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Thioesterase superfamily member 2 (Them?2) is a mitochondrion-associated long-chain fatty acyl coenzyme A (CoA) thioesterase
that is highly expressed in the liver and oxidative tissues. Them?2 activity in vitro is increased when it interacts with phosphati-
dylcholine transfer protein (PC-TP), a cytosolic lipid binding protein. Them2~'~ and Pctp™'~ mice exhibit enhanced hepatic
insulin sensitivity and increased adaptive thermogenesis, and Them2~'~ mice are also resistant to diet-induced hepatic steatosis.
Although we showed previously that a Them2—PC-TP complex suppresses insulin signaling, the enzymatic activity of Them2
suggests additional direct involvement in regulating hepatic nutrient homeostasis. Here we used cultured primary hepatocytes
to elucidate biochemical and cellular mechanisms by which Them2 and PC-TP regulate lipid and glucose metabolism. Under
conditions simulating fasting, Them2~'~ and Pctp~'~ hepatocytes each exhibited decreased rates of fatty acid oxidation and glu-
coneogenesis. In results indicative of Them2-dependent regulation by PC-TP, chemical inhibition of PC-TP failed to reproduce
these changes in Them2™'~ hepatocytes. In contrast, rates of glucose oxidation and lipogenesis in the presence of high glucose
concentrations were decreased only in Them2™'~ hepatocytes. These findings reveal a primary role for Them2 in promoting mi-

tochondrial oxidation of fatty acids and glucose in the liver.

hioesterase superfamily member 2 (Them?2), a member of the

acyl coenzyme A (CoA) thioesterase (Acot) family, catalyzes
the hydrolysis of long-chain fatty acyl-CoA esters to free fatty acids
plus CoA (1, 2). Them?2 is enriched in liver and oxidative tissues,
including brown adipose (3-5). Mice lacking Them2 (Them2™'~
mice) exhibit increases in hepatic insulin sensitivity and adaptive
thermogenesis in brown adipose tissue, and they are resistant to
high-fat-diet-induced hepatic steatosis (6, 7).

We originally identified Them?2 as a phosphatidylcholine
transfer protein (PC-TP; also called StarD2)-interacting protein
(3). PC-TP s alipid binding protein with high specificity for phos-
phatidylcholines (3, 8). Using purified recombinant proteins, we
have demonstrated that the fatty acyl-CoA thioesterase activity of
Them?2 is increased upon its interaction with PC-TP (1, 3). Like
Them?2, PC-TP is enriched in liver and oxidative tissues (3, 4), and
mice lacking PC-TP (Pctp~’~ mice) also exhibit increased hepatic
insulin sensitivity and adaptive thermogenesis (4, 6, 7, 9).

The observed increases in hepatic insulin sensitivity in
Them2~'~ and Pctp~ '~ mice may be explained, at least in part, by
our recent observation that a Them2—-PC-TP complex suppresses
insulin signaling by reducing the activation of both insulin recep-
tor substrate 2 (IRS2) and mammalian target of rapamycin
(mTOR) (10). However, we have also shown that Them?2 expres-
sion and PC-TP expression are both under the transcriptional
control of peroxisome proliferator-activated receptor a (PPAR«)
(1, 11), suggesting that Them?2 and PC-TP may participate directly
in fatty acid metabolism (12), particularly under fasting condi-
tions, which favor fatty acid oxidation (13).

Based on observations that Them? is localized mainly to mito-
chondria and that PC-TP is abundant in the cytosol (1), we have
proposed that the two proteins may interact at the outer mito-
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chondrial membrane (12) and could thereby regulate fatty acid
oxidation. To test this hypothesis, we used primary hepatocytes
cultured from Them2 ™'~ and Pctp™'~ mice, which allowed us to
examine cellular biochemistry in isolation from the influence of in
vivo hormonal and metabolic factors. Genetic ablation of Them?2
reduced hepatic tricarboxylic acid (TCA) cycle activity. Depend-
ing on substrate availability, this resulted in decreased conversion
of gluconeogenic substrates into glucose and of glucose into lipids.
The absence or chemical inhibition of PC-TP suppressed Them2-
dependent gluconeogenesis. However, potentially owing to disso-
ciation of the Them2-PC-TP interaction during the fed state,
PC-TP ablation did not affect rates of lipogenesis. These findings
provide new insights into the molecular regulation of nutrient
homeostasis within the liver.

MATERIALS AND METHODS

Animals. Male Them2 ™'~ and Pctp™/~ mice and their respective controls
were as described previously (6, 9). Male FVB/NJ mice were obtained
from The Jackson Laboratory. Mice were housed in a pathogen-free bar-
rier facility under controlled lighting (12-h light/dark cycle) and were fed
astandard rodent diet with free access to drinking water. The ages of mice
ranged from 6 to 15 weeks, and they were matched to within 2 weeks of age
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for individual experiments. All animal procedures were approved by the
institutional committee of the Harvard Medical School.

Primary hepatocyte isolation. Hepatocytes were isolated by a 2-step
perfusion procedure (9). Surgeries were commenced between 10 a.m. and
12 p.m., following anesthesia with 100 mg of ketamine/kg of body weight
(bw) and 10 mg of xylazine/kg bw, plus 3 mg of acepromazine/kg bw. The
liver was perfused in situ through the inferior vena cava with 20 ml of
prewarmed liver perfusion medium (Invitrogen) followed by 40 ml of
liver digestion medium (Invitrogen). The liver was then placed in ice-cold
hepatocyte wash medium (Invitrogen), and the capsule of the liver was
then gently disrupted in order to release the hepatocytes. The cell suspen-
sion was filtered with a 70-pm cell strainer (Becton, Dickinson), and cells
were washed once (30 X g, 4 min, 4°C). Dead cells were removed using
Percoll solution (Sigma-Aldrich) as described previously (14) with minor
modifications. Briefly, cells in 50-ml conical tubes were resuspended in 25
ml hepatocyte wash medium and were then layered onto 20 ml Percoll
solution consisting of 18 ml Percoll plus 2 ml of 10X Hanks’ balanced salt
solution (HBSS; Sigma-Aldrich). Cells were mixed with Percoll solution
by inverting five times and were then pelleted by centrifugation at 150 X
¢ for 10 min at 4°C. Following a second wash, cells were pelleted, resus-
pended in incubation medium, and seeded on plates as specified below. In
selected experiments, adenoviral vectors were utilized to express Them2,
PC-TP, or green fluorescent protein (GFP) in primary hepatocytes. A
recombinant mouse adenovirus (Ad) carrying Them?2 driven by the cyto-
megalovirus (CMV) promoter (Ad-CMV-Them2) was constructed by
standard techniques utilizing the open reading frame of a mouse Them?2
cDNA (ViraQuest). The recombinant mouse PC-TP adenovirus (Ad-
CMV-PC-TP) used has been described previously (4). A recombinant
adenovirus expressing GFP (Ad-CMV-GFP; ViraQuest) was used as a
control. For adenovirus infection, primary hepatocytes were seeded on
6-well Primaria plates (Becton, Dickinson) at a density of 5 X 10° cells/
well. Cells were allowed to adhere to the plates for 3 h, after which the
culture medium was replaced by 1 ml of fresh serum-free medium con-
taining adenovirus. After 2 h, the adenovirus solution was removed, and
serum-free medium was added to each well. Cells were then incubated for
as long as 40 h prior to harvesting.

Fatty acid oxidation. Rates of fatty acid oxidation were determined
according to the conversion of [1-'*C]palmitate (55 mCi/mmol; Ameri-
can Radiolabeled Chemicals) into *C-labeled acid-soluble metabolites
(ASM) and CO, (15). Isolated hepatocytes were seeded on type I collagen-
coated 6-well plates with Williams’ medium E (Invitrogen) containing
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. After the
cells were allowed to attach overnight, they were incubated for 6 hin 2 ml
of fresh serum-free Williams” medium E supplemented with 1 mM carni-
tine (Sigma-Aldrich) and 0.25 pCi [1-'*C]palmitate/ml plus 200 pM
palmitate (Sigma-Aldrich) conjugated with fatty acid-free bovine serum
albumin (BSA; Sigma-Aldrich). The cultured medium was then trans-
ferred to 15-ml conical tubes and was mixed with 200 .l of 70% perchloric
acid (Fisher Scientific). During 1 h of incubation at room temperature on
a horizontal shaker, CO, was trapped in the filter paper soaked with 2 N
NaOH that was placed inside the caps of the conical tubes. The acidified
medium was incubated overnight at 4°C and was then centrifuged (14,000
rpm, 20 min, 4°C). To quantify '*C-labeled CO, and ASM, respectively,
the filter paper and supernatant were each dissolved in Ecoscint H (Na-
tional Diagnostics) and were counted with a liquid scintillation counter
(LS6000IC; Beckman Coulter).

Glucose production. Rates of glucose production were measured as
described previously (16). Briefly, primary hepatocytes were seeded on
6-well Primaria plates (5 X 10° cells/well) with medium 199 (Invitrogen)
containing 10% FBS and 1% penicillin-streptomycin. After cells were al-
lowed to attach for 4 h, the medium was changed to serum-free medium
199. Following 16 h of serum starvation, plates were washed twice with
warm Dulbecco’s phosphate-buffered saline (DPBS; Sigma-Aldrich).
Cells were then incubated for 3 h in glucose- and phenol red-free Dulbec-
co’s modified Eagle’s medium (DMEM) (15 mM HEPES, 3.7 g/liter
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NaHCO; [pH 7.4]) supplemented with 2 mM sodium pyruvate plus 20
mM sodium lactate or 20 mM glycerol. Glucose concentrations in the
medium were measured enzymatically (Sigma-Aldrich). The influence of
cyclic AMP (cAMP) was determined by the addition of 0.1 mM 8-(4-
chlorophenylthio)adenosine 3',5'-cyclic monophosphate (pCPT-cAMP;
Sigma-Aldrich) during culture and the glucose production assay. PC-TP
inhibition was achieved by the addition of 500 nM compound Al (17)
during the glucose production assay.

Glucose oxidation and de novo lipogenesis. The conversion of [U-
“Clglucose (250 to 360 mCi/mmol; PerkinElmer) to '*C-labeled CO,
and lipids (i.e., fatty acids and sterols) was measured in order to assess
rates of glucose oxidation and de novo lipogenesis, respectively (18). Pri-
mary hepatocytes were maintained for 4 h in 6-well Primaria plates (5 X
10 cells/well) in medium 199 with 10% FBS and 1% penicillin-strepto-
mycin. Prior to the assay, cells were serum starved for 16 h, washed once
with warm DPBS, and incubated for 1 h in glucose-free DMEM. The
medium was then changed to high-glucose DMEM containing 2 pCi [U-
“C]glucose/ml. After 3 h of incubation, 800 wl of medium was transferred
to 15-ml conical tubes. As described above, CO, was trapped in NaOH-
soaked filter paper that was placed inside the caps of conical tubes. Cells
were washed with ice-cold PBS and were scraped with 800 wl of H,O.
Following the addition of 2 ml of 7% KOH in 70% methanol and 3 h of
incubation at 90°C, sterols were extracted into 3 ml of petroleum ether.
The aqueous phase was then acidified by the addition of 0.8 ml of 10 M
H,SO,, and fatty acids were extracted using 3 ml of petroleum ether. The
petroleum ether was then evaporated under a stream of N,. Following the
addition of Ecoscint H, radioactivity was determined by liquid scintilla-
tion counting.

Cellular and mitochondrial O, consumption. O, consumption rates
(OCR) in primary hepatocytes were measured using an XF24 extracellular
flux analyzer (Seahorse Bioscience). Primary hepatocytes were seeded on
type I collagen-coated XF24 cell culture microplates at a density of 0.25 X
10°/well. Following 4 to 5 h of incubation in medium 199 with 10% FBS
and 1% penicillin-streptomycin in order to test mitochondrial respiratory
function, the culture medium was changed to glucose-free DMEM (pH
7.4 at 37°C) with 1 mM pyruvate. Oligomycin (2 wM), carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP) (1 pM), and 1 pM antimy-
cin A plus 1 uM rotenone were sequentially added to each well during the
monitoring of OCR. Oligomycin inhibits ATP synthesis and suppresses
respiratory chain function. FCCP is an ionophore that disrupts mem-
brane potential, leading to rapid oxygen consumption. Antimycin A and
rotenone are respiratory chain complex inhibitors. For the evaluation of
fatty acid oxidation rates, Krebs-Henseleit buffer containing 0.45 g/liter
glucose and 0.5 mM carnitine (pH 7.4 at 37°C) was used as the assay
medium. OCR values were measured before and after the exposure of cells
to 300 wM palmitic acid conjugated with fatty acid-free BSA. To examine
the effect of PC-TP inhibition on fatty acid oxidation, cells were sequen-
tially treated with 500 nM compound Al and 300 uM palmitic acid. For
measurements of OCR in mitochondria, mitochondrial pellets were
freshly prepared from mouse livers according to the manufacturer’s pro-
tocol (Seahorse Bioscience). Briefly, livers were minced and homogenized
in 10 volumes of mitochondrial isolation buffer containing 70 mM su-
crose, 210 mM mannitol, 5 mM HEPES, 1 mM EGTA, and 0.5% fatty
acid-free BSA. Homogenates were centrifuged at 800 X g for 10 min at
4°C, and the supernatant was filtered with the 70-pm cell strainer. Fol-
lowing the centrifugation of the supernatant at 8,000 X g for 10 min at
4°C, the pellets were rinsed again to obtain the mitochondrial fraction.
The pellets were resuspended in 70 mM sucrose, 220 mM mannitol, 10
mM KH,PO,, 5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, 0.2% BSA, 80
M palmitoyl-carnitine (Sigma-Aldrich), and 0.5 mM malic acid (Sigma-
Aldrich). Mitochondria were seeded in the wells of XF24 cell culture mi-
croplates (40 g protein/well), and OCR values were determined follow-
ing the sequential injection of 4 mM ADP, 2.5 pug/ml oligomycin, 4 pM
FCCP, and 4 pM antimycin.
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TCA cycle intermediates. The relative concentrations of TCA cycle
intermediates in mitochondria were measured using gas chromatogra-
phy-mass spectrometry (GC-MS). Briefly, mitochondria were harvested
from 0.4 g liver as described above and were resuspended in 100 pl of
mitochondrial isolation buffer. The mitochondrial suspension (50 l)
was mixed with 1 ml of a solvent mixture (MeOH-H,O-CHCI, [2.5:1:1])
containing 10 pl of 0.5-mg/ml 2-isopropylmalic acid (Sigma-Aldrich) as
an internal standard and was shaken at 1,200 rpm for 30 min at 37°C.
Following centrifugation at 16,000 X g for 3 min at 4°C, 900 .l of the
supernatant was mixed with 450 pl of CHCI,. This mixture was centri-
fuged at 16,000 X g for 3 min at 4°C, and 500 pl of the supernatant was
mixed with 200 .l of distilled water. Following centrifugation at 16,000 X
g for 3 min at 4°C, 500 pl of the supernatant was lyophilized and mixed
with 20 mg/ml methoxyamine hydrochloride (Sigma-Aldrich) dissolved
in pyridine. After shaking at 1,200 rpm for 90 min at 30°C, intermediates
were derivatized by the addition of N-methyl-N-trimethylsilyl trifluoro-
acetamide (GL Sciences), followed by shaking at 1,200 rpm for 30 min at
37°C. After centrifugation at 16,000 X g for 5 min at 4°C, the supernatant
was subjected to GC-MS using a GCMS-QP2010 Ultra system (Shi-
madzu) fitted with a fused silica capillary column (CP-Sil 8 CB Low Bleed/
MS; length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 wm;
Agilent). The front inlet temperature was 230°C, and the flow rate of He
gas through the column was 39.0 cm/s. The column temperature was
maintained at 80°C for 2 min, then increased at a rate of 15°C/min up to
330°C, and then held constant for 6 min. The transfer line and ion source
temperatures were 250°C and 200°C, respectively. Data were acquired at a
rate of 20 scans per second over an m/z range of 85 to 500 using the
Advanced Scanning Speed Protocol (Shimadzu).

Cellular ADP/ATP ratio. Hepatocytes were lysed and were incubated
for 10 min at 20°C with CellTiter-Glo luminescent cell viability assay
reagent (Promega). ATP contents were measured according to relative
luminescence units (RLU) using a POLARstar Omega microplate reader
(BMG Labtech). For the determination of ADP levels, cell lysates were
treated with an ADP-to-ATP converting enzyme (ApoSENSOR ADP/
ATP ratio assay kit; BioVision) for 10 min at 20°C directly following the
measurement of ATP levels. Final ATP contents, which reflected the sum
of cellular ADP and ATP levels, were detected using the CellTiter-Glo
luminescent cell viability assay reagent. ADP contents were determined as
the difference between the RLU obtained before and after the addition of
the ADP-to-ATP converting enzyme.

mRNA expression. Total RNA was extracted from hepatocytes imme-
diately after harvesting using TRIzol reagent (Invitrogen), and cDNA was
synthesized with SuperScript III reverse transcriptase (Invitrogen) ac-
cording to the manufacturer’s protocol. Quantitative real-time PCR was
performed using a Roche 480 LightCycler (Roche Applied Sciences) with
SYBR green (Roche Applied Sciences) detection. The primer sequences
used have been reported previously (6).

Protein expression. Total cellular protein was isolated with radioim-
munoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
[SDS]) supplemented with cOmplete Mini protease inhibitor (Roche Ap-
plied Science) and a phosphatase inhibitor tablet (Roche Applied Sci-
ence). Protein concentrations were determined spectrophotometrically
using a Bio-Rad protein assay dye reagent. Equal amounts of proteins
were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and
were electrophoretically transferred to nitrocellulose membranes (GE
Healthcare). The blots were then probed with specific primary antibodies
against total AMP-activated protein kinase alpha (AMPKa), phospho-
AMPKa (Thr172), total acetyl-CoA carboxylase (ACC), phospho-ACC
(Ser79) (Cell Signaling Technology), PC-TP, Them2, and B-actin (4)
overnight at 4°C, followed by 1 h of incubation with a horseradish perox-
idase (HRP)-conjugated secondary antibody (4). Proteins were visualized
by chemiluminescence using the Western Lightning (PerkinElmer) or
Super Signal West Dura (Thermo Scientific) substrate.
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Immunoprecipitation (IP). Livers were harvested from mice with free
access to water that were fed chow or fasted overnight. Liver protein ly-
sates (0.5 mg per 1 ml of RIPA buffer) were precleared by incubation with
10 pl of normal rabbit IgG (Santa Cruz Biotechnology) for 4 h, followed
by incubation with 20 pl of Protein G Plus/protein A-agarose beads (50:50
slurry; Calbiochem) for 1 h at 4°C. Beads were pelleted by centrifugation
(1,825 X gfor 10 min at 4°C) and were then discarded. Precleared lysates
were then incubated with 10 pl of an anti-PC-TP antibody or 10 ul of
normal rabbit IgG as a control for 2 h at 37°C, followed by incubation with
20 pl of Protein G Plus/protein A-agarose beads (50:50 slurry) for 1 h at
37°C. Beads were pelleted by centrifugation (6,000 X g for 30 s at 20°C)
and were washed 5 times with RIPA buffer by gentle agitation (5 min at
37°C). After the final wash, protein was eluted from the beads, denatured
by heating for 5 min at 96°C in 3X Laemmli buffer, and subjected to
immunoblot analysis.

Statistical analyses. Data were expressed as means * standard errors
(SE), and differences were evaluated using unpaired Student  tests. Dif-
ferences were considered significant when the P value was <0.05.

RESULTS

Them2 promotes fatty acid oxidation, gluconeogenesis, and li-
pogenesis. We reported previously that plasma B-hydroxybu-
tyrate concentrations were reduced in Them2 ™'~ mice (6), a find-
ing suggestive of a role for Them2 in promoting the hepatic
oxidation of fatty acids. In the current study, we examined the
effects of Them?2 expression on hepatocellular fatty acid oxidation
(Fig. 1A and B). The lack of Them?2 expression reduced the rates of
incorporation of [1-'*C]palmitate into ASM and CO, by 42% and
50%, respectively (Fig. 1A). In keeping with this observation, OCR
values were lower in Them2 '~ hepatocytes than in Them2*'*
hepatocytes following exposure to palmitic acid (Fig. 1B). To as-
sess whether the loss of Them2 expression was associated with
intrinsic alterations in the function of the electron transport
chain, OCR in the presence of pyruvate were measured following
sequential treatment of hepatocytes with oligomycin, FCCP, and
antimycin A plus rotenone (Fig. 1C). In the absence of Them?2
expression, basal OCR values were reduced (Fig. 1C, left), as were
the areas under the curve (AUC) (Fig. 1C, right). However,
Them?2 had no effect on other bioenergetic parameters, including
maximal OCR values (Fig. 1C). Moreover, Them?2 expression had
no effect on the function of isolated liver mitochondria (Fig. 1D).

Fatty acid oxidation contributes to efficient gluconeogenesis
because it elevates TCA cycle activity and flux through phosphoe-
nolpyruvate carboxykinase (PEPCK), the initial committed step
of gluconeogenesis (19, 20). To examine whether reduced fatty
acid oxidation in Them2™'~ hepatocytes was associated with de-
creased gluconeogenesis, glucose production rates were measured
in the presence of the substrates pyruvate and lactate (Fig. 1E). The
absence of Them?2 was associated with a nonsignificant 23% de-
crease in basal rates of glucose production but a 41% decrease
following stimulation with cAMP. Because it can bypass the TCA
cycle, we also tested glycerol as a gluconeogenic substrate (20, 21)
in order to determine whether the effect of Them2 was restricted
to mitochondria. Them?2 expression had no effect on glucose pro-
duction in the presence of glycerol (Fig. 1E), indicating that de-
creased TCA cycle activity was most likely responsible for reduced
gluconeogenesis in Them2 ™'~ hepatocytes.

To determine whether reduced TCA cycle activity would result
in reduced rates of glucose oxidation and de novo lipogenesis in
Them2 ™'~ hepatocytes, we measured rates of [U-'*C]glucose in-
corporation into CO,, as well as into fatty acids and sterols
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FIG 1 Them?2 regulates rates of fatty acid oxidation, gluconeogenesis, and lipogenesis in isolated hepatocytes. (A and B) Fatty acid oxidation rates were
determined by measuring the incorporation of [1-'*C]palmitate (200 uM) into ASM and CO, (A) and the OCR following the addition of 300 .M palmitate
(arrow) (B). (C) (Left) Mitochondrial respiratory function was assessed by the influence on OCR of sequential exposure of hepatocytes to oligomycin (2 uM) (i),
FCCP (1 uM) (ii), and antimycin A (1 wM) plus rotenone (1 pM) (iii). (Right) AUC for basal (start to i) and maximal (ii to iii) OCR values. For panels A to C,
values reflect means of results from 3 determinations, except for OCR values, which reflect means of results from 10 determinations. Each experiment is
representative of 3 independent experiments. (D) Mitochondrial fatty acid oxidation was evaluated by measuring OCR in the presence of 80 uM palmitoyl-
carnitine following the addition of ADP (4 mM) (i), oligomycin (2.5 pg/ml) (ii), FCCP (4 uM) (iii), and antimycin A (4 pM) (iv). (E) Rates of gluconeogenesis
were determined by measuring glucose concentrations in culture medium following the addition of gluconeogenic substrates (2 mM pyruvate plus 20 mM lactate
or 20 mM glycerol) with or without 0.1 mM cAMP. Baseline values in the presence of pyruvate and lactate (expressed as nmol/mg protein/h) were 350 = 14 for
Them2™'* and 268 = 26 for Them2~'~ hepatocytes. Baseline values in the presence of glycerol (expressed as nmol/mg protein/h) were 343 = 77 for Them2™*'*
and 339 + 17 for Them2~’~ hepatocytes. (F) Rates of glucose oxidation and de novo lipogenesis were determined by measuring the rates of incorporation of
[U-"*C]glucose (25 mM) into CO,, fatty acids, and sterols. For panels D to F, values reflect means of results from at least 3 experiments, each of which was
performed at least in triplicate. (G) Concentrations of TCA cycle intermediates in mitochondria isolated from mouse livers were quantified by GC-MS. Values
represent means of 5 determinations. Where not visualized, error bars are contained within the symbol sizes. An asterisk indicates a significant difference (P,
<0.05) between Them2"'" and Them2™'~ hepatocytes; a number sign indicates a significant difference (P, <0.05) between non-cAMP-treated and cAMP-
treated cells.

(Fig. 1F). There was a nonsignificant (P, 0.09) 42% decrease in  creased by 78% and 60%, respectively. Taken together, these find-
rates of glucose oxidation, as evidenced by reduced incorporation  ings demonstrate that an important hepatocellular function of
of [U-""Clglucose into CO, in hepatocytes cultured from Them2 isto promote the mitochondrial flux of gluconeogenic and
Them2~'~ mice. In findings indicative of decreased lipogenesis, lipogenic substrates through the TCA cycle. Additional evidence
rates of glucose conversion into fatty acids and sterols were de-  for impaired TCA cycle activity was derived from measurements
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FIG 2 Influence of Them2 expression on ADP/ATP ratios, AMPK activation, and gene expression in isolated hepatocytes. (A to C) Hepatocytes were treated for
6 h with 200 wM BSA-conjugated palmitic acid prior to measurement of ADP/ATP ratios (A), phosphoprotein and total-protein levels (with quantification by
densitometry after normalization of phosphoprotein expression to expression of the corresponding total protein) (B), and mRNA levels (C). (D) Hepatocytes
were incubated for 3 h in a gluconeogenic medium containing 2 mM pyruvate plus 20 mM lactate with or without 0.1 mM cAMP and were then harvested to
determine mRNA levels. (E) Them?2 expression was determined by immunoblot analysis following exposure to recombinant Ad-CMV-Them?2 for 16 or 40 h at
the indicated MOI. (F) Hepatocytes were infected with recombinant Ad-CMV-Them2 or Ad-CMV-GFP at an MOI of 40. Sixteen hours postinfection,
hepatocytes were incubated for 3 h in a gluconeogenic medium with 0.1 mM cAMP; then they were harvested for the determination of mRNA levels. For panels
A and F, values represent means of results from 4 determinations. For panels B and C, means represent results of =3 determinations. Both experiments are
representative of 2 or 3 independent experiments. For panel D, values are means of results for 6 to 9 samples generated in 2 or 3 independent experiments. An
asterisk indicates a significant difference (P, <0.05) between Them2*'* and Them2 '~ hepatocytes.

of TCA cycle intermediates in mitochondria isolated from livers.
The absence of Them2 was associated with increased steady-state
concentrations of pyruvate plus oxaloacetate, fumarate, and
malate (Fig. 1G).

In findings consistent with reduced rates of fatty acid oxida-
tion, ADP/ATP ratios were increased in Them2 '~ hepatocytes
(Fig. 2A). AMPK promotes fatty acid oxidation by phosphorylat-
ing ACC. This reduces the production of malonyl-CoA, which
inhibits carnitine palmitoyltransferase 1la (CPT1a) (22). Notwith-
standing the increase in ADP/ATP ratios, deletion of Them2 de-
creased phospho-AMPK (pAMPK)/total-AMPK ratios and
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PACC/total-ACC ratios by 28% and 36%, respectively (Fig. 2B).
These data suggest that reduced AMPK signaling might have con-
tributed, at least in part, to decreased fatty acid oxidation in
Them2 ™'~ hepatocytes.

Experiments with Them2 '~ mice suggested that Them2
might promote the hepatic oxidation of fatty acids by activation of
PPAR« (6). Apart from a modest nonsignificant (P, 0.08) decrease
in CPT1a levels under the current experimental conditions, we
observed no appreciable changes in mRNA expression levels of
PPAR« or its target genes, encoding fibroblast growth factor 21
(FGF21) and peroxisome proliferator-activated receptor -y coacti-
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vator la (PGCla) (23-26), in Them2™'~ hepatocytes (Fig. 2C).
Notwithstanding reduced rates of gluconeogenesis, mRNA levels
of PEPCK and glucose-6-phosphatase (G6P) were increased in the
absence of Them?2 expression (Fig. 2D), in keeping with the like-
lihood that attenuated gluconeogenesis in Them2 '~ hepatocytes
is a consequence of reduced TCA cycle activity. To determine
whether the upregulation of these genes could be attributable to
compensatory changes, we used an adenovirus to rescue the ex-
pression of Them?2. Figure 2E shows that Them2 expression was
restored in Them2 '~ hepatocytes at 16 h following Ad-CMV-
Them? infection at a multiplicity of infection (MOI) of 40. Acute
restoration of Them2 expression resulted in a trend toward de-
creased mRNA expression of PEPCK and Gé6P (Fig. 2F).

PC-TP promotes fatty acid oxidation and gluconeogenesis.
The enzymatic activity of Them?2 is enhanced by interactions with
PC-TP (3),and Pctp~’~ mice exhibit key similarities to Them2 ™'~
mice, including reduced plasma B-hydroxybutyrate concentra-
tions (11). To marshal evidence for a regulatory role for PC-TP in
Them2-mediated effects on TCA cycle activity, we subjected
Pctp™'~ hepatocytes to a similar series of measurements. As ob-
served in Them2™'~ hepatocytes, lack of PC-TP expression re-
duced the incorporation of [1-'*C]palmitate into ASM and CO,
by 29% and 43%, respectively (Fig. 3A). OCR values were also
lower in Pctp ™'~ hepatocytes following exposure to palmitic acid
(Fig. 3B). In the presence of pyruvate, the loss of PC-TP expres-
sion was associated with nonsignificant reductions in basal OCR
(Fig. 3C). However, maximal values were increased in Pctp™'™
hepatocytes, a result indicative of enhanced mitochondrial respi-
ratory capacity in the absence of PC-TP expression (Fig. 3C). As
observed in the absence of Them2, PC-TP expression had no effect
on the function of isolated liver mitochondria (Fig. 3D).

As with Them2 ™'~ hepatocytes, basal glucose production rates
tended to be reduced (P, 0.07) by 33% in Pctp~’~ hepatocytes (Fig.
3E), whereas there was a marked (40%) reduction in cAMP-stim-
ulated glucose production rates. In keeping with the effects of
Them?2 expression, PC-TP expression had no effect on glucose
production in the presence of glycerol (Fig. 3E), indicating that
decreased TCA cycle activity was most likely responsible for the
reduction in gluconeogenesis in Pctp '~ hepatocytes. In contrast
to observations with Them2™'~ hepatocytes, PC-TP had no effect
on rates of [U-"*C]glucose incorporation into CO,, fatty acids, or
sterols (Fig. 3F). Moreover, steady-state concentrations of TCA
cycle intermediates were unchanged in mitochondria isolated
from Pctp™’~ mice (Fig. 3G). These data suggest that mitochon-
drial metabolism is only partially affected by PC-TP expression.

In keeping with reduced rates of fatty acid oxidation, ADP/
ATP ratios were increased in Pctp '~ hepatocytes (Fig. 4A), as was
observed for Them2 '~ hepatocytes. The pAMPK/total-AMPK
ratios were also slightly decreased, but there were no changes in
the pACC/total-ACC ratios (Fig. 4B). In contrast to the findings
for Them2™'~ hepatocytes, loss of PC-TP expression was associ-
ated with marked increases in mRNA levels of CPT1a, FGF21, and
PGCla (Fig. 4C), notwithstanding decreased rates of fatty acid
oxidation. Expression of Them2 mRNA (Fig. 4C) and protein
(Fig. 4B) was reduced in the absence of PC-TP expression. In
contrast to those in Them2 '~ hepatocytes, mRNA levels of the
gluconeogenic PEPCK and G6P genes were unchanged in the ab-
sence of PC-TP expression (Fig. 4D). Taken together, these find-
ings strongly suggest that PC-TP regulates Them?2 activity in hepa-
tocytes but that transcriptionally mediated adaptive changes in
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fatty acid metabolism may partially compensate for the regulatory
effects. To assess whether these were compensatory changes, we
used an adenovirus to rescue the expression of PC-TP. Figure 4E
shows that PC-TP expression was restored in Pctp™ '~ hepatocytes
at 16 h following Ad-CMV-PC-TP infection at an MOI of 5. How-
ever, the restoration of PC-TP in Pctp ™'~ hepatocytes neither res-
cued Them2 expression nor reduced the expression of PPARa
target genes (Fig. 4F).

Requirement for Them2 in PC-TP-mediated regulation of
mitochondrial metabolism. To provide further evidence for a
regulatory effect of PC-TP on Them?2 and to exclude the possibil-
ity that reduced rates of fatty acid oxidation in Pctp~’~ hepato-
cytes reflected chronic adaptation, we utilized compound Al, a
small-molecule inhibitor that rapidly inactivates PC-TP by com-
petitively inhibiting phosphatidylcholine binding, increasing the
thermal stability of the protein and disrupting its interactions with
Them?2 (10, 17, 27). In results consistent with a direct effect of
PC-TP on fatty acid oxidation, compound A1l reduced OCR val-
ues in the presence of palmitic acid in Pctp '™ hepatocytes but not
in Pctpil ~ hepatocytes (Fig. 5A). Also indicative of the require-
ment of Them2 expression for PC-TP-mediated regulation was
the finding that OCR values were reduced in Them2*'* but not in
Them2~'~ hepatocytes (Fig. 5B).

In Pctp™’* and Them2*'* hepatocytes, compound Al sup-
pressed basal but not cAMP-stimulated glucose production rates
when pyruvate and lactate were utilized as gluconeogenic sub-
strates (Fig. 5C and D). These effects were not observed in hepa-
tocytes lacking either PC-TP or Them?2. Also consistent with an
effect of PC-TP on TCA cycle flux was the finding that the rates of
glycerol gluconeogenesis were not affected by chemical inhibition
of PC-TP (i.e., a nonsignificant 3.5% = 4.4% reduction). These
findings suggest that fully elevated TCA cycle activity could com-
pensate for the partial defect in fatty acid oxidation.

As observed in Pctp~’~ hepatocytes, compound Al reduced
AMPK phosphorylation without affecting the phosphorylation of
ACC (Fig. 6A). However, under conditions of short-term chemi-
cal inactivation of PC-TP, we no longer observed increases in the
expression of genes that promote fatty acid oxidation (Fig. 6B).
Nor were there changes in the expression of Them2 mRNA or
protein (Fig. 6A and B). As in the absence of PC-TP expression,
there was no effect of PC-TP inhibition on gluconeogenic gene
expression (Fig. 6C and D).

The observations that Them?2 expression and PC-TP expres-
sion similarly promote fatty acid oxidation and gluconeogenesis,
but that only Them2 expression promotes lipogenesis, suggest the
possibility that a Them2—-PC-TP complex plays a primarily regu-
latory role in cellular metabolism under fasting conditions but
that Them2 might act independently under fed conditions. To
further test these possibilities, we examined the expression levels
of Them?2 and PC-TP, as well as their interactions, under fed and
fasting conditions (Fig. 7). Whereas Them2 expression and
PC-TP expression were not appreciably affected by fasting or feed-
ing, there were marked increases in Them2—PC-TP interactions
during fasting, as evidenced by a 3.2-fold increase in the coimmu-
noprecipitation of Them2 by PC-TP.

DISCUSSION

This study was designed to understand the metabolic role of
Them? in the liver and its regulation by PC-TP. The main findings
were as follows: (i) rates of fatty acid oxidation and gluconeogen-
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FIG 3 PC-TP regulates rates of fatty acid oxidation and gluconeogenesis but not lipogenesis in isolated hepatocytes. (A and B) Fatty acid oxidation rates were
determined by measuring the incorporation of [1-'*C]palmitate (200 uM) into ASM and CO, (A) and the OCR following the addition of 300 .M palmitate
(arrow) (B). (C) (Left) Mitochondrial respiratory function was assessed by measuring OCR following sequential exposure of hepatocytes to oligomycin (2 uM)
(i), FCCP (1 M) (ii), and antimycin A (1 wM) plus rotenone (1 wM) (iii). (Right) AUC for basal (start to i) and maximal (ii to iii) OCR values. For panels A to
C, values represent means of results from 3 determinations, except for OCR values, which reflect means of results from 10 determinations. Each experiment is
representative of 3 independent experiments. (D) Mitochondrial fatty acid oxidation was evaluated by measuring OCR in the presence of 80 uM palmitoyl-
carnitine following the addition of ADP (4 mM) (i), oligomycin (2.5 pg/ml) (ii), FCCP (4 wM) (iii), and antimycin A (4 uM) (iv). (E) Rates of gluconeogenesis
were determined by measuring glucose concentrations in culture medium following the addition of gluconeogenic substrates (2 mM pyruvate plus 20 mM lactate
or 20 mM glycerol) with or without 0.1 mM cAMP. Baseline values in the presence of pyruvate and lactate (expressed as nmol/mg protein/h) were 559 * 34 for
Pctp™'™ and 376 = 68 for Pctp~'~ hepatocytes. Baseline values in the presence of glycerol (expressed as nmol/mg protein/h) were 602 % 18 for Pctp™* and 616 =
95 for Pctp '~ hepatocytes. (F) Rates of glucose oxidation and de novo lipogenesis were determined by measuring the incorporation of [U-"*C]glucose (25 mM)
into CO.,, fatty acids, and sterols. For panels D to F, values reflect means of results from at least 3 experiments, each of which was performed at least in triplicate.
(G) Concentrations of TCA cycle intermediates in isolated mitochondria were quantified by GC-MS. Values represent means of results from 5 determinations.
Where not visualized, error bars are contained within the symbol sizes. An asterisk indicates a significant difference (P, <0.05) between Pctp™'* and Pctp™/~
hepatocytes; a number sign indicates a significant difference (P, <0.05) between non-cAMP-treated and cAMP-treated cells.

esis were decreased by genetic ablation of Them2 or PC-TP, de-  sion of PPARa and its target genes that promote fatty acid oxida-
spite preserved mitochondrial function; (ii) the absence of Them2  tion; and (iv) chemical inhibition of PC-TP reduced fatty acid
but not PC-TP expression was associated with decreased rates of  oxidation and gluconeogenesis only in the presence of Them?2.
glucose oxidation and lipogenesis; (iii) the absence of PC-TP but  Taken together, these findings provide evidence for key roles of
not Them?2 expression was associated with increases in the expres-  Them2 and PC-TP in promoting hepatic TCA cycle activity.
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FIG 4 Influence of PC-TP expression on ADP/ATP ratios, AMPK activation, and gene expression in isolated hepatocytes. (A to C) Hepatocytes were treated for
6 h with 200 uM BSA-conjugated palmitic acid prior to measurement of ADP/ATP ratios (A), phosphoprotein and total-protein levels (with quantification by
densitometry after normalization of phosphoprotein expression to expression of the corresponding total protein and of Them?2 to B-actin) (B), and mRNA levels
(C). (D) Hepatocytes were incubated for 3 h in a gluconeogenic medium containing 2 mM pyruvate plus 20 mM lactate with or without 0.1 mM cAMP and were
then harvested to determine mRNA levels. (E) PC-TP expression was determined by immunoblot analysis following exposure to recombinant Ad-CMV-PC-TP
for 16 or 40 h at the indicated MOI. (F) Hepatocytes were infected with recombinant Ad-CMV-PC-TP or Ad-CMV-GFP at an MOI of 5. Sixteen hours later,
hepatocytes were treated for 6 h with 200 wM BSA-conjugated palmitic acid; they were then harvested for the determination of mRNA levels. For panels A and
F, values represent means of results from 4 determinations. For panels B and C, values represent means of results from =3 determinations. Both experiments are
representative of 2 or 3 independent experiments. For panel D, values are means of results for 6 to 9 samples generated in 2 or 3 independent experiments. An
asterisk indicates a significant difference (P, <0.05) between Pctp*’* and Pctp™'~ hepatocytes.

The mitochondrial uptake of fatty acids requires their conver-  hypoglycemia due to reduced gluconeogenesis in the setting of
sion to acyl-CoA molecules (26). CPT1a is the transporter on the impaired fatty acid oxidation, as well as with our prior reports
outer mitochondrial membrane that catalyzes the initial step in  that both Them2 ™'~ and Pctp™’~ mice exhibit lower rates of
the uptake of fatty acyl-CoA esters. Considering that CPT1la re- hepatic glucose production when fed a high-fat diet (6, 17).
sides with long-chain acyl-CoA synthetase (ACSL) on mitochon-  The effects of genetic ablation of Them2 and PC-TP on cAMP-
dria (28), the uptake of fatty acids appears to be coupled mecha-  stimulated rates of gluconeogenesis were more striking than
nistically to esterification to CoA (29). A requirement for newly the modest effects on basal rates, likely because cAMP enhances
esterified fatty acyl-CoA esters would imply that cytosolic fatty not only gluconeogenesis but also fatty acid oxidation (31).
acyl-CoA esters must be converted to free fatty acids and then  This possibility is supported by the lack of a significant effect of
newly reesterified. The reduced rates of fatty acid oxidation in compound Al on rates of gluconeogenesis following treatment
Them2 '~ and Pctp~ '~ hepatocytes suggest a role for a Them2—  of hepatocytes with cAMP, which would not likely alter TCA
PC-TP complex in providing ACSL with both free fatty acids and ~ flux in the short term.

CoA substrates to facilitate their esterification and mitochondrial When glucose was provided to cells as the energy source, the
uptake. expression of Them?2, but not that of PC-TP, promoted glucose

Our data suggest that Them2-mediated oxidation of fatty oxidation along with glucose-derived lipogenesis. Once taken up
acids is required for efficient gluconeogenesis. This is consis- into hepatocytes, glucose is processed by glycolysis to pyruvate,
tent with observations in mice (13) and in humans (30) of which enters the TCA cycle for oxidation. Excess TCA cycle inter-
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FIG 5 Chemical inactivation of PC-TP leads to Them2-dependent suppression of fatty acid oxidation and gluconeogenesis in isolated hepatocytes. (A and B)
Hepatocytes were treated with a vehicle (dimethyl sulfoxide at a final concentration of 0.0025%) or 500 nM compound Al (i), and then the influence of PC-TP
(A) or Them?2 (B) expression on OCR was determined following the addition of 300 uM palmitic acid (ii) as indicated by the arrow. Values reflect means of results
from 10 determinations of OCR, and each experiment is representative of 3 independent experiments. (C and D) The influence of PC-TP (C) and Them?2 (D)
expression on the compound Al-induced reduction in gluconeogenesis was assessed by measuring rates of basal and cAMP-stimulated glucose production in the
presence of 2 mM pyruvate plus 20 mM lactate and 500 nM compound Al. Baseline values in the absence of cAMP (expressed as nmol/mg protein/h) were as
follows: 304 = 21 for Pctp™’™* and 476 =+ 93 for Pctp™'~ hepatocytes; 262 *+ 26 for Them2™'™ and 296 = 48 for Them2™'~ hepatocytes. Baseline values in the
presence of cCAMP (expressed as nmol/mg protein/h) were as follows: 550 = 28 for Pctp™/* and 433 =+ 43 for Pctp~'~ hepatocytes; 429 = 39 for Them2*'* and
453 = 69 for Them2 ™'~ hepatocytes. Values reflect means of results from at least 3 experiments, each of which was performed in triplicate. Where not visualized,
error bars are contained within the symbol sizes. A dagger indicates a significant difference (P, <0.05) between compound A1 and the vehicle control; an asterisk
indicates a significant difference (P, <0.05) between Pctp™'* and Pctp~'~ hepatocytes or between Them2™'™ and Them2™'~ hepatocytes.

mediates are diverted out of mitochondria as citrate, which is
utilized for de novo lipogenesis (32). Accordingly, lower rates of
both glucose oxidation and lipogenesis de novo in Them2 '~
hepatocytes are most likely explained by impaired TCA cycle ac-
tivity in the absence of Them2 expression. This was evidenced
both by reduced basal OCR values in Them2 '~ hepatocytes in-
cubated in the presence of pyruvate and by compensatory changes
in the concentrations of TCA cycle intermediates. In keeping with
these findings, increased hepatic fatty acyl-CoA concentrations,
which were observed previously in the livers of Them2 '~ mice
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(6), would be expected to reduce glucose utilization by inhibiting
phosphofructokinase activity (33). These effects were not ob-
served in Pctp~’~ hepatocytes, suggesting that Them2—PC-TP in-
teractions are not involved in regulating glucose oxidation and
lipogenesis.

A notable difference between Them2™'~ and Pctp™'~ hepato-
cytes was the upregulation of PPAR«x target genes in Pctp '~
hepatocytes. Because fatty acid oxidation rates were decreased in
the absence of PC-TP expression, this upregulation most likely
reflected a long-term compensatory effect. This possibility is sup-

Molecular and Cellular Biology


http://mcb.asm.org

Them2 and PC-TP Regulate Lipid and Glucose Metabolism

A [Compound A1], nM 0 500
PAMPK |‘- - e - —-| [ Vehicle
Compound A1
AMPK [ o o= o oo =] 20
pacC [W W W W W W Z 45
{ o=
= Q
Acc (N Mm|m™- £ 40 *
(]
PC-TP |....-.-—-.-....| % 05
@
ACC
B-Actin | T _l PAMPK p Them2
B
15
<7
>
g3 10 |
ES
22
= 0
5z 05}
3
O 1 1 1 1 1
(<4 @ ~ (4 A%
g §£ 5 s &
¢ O & q N
C D y
Pcto** Petp'- Them2*"* Them2*
2.0 2.0
<0 <
55 15 E E 15
€S Es
g 10 23 1.0
7O s g
= & S
g gos g 05
0 . - 0 ; :
PEPCK G6P  PEPCK G6P PEPCK G6P PEPCK G6P

FIG 6 Influence of PC-TP inhibition on gene expression and AMPK activation in isolated hepatocytes. (A and B) Hepatocytes were incubated for 6 h in
serum-free Williams’ medium E containing 200 M BSA-conjugated palmitic acid with a vehicle (dimethyl sulfoxide at a final concentration of 0.0025%) or 500
nM compound Al and were then harvested to determine phosphoprotein and total-protein levels (with quantification by densitometry after normalization of
phosphoprotein expression to corresponding total-protein expression and of Them2 to B-actin) (A) and mRNA levels (B). Means represent results of =3
determinations. Both experiments are representative of 2 or 3 independent experiments. (C and D) Hepatocytes were incubated for 3 h in glucose-free DMEM
containing 2 mM pyruvate plus 20 mM lactate with a vehicle (dimethyl sulfoxide at a final concentration of 0.0025%) or 500 nM compound A1 and were then
harvested for the determination of mRNA levels. Values are means of results for 6 samples generated in 2 independent experiments. An asterisk indicates a

significant difference (P, <0.05) between compound Al and the vehicle control.

ported by the finding that acute restoration of PC-TP expression
using a recombinant adenovirus did not reverse the increases in
PPAR« target gene expression in Pctp”’~ hepatocytes. Because
PGCla promotes mitochondrial biogenesis (34), upregulation of
PGCla presumably explains the increase in maximal OCR values
in the absence of PC-TP expression. Under these conditions,
lower rates of fatty acid oxidation in Pctp™’~ hepatocytes were
most likely attributable to reduced Them?2 expression, as well as to
suboptimal Them?2 activity in the absence of PC-TP. The lack of
upregulation of PPAR« target genes in Them2 '~ hepatocytes
may be explained on the basis of reduced AMPK activity, which
also promotes the activity of PPARa (35). Although there were
modest reductions in AMPK activityin Pctp '~ hepatocytes, these
were not accompanied by reduced phosphorylation of ACC, a key
target of AMPK. This possibility is further supported by increased
mRNA levels of PEPCK and G6P in Them2~'~ but not Pctp '~
hepatocytes (36). Because ADP/ATP ratios were increased in the
setting of reduced rates of fatty acid oxidation, reduced AMPK
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activity was likely attributable to inhibition by fatty acyl-CoA es-
ters (37), which accumulate in mouse liver in the absence of
Them2 but not in the absence of PC-TP (6, 9).

In support of a regulatory role of a Them2—PC-TP complex in
TCA cycle activity, compound Al suppressed both fatty acid oxi-
dation and basal rates of gluconeogenesis only when both proteins
were expressed in hepatocytes. We have demonstrated previously
that compound Al inactivates PC-TP without altering its expres-
sion (10, 17) and dissociates the Them2—PC-TP complex (10). In
keeping with this mechanism, compound Al-mediated reduc-
tions in fatty acid oxidation and gluconeogenesis were most likely
mediated by the effects of PC-TP on Them?2 activity. In contrast to
the genetic deletion of PC-TP, PPAR« target genes were not acti-
vated in the setting of acute PC-TP inhibition. This further sup-
ports the likelihood that increased mRNA levels of PPAR« target
genes observed in Pctp~ /™ hepatocytes represented compensatory
responses to chronic decreases in rates of fatty acid oxidation.

Our data, when taken together with prior observations in
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FIG 7 Increased Them2-PC-TP interactions in the liver during fasting.
Wild-type FVB/NJ mice either were fed chow or were fasted overnight
prior to harvesting of livers. Expression levels of Them2 and PC-TP were
determined by immunoblot analysis and were quantified by densitometry
after normalization to B-actin. The amounts of Them2 pulled down by
immunoprecipitation of PC-TP were quantified by densitometry for fasted
and fed mice. Data are representative of results from 2 independent exper-
iments. The asterisk indicates a significant difference (P, <0.05) between
fasted and fed mice.

Them2™'~ and Pctp™'~ mice, suggest the mechanistic model pro-
posed in Fig. 8. As we have reported recently (10), a complex of
Them2-PC-TP suppresses insulin signaling by reducing the acti-
vation of IRS2, as well as by stabilizing the tuberous sclerosis 1
(TSC1)-TSC2 complex, which suppresses mTOR activity. In the
presence of increased hepatocellular fatty acid concentrations, as
is the case during fasting, PC-TP stimulates Them2-mediated hy-
drolysis of fatty acyl-CoA esters to free fatty acids, which are rees-
terified by ACSL and channeled by CPT1a for mitochondrial ox-
idation. This promotes TCA cycle activity, which in turn facilitates
gluconeogenesis. In contrast, in the presence of high glucose con-
centrations during feeding, Them2-mediated increases in TCA
cycle activity promote glucose oxidation (not shown in Fig. 8).
This, together with increased TCA cycle activity, leads to increased
de novo lipogenesis.

The marked increases in Them2-PC-TP interactions in the
livers of fasted mice are in keeping with the model in Fig. 8, as well
as with our prior proposal that this interaction may be enhanced
by conformational changes in PC-TP that occur upon the binding
of phosphatidylcholines with more unsaturated fatty acyl chains
(10, 12). In this connection, PPARa activation promotes the syn-
thesis of polyunsaturated fatty acids (38, 39) and modulates the
molecular species of phosphatidylcholines in the liver (40).

In contrast to what is observed in hepatocytes in hepatocytes,
Them?2 and PC-TP in brown adipocytes reduce rates of norepi-
nephrine-stimulated fatty acid oxidation (4, 7). Whereas recipro-
cal regulation of fatty acid oxidation in the liver and brown adi-
pose tissue is in keeping with the role of the liver in supplying
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FIG 8 Schematic model for metabolic regulation by Them2 and PC-TP in
hepatocytes. A complex of Them2 and PC-TP is postulated to regulate
nutrient homeostasis within hepatocytes by suppressing insulin signaling
and promoting fatty acid oxidation. Fasting promotes the interactions be-
tween Them2 and PC-TP. This could be attributable to PPARa-mediated
enrichment of membranes with unsaturated phosphatidylcholines (38—
40), which may induce conformational changes in PC-TP that favor bind-
ing to Them2 (12). (Top) As described previously (10), the Them2-PC-TP
complex limits insulin signaling by decreasing IRS2 activation and stabi-
lizing the TSC1-TSC2 complex, which suppresses mTOR. (Adapted from
Science Signaling [10].) (Bottom) The Them2-PC-TP complex also cata-
lyzes the hydrolysis of fatty acyl-CoA esters to free fatty acids and CoA,
which are then reesterified by ACSL and transported by CPT1a into mito-
chondria for oxidation. Because fatty acyl-CoA esters inhibit AMPK (37),
their hydrolysis leads to activation of the kinase, which increases the activ-
ities of both CPT1a and PPARa, further promoting fatty acid oxidation.
The overall effect of the Them2-PC-TP complex is to enhance TCA cycle
activity. Under fasting conditions, this increases rates of gluconeogenesis.
Under fed conditions (not shown), when hepatocellular glucose concen-
trations are high, Them2—-PC-TP interactions are reduced. In this setting,
the Them2-mediated increases in TCA cycle activity are still sufficient to
promote glucose oxidation and de novo lipogenesis. Dashed arrows indi-
cate binding events; solid arrows indicate stimulation; solid lines with line
stops indicate inhibition. The blue arrows trace the metabolic fate of fatty
acids, and the red arrow represents the influence of TCA cycle activity on
glucose utilization. PI3K, phosphoinositide 3-kinase.

nutrients to oxidative tissue during fasting, this would also suggest
that Them2 and PC-TP regulate the access of fatty acyl-CoA mol-
ecules to mitochondria by distinct molecular mechanisms in these
two tissues. Studies using mice with tissue-specific deletion of
Them?2 and PC-TP may be expected to help dissect these mecha-
nisms of metabolic regulation.
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