements, but is limited in these
mice by precursor availability and not intrinsic synthetic
capacity.

Reprogrammed Intermediary Metabolism in Livers of Neona-
tal SCOT-KO Mice—Given marked hypoglycemia, hyper-
ketonemia, alterations of gluconeogenic precursor pools, and
increased concentrations of circulating amino acids, we
hypothesized that livers of P1 SCOT-KO mice would exhibit
alterations of terminal fatty acid oxidation and pyruvate metab-
olism. Therefore, to determine whether livers of P1 germline
SCOT-KO mice exhibit diminished terminal oxidation of acyl-
CoA-derived acetyl-CoA, we quantified the contribution of the
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fatty acid [1,2,3,4-"3C,]octanoate (10 umol/g body weight, via
the intraperitoneal route) to the acetyl-CoA entering the TCA
cycle, by using [**C]glutamate fractional enrichment as a quan-
titative surrogate because glutamate is in equilibrium with the
TCA cycle intermediate a-ketoglutarate (16, 18, 19, 21, 25, 26).
Hepatic enrichment of [**C]glutamate did not differ between
P1 wild-type and SCOT-KO mice that received ['*CJoctanoate
alone (Fig. 24, left), indicating equal contributions of labeled
octanoate to the acetyl-CoA entering the TCA cycle. However,
SCOT-KO mice exhibited a significantly decreased glutamate
pool size (Fig. 24, right; 1.03 = 0.17 nmol of glutamate/mg liver
in PO wild-type mice versus 0.56 * 0.09 nmol of glutamate/mg
liver in P1 SCOT-KO mice, p = 0.046, n = 6 —8/group). There-
fore, to determine whether hepatic terminal fatty acid oxidation
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FIGURE 2. Alterations of terminal fatty acid oxidation and pyruvate handling in livers of SCOT-KO mice. A, hepatic fractional '>C enrichments of
glutamate (left) and total hepatic glutamate pools (right) 20 min after intraperitoneal injection of sodium [1,2,3,4-"3C,Joctanoate (10 pmol/g of body weight)
in P1 mice. n = 6-8/group. B, fractional '>C enrichments of glutamate (left) and total hepatic glutamate pools (right) 20 min after intraperitoneal injection of
sodium [1,2,3,4-"3C,Joctanoate (10 wmol/g of body weight) + unlabeled pyruvate (20 wmol/g) in livers P1 mice. n = 6-7/group. C, fractional '>*C enrichments
of glutamate 30 min after intraperitoneal injection of sodium [3-'*C]pyruvate (10 umol/g of body weight) in livers of P1 mice. n = 4/group. D, short chain
acylcarnitine concentrations in blood of untreated P1 mice. n = 5-10/group. E, hepatic triacylglycerol (TAG) content in livers of untreated P1 mice. n =
5-6/group. *, p < 0.05; **, p < 0.01; ***, p < 0.001 by Student's t test. Error bars, S.E.

remains equal when glutamate pool sizes in livers of P1 wild-
type and SCOT-KO mice are equal, we co-administered
['*CJoctanoate with unlabeled pyruvate, which augments TCA
cycle intermediates by stimulating anaplerosis. Co-administra-
tion of unlabeled pyruvate with [**Cloctanoate increased
hepatic glutamate pool sizes in livers of both wild-type and
SCOT-KO neonatal mice and abrogated the diminution of this
pool size in livers of SCOT-KO mice (Fig. 2B, right). However,
compared with livers of wild-type P1 mice, hepatic glutamate
enrichment from [**CJoctanoate was diminished nearly 50% in
livers of P1 SCOT-KO mice delivered this combination of sub-
strates (22.9 = 3.05% in wild-type mice versus 11.8 = 3.0% in
SCOT-KO mice, p = 0.026, n = 6 —7/group; Fig. 2B, left), indi-
cating diminished contribution of labeled octanoate to the
acetyl-CoA entering the TCA cycle in livers of P1 SCOT-KO
mice. The only competing sources of acetyl-CoA in the livers of
neonatal mice in this experimental context are (i) endogenous
fatty acids or (ii) pyruvate that is decarboxylated via the PDH
complex. Thus, we directly quantified the contribution of pyru-
vate to the acetyl-CoA entering the TCA cycle by administering
[3-"3*C]pyruvate (10 umol/g of body weight), which labels
>95% of the circulating pyruvate pool in both wild-type and
SCOT-KO mice and measured hepatic glutamate enrichment.
Hepatic ">C enrichment of glutamate was 2.7-fold greater in
SCOT-KO neonates administered ['*C]pyruvate (5.95 + 1.92%
versus 16.32 * 2.87% in livers of wild-type and SCOT-KO P1
mice, respectively, p = 0.04, n = 4/group; Fig. 2C). As observed
in mice receiving unlabeled pyruvate (Fig. 2B), hepatic gluta-
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mate pools were not different between wild-type and
SCOT-KO neonates injected with ['*C]pyruvate (data not
shown). Increased [**C]glutamate enrichment from [**C]pyru-
vate occurred in SCOT-KO neonates in the absence of altered
phosphorylation of PDH on the E1 « subunit, a post-transla-
tional modification that increases the K, of PDH (27-29) (sup-
plemental Fig. S1).

Because the contribution of labeled fatty acids to the acetyl-
CoA entering the TCA cycle was diminished in livers of P1
SCOT-KO mice when glutamate pools were rendered equal by
administration of unlabeled pyruvate, we hypothesized that sig-
natures of diminished fatty acid oxidation would be evident in
livers of these mice. To determine whether there was a defect in
the B-oxidation spiral, we quantified blood acylcarnitines of
untreated P1 germline SCOT-KO mice by MS/MS. Whereas
medium and long chain acylcarnitine species were normal
(supplemental Table S6), short chain acylcarnitine concentra-
tions were elevated in P1 SCOT-KO mice (Fig. 2D). This result
is consistent with an intact B-spiral, but diminished entry of its
products into the TCA cycle. Abundances of transcripts encod-
ing key mediators of fatty acid transport and oxidation, includ-
ing Fabp1, Fgf21, Cptla, and Acadm mRNAs, were all normal in
SCOT-KO mice (supplemental Fig. S2A). However, hepatic
triacylglycerol content trended higher in P1 SCOT-KO mice
(Fig. 2E;12.7 + 5.0 ug/mg of liver versus 3.5 + 1.7, respectively,
p = 0.09, n = 5-6/group), also suggesting impaired terminal
fatty acid oxidation in livers of SCOT-KO mice.
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To determine whether signatures of diminished terminal
fatty acid oxidation in livers of SCOT-KO neonatal mice are
innate or the result of a perturbed metabolic environment, we
delivered [**C]octanoate to newborn PO SCOT-KO mice that
had been collected prior to their first milk feed and observed
that hepatic ['*C]glutamate fractional enrichment and gluta-
mate pool size were both normal, as they were in livers of fed PO
SCOT-KO mice (supplemental Fig. S3). Moreover, unlike the
observation of increased short chain acylcarnitines in the cir-
culation of P1 SCOT-KO mice, blood acylcarnitine species did
not differ between fed, but untreated PO wild-type and
SCOT-KO mice (supplemental Table S7). Taken together,
these findings indicate that the observed abnormalities of fatty
acid and pyruvate metabolism are likely secondary to increased
gluconeogenic demand and the hyperketonemic state that
develops in P1 SCOT-KO mice.

Accumulated p-BOHB Suppresses Normal Ketogenesis in
Neonatal Liver—Due to (i) the alterations of hepatic fatty acid
oxidation and pyruvate metabolism in SCOT-KO mice and (ii)
our previous observation that the AcAc/BOHB ratio was signif-
icantly elevated in the circulation of markedly hyperketonemic
P1 SCOT-KO mice (16), we hypothesized that regulation of
hepatic ketogenesis would also be altered in these mice. To
determine the effects of peripheral ketolytic deficiency on
hepatic ketogenesis, we measured the hepatic '*C fractional
enrichment and pool sizes of BOHB in neonatal mice in-
jected with ['*Cloctanoate. '>C-BOHB enrichment from
[*3*CJoctanoate was decreased 15-fold in livers of P1 SCOT-KO
mice (15.26 *= 1.34% versus 1.21 = 0.08%, p < 0.0001, n =
6—8/group, Fig. 34, left). Commensurate with the marked
increase in the concentration of circulating ketone bodies in P1
SCOT-KO mice, the total hepatic BOHB pool size was
expanded in P1 SCOT-KO mice (0.51 * 0.07 nmol of
BOHB/mg ofliver and 3.27 * 0.73 nmol of BOHB/mg of liver in
wild-type and SCOT-KO mice, respectively, p = 0.0009, n =
6—8/group; Fig. 3A, middle). Therefore, to confirm that the
decreased *C-BOHB fractional enrichment from [**C]octano-
ate in livers of SCOT-KO mice reflects diminished de novo pro-
duction of BOHB (rather than merely an increase in the total
pool), we quantified the **C-BOHB abundance in livers of these
mice and observed a 90% decrease in livers of P1 SCOT-KO
mice (72.4 = 12.5 pmol of *C-BOHB/mg of liver and 6.3 = 2.1
pmol of *C-BOHB produced/mg of liver in wild-type and
SCOT-KO mice, respectively, p = 0.0007, n = 6 —8/group; Fig.
3A, right). Messenger mRNAs encoding the ketogenic media-
tors FGF21 and HMGCS2 were both normal, whereas Bdhl
mRNA abundance was decreased 50% in livers of P1 SCOT-KO
mice (supplemental Fig. S2A). At the protein level, SCOT-KO
livers exhibited ~25% increased HMGCS2 and normal BDH1
protein abundance (supplemental Fig. S2, B and C).

To determine whether the marked impairment of BOHB
production in livers of P1 SCOT-KO mice was innate or
acquired, we quantified ">*C-BOHB production from [**C]-
octanoate in livers of unfed PO SCOT-KO mice. Hepatic '*C-
BOHB enrichment, BOHB pool size, and '*C-BOHB produc-
tion were all normal in unfed PO SCOT-KO mice (Fig. 3B). Prior
to milk feeding, endogenous plasma ketones were nearly unde-
tectable and did not differ between wild-type and SCOT-KO
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FIGURE 3. Mother’s milk-induced impairment of de novo BOHB produc-
tion in neonatal SCOT-KO liver. A, hepatic fractional '>C enrichments of
BOHB (/eft), total BOHB pools (middle), and '*C-BOHB concentration (right) 20
min after intraperitoneal injection of sodium [1,2,3,4-'*C,Joctanoate (10
umol/g of body weight) in P1 mice. n = 6-8/group. B, fractional *C enrich-
ments of BOHB (/eft), total BOHB pools (middle), and '*C-BOHB concentration
(right) 20 min after intraperitoneal injection of sodium [1,2,3,4-'3C,loctanoate
(10 umol/g of body weight) in livers of unfed PO mice. n = 6/group. C, plasma
total ketone body (TKB) concentration (millimolar), measured in PO wild-type
and SCOT-KO mice prior to the onset of suckling. n = 4/group. D, plasma total
ketone body concentration (millimolar), measured in PO wild-type and
SCOT-KO mice within 2 h after the onset of suckling. The distributions of
D-BOHB and AcAc are shown.n = 8-10/group. 1, p < 0.05 for AcAc; *, p < 0.05
for BOHB. E, fractional '3C enrichments of BOHB (/eft), total BOHB pools (mid-
dle),and "3C-BOHB concentration (right) 20 min after intraperitoneal injection
of sodium [1,2,3,4-"3C,Joctanoate (10 umol/g of body weight) in milk-fed PO
mice. n = 6-7/group. ***, p < 0.001 by Student’s t test. Error bars, S.E.

mice (Fig. 3C). However, after only a single feed, plasma ketone
bodies exceeded 3 mm in SCOT-KO mice (versus ~0.3 mMm in
wild-type littermate controls), with both p-BOHB and AcAc
exhibiting significant increases in SCOT-KO neonates (Fig.
3D). In contrast to the robust '>C labeling of hepatic BOHB in
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unfed SCOT-KO neonates administered [*>C]octanoate, suck-
ling-induced hyperketonemia correlated with the emergence of
a 90% decrease in '*C-BOHB enrichment in milk-fed PO
SCOT-KO mice compared with littermate controls (Fig. 3E,
left). Similar to the observations in the pools of BOHB in P1
SCOT-KO mice, suckling in PO mice correlated with a marked
expansion of the hepatic BOHB pool in SCOT-KO neonates
and was associated with an 80% decrease in the abundance of
'3C-BOHB (Fig. 3E, middle and right). Diminished *C-BOHB
enrichment from [**CJoctanoate occurred in livers of fed PO
SCOT-KO mice despite normal abundances of Fabp1, Cptla,
Acadm, Hmges2, and Bdhl mRNAs and a 38% increase in
HMGCS2 protein (supplemental Fig. S4). Together, these
results indicate that suckling-induced hyperketonemia in
SCOT-KO neonates diminishes the generation of '*C-BOHB
from ['*CJoctanoate, without impairment of the upstream
B-spiral or diminution of expression of the enzymatic media-
tors of fatty acid oxidation and ketogenesis.

To determine whether the acquired deficiency of de novo
hepatic BOHB production in livers of SCOT-KO mice was
mediated by hyperketonemia, we measured ketogenesis in liv-
ers explanted into culture from unfed and fed PO SCOT-KO
and littermate control mice, to isolate them from a hyper-
ketonemic milieu. As expected, explants from unfed wild-type
and SCOT-KO neonatal mice did not differ in ketogenic rate
(Fig. 4A). However, in contrast to the defect in de novo synthesis
of BOHB exhibited by fed PO SCOT-KO mice in vivo, livers
explanted from fed SCOT-KO mice exhibited normal keto-
genic rates, despite the increased baseline ketone body abun-
dance in these explants (Fig. 4B). Therefore, to test the hypoth-
esis that the acquired ketogenic impairment in livers of
SCOT-KO mice requires an environment in which ketone bod-
ies accumulate, we determined the effects of hyperketonemia
on hepatic BOHB production in vivo by performing intraperi-
toneal co-injections in fed wild-type PO mice. Unlabeled AcAc,
D-BOHB, or L-BOHB (L-BOHB is a by-product of fatty acid
oxidation that is neither produced during hepatic ketogenesis
nor is a substrate for BDH1 (30, 31)) were co-injected
intraperitoneally with [*CJoctanoate into milk-fed PO wild-
type neonatal mice, and the hepatic BOHB pool sizes, fractional
enrichments of hepatic '>C-BOHB, and molar contents of '>C-
BOHB/mg tissue were quantified. Co-administered AcAc,
L-BOHB, and p-BOHB each expanded the total BOHB pool
significantly, although hepatic BOHB concentrations were
greater in neonates co-injected with L- or p-BOHB compared
with neonates co-injected with AcAc (Fig. 54). Whereas frac-
tional ">C enrichments of BOHB from ['*C]octanoate were
decreased in livers of mice co-injected with each of the three
unlabeled ketone bodies, neonatal mice co-injected with L- or
p-BOHB exhibited greater suppression of '*C-BOHB enrich-
ment than neonates co-injected with AcAc (Fig. 5B). However,
only co-administered p-BOHB decreased the molar con-
tent/mg tissue of >*C-BOHB in livers of wild-type mice (by
75%), whereas neither AcAc nor L-BOHB produced this effect
(Fig. 5C). Because oxidation of b-BOHB to AcAc by BDH1 con-
comitantly reduces NAD™ to NADH (9, 32, 33), these results
suggest that the exogenously delivered p-BOHB diminished de
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FIGURE 4. Normal in vitro hepatic ketogenesis of livers from SCOT-KO
mice. Determination of ketone body production (pmol of ketone/mg of liver),
0.25, 1,and 8 h after stimulation with BSA-conjugated oleic acid (150 um) was
used to derive ketogenic rate (pmol/mg of liver per h) in liver explants derived
from unfed (A) and fed (B) PO mice. n = 4/group for unfed pups, and n =
8-10/group for fed pups. **,p < 0.01; ***, p < 0.001 by one-way ANOVA. Error
bars, S.E.

novo BOHB production by shifting the equilibrium of the
BDH1-catalyzed reaction toward AcAc formation.

Diminished BOHB Production by Livers of Neonatal SCOT-
KO Mice Results in Oxidation of Hepatic Redox Potential—De-
spite the impairment of de novo synthesis of BOHB, livers of
SCOT-KO neonates continue to channel fatty acid oxidation-
derived acetyl-CoA to AcAc, which exhibits a 4-fold increase in
plasma concentration between PO and P1 in SCOT-KO mice
(16). Because AcAc and p-BOHB exist in an NAD'- and
NADH-coupled equilibrium, we hypothesized that preserva-
tion of AcAc formation, but impairment of its reduction to
D-BOHB would oxidize hepatic redox potential. Whereas
plasma AcAc/BOHB molar ratios were elevated 3.5-fold (p =
0.03, n = 8-9/group) in fed PO SCOT-KO mice over wild-type
littermate controls, these ratios spanned a large dynamic range
among SCOT-KO animals (Fig. 64), and abundances of total
NAD™ and NADH were normal in both livers and skeletal mus-
cle of fed PO SCOT-KO mice (Fig. 6, B and C). Plasma AcAc/
BOHB ratios were increased 10-fold (p = 1.98 X 1078, n =
11-14/group) in P1 SCOT-KO mice compared with littermate
controls, but in contrast to fed PO SCOT-KO mice, they exhib-
ited less variability (Fig. 6D). Correspondingly, livers of P1
SCOT-KO mice exhibited a 3-fold increased ratio of NAD ™/
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NADH concentrations (Fig. 6E). This effect was neither attrib-  driver of the redox abnormality of P1 SCOT-KO mice. Because

utable to, nor contributed to, altered hepatic abundances of
mRNAs encoding NAMPT, CD38, SIRT1, or Rictor (supple-
mental Fig. S5). Redox potential was unaltered in skeletal mus-
cles of P1 SCOT-KO mice (Fig. 6F), consistent with the notion
that persistent AcAc production by the liver is the primary
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SCOT is normally considered absent in hepatocytes (11,17, 34),
and only a scant amount of SCOT was detected in neonatal
hepatic lysates (supplemental Fig. S6), these results indicate
that peripheral disposal of ketone bodies is required to prevent
oxidation of hepatic redox potential.
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DISCUSSION

Ketone bodies provide an alternative fuel in states of dimin-
ished carbohydrate supply (1, 3, 4). Ketone body oxidation is
required for adaptation to birth in mice and for adaptation to
low carbohydrate states in humans (16, 35). Here we show that
extrahepatic ketone body oxidation is essential for preservation
of hepatic metabolic homeostasis during the ketogenic neona-
tal period because the absence of ketone body oxidation causes
impaired hepatic terminal fatty acid oxidation, altered pyruvate
metabolism, and diminished de novo BOHB production, which
results in oxidation of hepatic redox potential.

Germline SCOT-KO neonates succumb to neonatal hypo-
glycemia. Increased peripheral oxidation of lactate and glucose
contributes to hypolactatemia and hypoglycemia (16) and
increases the gluconeogenic burden of SCOT-KO livers. These
mice also develop increased blood amino acid concentrations,
indicating that hypoglycemia and the inability to derive high
energy phosphates from ketone bodies likely stimulate skeletal
muscle proteolysis. Whereas increased blood amino acid con-
centrations indicate that amino acid supply exceeds hepatic
utilization, a subset of these amino acids yields gluconeogenic
carbon backbones within liver and replenishes TCA cycle inter-
mediates via anaplerosis (24). Notably, blood alanine concen-
trations are decreased in SCOT-KO neonates, although abso-
lute plasma pyruvate concentrations are preserved, suggesting
that pyruvate generation via both the glucose-alanine and Cori
cycles increases to support increased gluconeogenic demand.
Because livers of SCOT-KO neonates successfully produce glu-
cose from exogenously delivered pyruvate, impairments of the
hepatic gluconeogenic machinery do not account for hypogly-
cemia. In fact, gluconeogenic enzymes, which normally exhibit
significant postnatal inductions (1), are further induced in liv-
ers of SCOT-KO neonates. Together, these data suggest that
the availability of gluconeogenic substrates (i.e. alanine and the
lactate + pyruvate pool), and not expression of enzymatic
mediators of gluconeogenesis, exacerbates the mismatch
between neonatal hepatic glucose production and extrahepatic
glucose requirements in mice that lack CoA transferase activity.
In states of limited dietary carbohydrate supply, >60% of
hepatic gluconeogenesis is derived from pyruvate (36). Upon
carboxylation by pyruvate carboxylase, pyruvate supplies the
TCA cycle with the intermediate oxaloacetate, which can either
remain in the cycle to facilitate terminal oxidation of acetyl-
CoA or efflux into the gluconeogenic pathway through PEPCK-
dependent conversion to phosphoenolpyruvate (24, 37). Such
“pyruvate cycling” governs rates of anaplerosis and TCA cycle
intermediate efflux (37), which normally exceed the rate of
TCA cycle flux in the liver (38). Although limited pyruvate pool
availability precludes preservation of euglycemia, transcrip-
tional induction of these enzymatic mediators of pyruvate
cycling may initially help support gluconeogenesis in livers of
SCOT-KO mice.

Hyperketonemic states, both physiological and pathophysi-
ological, are almost always characterized by plasma AcAc/
BOHB molar ratios that are <1. SCOT-KO mice present a
unique hyperketonemic state in which the AcAc/BOHB molar
ratio is >1. Following their first high fat, low carbohydrate
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milk meal, SCOT-KO mice develop hyperketonemia, which
becomes associated with diminished de novo production of
D-BOHB. NMR studies in wild type mice co-injected with the
fatty acid ['®CJoctanoate and unlabeled ketone bodies indicate
thatincreased circulating D-BOHB in germline SCOT-KO mice
diminishes hepatic production of BOHB. In the final ketogenic
reaction, AcAc is reduced to p-BOHB in an NAD*/NADH-
coupled equilibrium reaction catalyzed by BDH1 that normally
favors BOHB production (8 —10). However, the equilibrium of
the BDHI1 reaction is sensitive to concentrations of both AcAc
and p-BOHB, such that increases in the molar concentrations
of one partner of the couple diminish the reduction/oxidation
of the other (33). Because livers of SCOT-KO mice initially
produce p-BOHB in a normal fashion (Figs. 3B and 4), a model
emerges in which loss of peripheral ketone body oxidation
results in pooling of b-BOHB, which causes the equilibrium of
BDHL1 to shift toward AcAc, such that AcAc becomes the pri-
mary ketone body synthesized by de novo hepatic ketogenesis.
Rising AcAc concentrations initially counteract the propensity
of b-BOHB to reduce hepatic redox potential, explaining why
hepatic NAD*/NADH ratios are normal in fed PO SCOT-KO
mice. Continued channeling of B-oxidation-derived acetyl-
CoA to AcAc ultimately results in the high plasma AcAc/
BOHB ratios, and thus elevated hepatic NAD*/NADH ratios
observed in P1 germline SCOT-KO mice.

The development of oxidized hepatic redox potential may
partially explain the alteration of pyruvate and fatty acid han-
dling in livers of P1 SCOT-KO mice. In states of high fat/low
carbohydrate nutrient supply, the vast majority of pyruvate
delivered to the liver enters the TCA cycle via carboxylation,
rather than decarboxylation to acetyl-CoA via the PDH com-
plex (39). Whereas the pyruvate carboxylation pathway is
active, and possibly augmented in livers of P1 SCOT-KO mice,
the 'C fractional enrichments of glutamate observed in both (i)
the ["*Cloctanoate + unlabeled pyruvate and (ii) the [**C]py-
ruvate experiments both suggest that flux of pyruvate through
PDH is relatively increased in livers of SCOT-KO mice. Phos-
phorylation of the E1 « subunit of PDH was not diminished in
livers of P1 SCOT-KO mice, which suggests equal PDH activity.
However, pyruvate concentrations in these experiments were
high enough that PDH flux could be governed by the concen-
trations of its cofactor, NAD™, and one of its allosteric in-
hibitors, NADH, whose concentrations are increased and
decreased, respectively, in livers of P1 SCOT-KO neonates (27,
29, 40). These findings are consistent with the notion that
increased gluconeogenic demand and an oxidized hepatic
redox potential together support a state of increased pyruvate
consumption that culminates in the diminished pyruvate pools
that lead to hypoglycemia in SCOT-KO mice. An additional
consequence of augmented contribution of pyruvate to the
TCA cycle through acetyl-CoA is diminished contribution of
fatty acid oxidation-derived acetyl-CoA. Whereas the NMR
studies of P1 SCOT-KO mice injected with ['*CJoctanoate
alone indicated equal fractional enrichment of ['*C]glutamate,
this observation was obtained in the context of a diminished
total glutamate pool, raising the possibility that absolute flux of
fatty acids through terminal oxidation is reduced in livers of P1
SCOT-KO neonates. Increased circulating concentrations of
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short chain acylcarnitines in P1 SCOT-KO mice support this
hypothesis. These integrated mechanisms merit further evalu-
ation in the pathogenesis of human neonatal hypoglycemia, a
high morbidity condition with an incidence of 10% (41).

At birth, mammals experience a shift toward a lipid-domi-
nated energy economy, inducing hepatic fatty acid oxidation,
ketogenesis, and gluconeogenesis (1). Although rodents are
born at an earlier developmental stage and exhibit lower neo-
natal body fat percentages, they suckle milk with higher fat
contents than humans, and physiological ketosis develops rap-
idly after birth in both (1, 2, 23). Case reports indicate that
HMGCS2- and SCOT-deficient humans adapt poorly to nutri-
ent states that are marked by diminished carbohydrate intake.
Human HMGCS2 deficiency results in pediatric hypoketone-
mic hypoglycemia (42), and human CoA transferase deficiency
manifests as spontaneous pediatric ketoacidosis (43, 44), which
in severe cases is associated with hypoglycemia and may
account for a subset of idiopathic ketotic hyopoglycemia cases
(45, 46). SCOT-KO mice die in a manner that mimics human
sudden infant death syndrome (SIDS)/sudden unexpected
death in infancy (SUDI), the leading cause of death of U.S.
infants after the age of 1 month (47). Inborn errors of ketone
body oxidation are not currently assessed on any statewide
screening protocols in the United States (48). Therefore, these
metabolic abnormalities merit further evaluation, as supported
by a recent observational study in which metabolic autopsies
performed on 255 SIDS patients detected three individuals with
underlying disorders of ketone body metabolism (49). Thus, a
small subset of sudden infant death cases could be attributable
to undetected defects in ketone body oxidation.

Due to their small size and delicate nature, steady-state anal-
yses of metabolic flux in neonatal mice are not currently possi-
ble. Therefore, we performed NMR substrate fate mapping
after bolus injections of octanoate to quantify hepatic fatty acid
fate in neonatal mice. This medium chain fatty acid avidly
enters the mitochondrial matrix independently of allosterically
regulated mitochondrial carnitine palmitoyltransferase la (4)
and thus reports the activities of B-oxidation, fractional contri-
bution to the TCA cycle, and ketogenesis.

We have demonstrated that global disruption of ketone body
oxidation reprograms hepatic intermediary metabolism, initiating
a cascade that alters ketogenesis and oxidizes hepatic redox poten-
tial and ultimately consumes pyruvate at the expense of terminal
hepatic fatty acid oxidation, resulting in accumulation of circulat-
ing short chain acylcarnitines and hepatic triacylglycerols. Thus,
extrahepatic ketone body oxidation helps integrate hepatic keto-
genesis, redox potential, fatty acid oxidation, and glucose produc-
tion in the neonatal period. Future studies will be needed to deter-
mine whether these relationships extend to other physiological
and pathophysiological states characterized by excess fatty acid
availability and limited carbohydrate supply (or inefficient carbo-
hydrate utilization), including starvation, adherence to low carbo-
hydrate diets, and types 1 and 2 diabetes.
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