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Abstract Acyl-CoA thioesterase (Acot)2 localizes to the mi-
tochondrial matrix and hydrolyses long-chain fatty acyl-CoA
into free FA and CoASH. Acot2 is expressed in highly oxi-
dative tissues and is poised to modulate mitochondrial FA
oxidation (FAO), yet its biological role is unknown. Using a
model of adenoviral Acot2 overexpression in mouse liver
(Ad-Acot2), we show that Acot2 increases the utilization of
FA substrate during the daytime in ad libitum-fed mice, but
the nighttime switch to carbohydrate oxidation is similar to
control mice. In further support of elevated FAO in Acot2
liver, daytime serum ketones were higher in Ad-Acot2 mice,
and overnight fasting led to minimal hepatic steatosis as
compared with control mice. In liver mitochondria from Ad-
Acot2 mice, phosphorylating O, consumption was higher
with lipid substrate, but not with nonlipid substrate. This
increase depended on whether FA could be activated on
the outer mitochondrial membrane, suggesting that the FA
released by Acot2 could be effluxed from mitochondria
then taken back up again for oxidation. This circuit would
prevent the build-up of inhibitory long-chain fatty acyl-CoA
esters.Hl Altogether, our findings indicate that Acot2 can en-
hance FAO, possibly by mitigating the accumulation of FAO
intermediates within the mitochondrial matrix.—Moffat, C.,
L. Bhatia, T. Nguyen, P. Lynch, M. Wang, D. Wang, O. R.
Ilkayeva, X. Han, M. D. Hirschey, S. M. Claypool, and E. L.
Seifert. Acyl-CoA thioesterase-2 facilitates mitochondrial
fatty acid oxidation in the liver. J. Lipid Res. 2014. 55:
2458-2470.
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Pathophysiological mechanisms that underlie metabolic
dysfunction such as insulin resistance and nonalcoholic
fatty liver disease are complex. A role for mitochondrial
FA oxidation (FAO) as a driver of dysfunction has been
postulated (1-3), yet the mechanistic link between cellular
metabolic dysfunction and mitochondrial FAO remains
poorly defined (2). Insight would be gained by a better
understanding of FAO. In particular, the modulation of
B-oxidation substrates and intermediates by mechanisms
within the mitochondria is poorly understood, but is of
interest in the context of evidence suggesting that long-
chain fatty acyl-CoA esters can inhibit FAO (4-6).

Acyl-CoA thioesterases (Acots) in mitochondria, by vir-
tue of their major substrates (long-chain fatty acyl-CoAs)
and hydrolase activity which generates FA anion and free
CoASH, have the potential to modulate the levels of FAO
substrates and intermediates, and consequently to modu-
late FAO. The Acots are classified as type I or II based on
catalytic domain structure, and localize to the cytosol, per-
oxisomes, and mitochondria. The mitochondrial Acots
are Acot2 (mitochondrial matrix) (7), Acot9 (matrix) (8),
Acotlb/Themb (matrix) (9), Acotll/Theml (outside the
matrix) (10), and Acotl3/Them2 (outside the matrix)
(11). All are type II thioesterases except for Acot2. The
only matrix-localized Acot for which a functional role has
been delineated is Acotlb. Its germline deletion in mice
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lowered FAO and pyruvate oxidation and increased the
level of monolysocardiolipin (MLCL) in liver mitochon-
dria (9). MLCL is derived from the mitochondrial-specific
phospholipid, cardiolipin (CL) (12). Because the major
substrate for Acotlb is linoleoyl-CoA, and linoleic acid is
the predominant acyl side chain in CL, it was concluded
that the broad changes in mitochondrial function with
Acotlb deletion reflected changes in CL. metabolism (9).
Similar to Acotlb, Acot2 is expressed in the liver, albeit
at low levels, and is also expressed in cardiac and skeletal
muscle (13-17), and is upregulated by fasting, streptozotocin-
induced diabetes, and peroxisome proliferator-activated
receptor agonists (13, 15-17). Its major substrates are
palmitoyl-CoA (PCoA) and myristoyl-CoA (MCoA) (18),
which positions Acot2 as a potential regulator of long-
chain fatty acyl-CoA entry into FAO. While a role for Acot2
has been defined in steroidogenic cells (19, 20), its role in
highly oxidative tissues is unknown. Here we investigated
the biological role of Acot2 in nonsteroidogenic cells. To
this end, we overexpressed Acot2 in the liver of mice
[model of adenoviral Acot2 overexpression in mouse liver
(Ad-Acot2)]. Ad-Acot2 mice had higher FA utilization dur-
ing the rest phase of the day, but readily switched to carbo-
hydrate oxidation at night. In isolated Ad-Acot2 liver
mitochondria, phosphorylating O, consumption (JO,) was
elevated with lipid substrate, but not nonlipid substrate.
While the MLCL pool was expanded in Ad-Acot2 liver mi-
tochondria, total CL was unchanged. Overall our findings
suggest that Acot2 enhances FAO. Unlike Acotl5, the influ-
ence of Acot2 on mitochondrial substrate oxidation is spe-
cific to FAO and may be independent of changes in CL.

MATERIALS AND METHODS

Reagents

Unless otherwise stated, all reagents were purchased from
Sigma-Aldrich.

Mice, adenoviruses, and adenoviral injection

All protocols were approved by the Thomas Jefferson University
Institutional Animal Care and Use Committee. Experiments were
performed on 10-13-weck-old male C57BL/6] mice from our
breeding colony. Mice were maintained on a 12-12 h light-dark
cycle (lights on: 7:00 AM to 7:00 PM) and ad libitum fed a standard
diet (LabDiet 5001, Purina). Some mice were fasted overnight
(7:00 PM to 9:00 AM). Adenoviruses harboring mouse Acot2
cDNA driven by the cytomegalovirus promoter (Ad-Acot2), or the
cytomegalovirus promoter only (control: Ad-Ctrl), were gener-
ated, double Cs" purified, and the viral titer was determined (Vec-
tor Biolabs, Philadelphia, PA). Adenoviruses (2 x 10° pfu/mouse)
diluted in saline were administered via the tail vein. Mice were
monitored for several hours postinjection, and did not react ad-
versely to the injection. Mice were studied 4-7 days postinjection.

Indirect calorimetry, food intake, and spontaneous
activity analysis

Whole-body JOy (VO,) and CO, production, food intake, and
locomotor activity were monitored in mice 5-6 days post adeno-
virus injection using the Comprehensive Lab Animal Monitoring
System (Columbus Instruments, Columbus, OH). Mice were

housed individually and were allowed to acclimatize to the setup
prior to data collection.

Analyses of metabolites in serum, blood, and tissue

All samples were harvested at ~9:00 AM, unless otherwise
stated, from fed or fasted mice. Mice were anesthetized with iso-
fluorane, then blood was withdrawn via the inferior vena cava
using a 23 gauge needle, allowed to clot at room temperature,
and then centrifuged at 4,000 g to obtain serum. Nonesterified
FAs (NEFAs) (WAKO Chemicals, Richmond, VA), triglycerides
(Tgs) (Stanbio Laboratory, Boerne, TX), and B-hydroxybutyric
acid (Stanbio Laboratory) were measured according to manufac-
turers’ protocols. Hepatic Tg secretion was measured in whole
blood from mice after a 5 h fast (start 10:00 AM) followed by in-
jection of Tyloxapol (500 mg/kg) via the tail vein to inhibit Tg
clearance. Blood samples were collected prior to Tyloxapol injec-
tion, and then hourly postinjection for 4 h. For Tg determination
in the liver, livers (~50-100 mg each) were rapidly dissected
from mice euthanized by decapitation, and then snap-frozen in
liquid nitrogen until processing.

Liver mitochondria isolation

Liver mitochondria were isolated as described (21). Mice were
euthanized by decapitation at ~9:00 AM. All steps were per-
formed on ice or at 4°C. Livers were dissected, washed in liver
medium (LM) [250 mM sucrose, 10 mM Tris-HCI, 0.1 mM EGTA
(pH 7.4)], and then minced by razor blade. Minced tissue was
suspended in LM + 0.5% defatted BSA in a Potter-Elvehjem
homogenizer and processed using a motorized homogenizer
(500 rpm, 12 passes). Samples were centrifuged (10 min, 600 g).
The supernatant was centrifuged again (10 min, 600 g), and then
for 10 min at 7,000 g The pellet was resuspended in LM then
washed twice. The final pellet was resuspended in a minimal vol-
ume of LM for a protein concentration of ~25 mg/ml, as deter-
mined by BCA assay (Life Technologies, Carlsbad, CA).

Isolation and culture of primary hepatocytes

Hepatocytes were isolated from mice, 7 days post adenovirus
injection, by in situ retrograde perfusion of the liver and collage-
nase digestion. The liver was perfused [31.5 mM glucose,
100 mM NaCl, 2.5 mM KCl, 1 mM KH,PO,, 25 mM HEPES (pH 8.5),
and 0.5 mM glutamine supplemented with an amino acid solu-
tion; at 9 ml/min, 37°C) by cannulating the inferior vena cava
with outflow through the portal vein. Blood and endogenous
calcium were washed out with EGTA (0.5 mM EGTA in perfu-
sion solution). The liver was then perfused with collagenase
(180 cdu/ml type I collagenase in perfusion solution). Once suf-
ficiently digested (~10 min), the reaction was stopped by placing
the liver in ice-cold buffer (perfusion solution plus 0.2% deffated
BSA). Cells were gently liberated, filtered, and pelleted (40 g,
3 min, 4°C). Hepatocytes were seeded onto collagen-coated culture
plates and cultured overnight in William’s E medium plus 1 mM
glutamine, 1% Penn/Strep, 25 ng/ml gentamycin, and 1 pM
dexamethasone.

Bioenergetics analyses in isolated mitochondria and
hepatocytes

JOy was measured using the Seahorse XF24 analyzer (Seahorse
Bioscience, Billerica, MA). Isolated mitochondria were studied
essentially according to (22). Each well of the custom microplate
contained 10 ug of mitochondria suspended in mitochondrial
isolation medium [70 mM sucrose, 22 mM mannitol, 10 mM
KH,PO,, 5 mM MgCl,, 2 mM HEPES, 1 mM EGTA, 0.2% defat-
ted BSA (pH 7.4) at 37°C]. The microplate was centrifuged
(2,000 g, 20 min, 4°C) to promote adhesion of mitochondria to
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the plastic. Attachment was verified after centrifugation and
again after experiments. Substrate conditions are described in
the Results. Oligomycin (4 pg/ml) was used to measure leak-
dependent JO,. Hepatocytes were seeded (20,000/well) then
studied within 24 h in DMEM plus 5 mM glucose. Palmitate (con-
jugated 3:1 with BSA) was added during the assay, followed by
oligomycin (500 ng/ml), and then 1 pM antimycin to measure
nonmitochondrial JO,. The residual antimycin JO, was sub-
tracted from the other rates to obtain mitochondrial JO,.
Proton-motive force was measured in mitochondria using 5 pM
safranin O dye and in the presence of nigericin (0.4 pg/ml) (21).

Thioesterase activity and kinetic analysis

Samples were diluted to 20 pwg/pl in mitochondrial isolation
medium and subjected to five freeze-thaw cycles. Reactions were
carried out in a total volume of 300 pl in reaction buffer [50 mM
KCl, 10 mM HEPES (pH 7.6)] at 37°C. Samples (40 ng/well)
were added to prewarmed buffer and 0.3 mM DTNB. Absorbance
at 412 nm was read (every 30 s for 3 min), and then substrate was
added and absorbance was measured at 412 nm (every 15 s for
5 min). Initial rates (V;) were calculated by determining the max-
imal rate by iterative linear regression using at least five consecu-
tive time points. Thioesterase activity was determined using a
molecular extinction coefficient of 13,600 M~ 'em ™. Enzyme ki-
netics was analyzed by nonlinear regression using GraphPad
Prism6: values of V; were fitted to the Michaelis-Menten equation
Vo = Vo [S1/([S] + K,,) where [S] is the substrate concentration,
yielding the maximal velocity (V;,,,) and the Michaelis-Menten
constant (K,,).

Western blotting

To prepare lysates, tissue was homogenized in RIPA buffer con-
taining inhibitors of proteases (Roche Applied Science, Branford,
CT) and phosphatases (Sigma-Aldrich), incubated on ice for
40 min, and then cleared (18,000 g, 15 min, 4°C). Protein con-
centration was determined by the BCA method. For mitochon-
dria, an aliquot of mitochondria was placed in sample buffer
immediately upon completion of the isolation procedure. Sam-
ples were loaded onto an 8 or 10% polyacrylamide gel, electro-
phoresed, transferred onto nitrocellulose, and blocked with
Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE). All
primary antibodies were diluted in TBS-T. Acot2 expression was
probed using one of two different custom polyclonal antibodies
(1:250 dilution, 21st Century Biochemicals or 1:2,000, a gift from
Stefan Alexson, Karoliska Intitute). All other antibodies: [Ab-
cam: carnitine palmitoyltransferase (CPT)1A 1:1,000, Complex I
(39 kDa subunit) 1:1,000, Complex II (SDHA subunit) 1:10,000,
Complex III' (Core 1 subunit) 1:1,000, Complex IV (Cox1 sub-
unit) 1:2,000, Complex V (a subunit) 1:1,000, prohibitin 1:1,000;
Advanced Immunochemical Incorporated: GAPDH 1:12,000; BD
Pharmingen: cytochrome c 1:1,000; Cell Signaling: acetylated-
lysine (#9681, #9441, or #9814) 1:1,000]. Secondary antibodies
(LI-COR) were diluted 1:20,000 in 5% skim milk. Protein bands
were visualized using the LI-COR Odyssey3000 system.

Acyl-carnitine esters

Fed mice were euthanized by cervical dislocation at ~9:00 AM.
The liver was rapidly removed and freeze-clamped within 30 s.
Acyl-carnitines were measured at the Sarah W. Stedman Nutrition
and Metabolism Center Mass Spectrometry Laboratory. Acyl-
carnitines were analyzed by direct-injection electrospray MS/MS us-
ing a Micromass Quattro Micro LC-MS system (Waters-Micromass,
Milford, MA) equipped with an autosampler (model HTS-PAL
2777; Leap Technologies, Carrboro, NC), a HPLC solvent deliv-
ery system (model 1525; Agilent Technologies, Palo Alto, CA),
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and a data acquisition system (MassLynx 4.0 software; Waters, Mil-
ford, MA).

Shotgun lipidomics analysis

Lipids were extracted from mitochondria by a modified Bligh
and Dyer method (23). Internal standards for quantification of
individual molecular species of lipid classes were added prior to
extraction (23). Shotgun lipidomics analyses were performed
with a QqQ mass spectrometer (TSQ Vantage; Thermo Fisher
Scientific, San Jose, CA) equipped with an automated nanospray
device (Triversa Nanomate; Advion Biosciences, Ithaca, NY) op-
erated with Xcalibur software (24). Identification and quantification
of lipid molecular species were performed using a multi-dimensional
mass spectrometry-based shotgun lipidomics approach and auto-
mated software (25, 26).

CL and MLCL analyses by TLC

Phospholipid extraction, staining, and quantitation were per-
formed as described (27, 28). In brief, phospholipids from
0.9 mg of mitochondria were extracted with chloroform:methanol.
Chloroform-resuspended samples were loaded onto ADAMANT
TLC plates (Machery-Nagel, Dueren, Germany) and resolved us-
ing chloroform:ethanol:water:triethylamine (30:35:7:35). Phos-
pholipids were visualized with 1.3% molybdenum blue spray
reagent (Sigma-Aldrich). Scanned images were analyzed using
Quantity 1 software (Bio-Rad Laboratories, Hercules, CA). Phos-
phate concentration was determined (29).

Electron microscopy

The livers were harvested from fed and overnight fasted mice,
processed for transmission electron microscopy, and analyzed
morphometrically using ImageJ, and as described in (30). At
least six cells were analyzed per liver. Only images containing a
nucleus were analyzed. At least 150 mitochondria were analyzed
per cell.

Quantitative PCR

Total RNA was extracted from liver using Trizol® (Invitrogen,
Carlsbad, CA). Purified RNA was treated with RQ1 DNase (Pro-
mega, Madison, WI) at 37°C for 30 min. Total RNA concentra-
tion was measured using a Qubit® fluorometer (Invitrogen).
RNA was reverse transcribed using oligo(dT)y, primers and Su-
perScript IIT (Invitrogen). Quantitative PCR reactions for gene
expression studies were performed using ITaq SYBR Green Su-
permix with ROX (Bio-Rad) in 20 pl reactions (20 ng cDNA/re-
action). Quantitative PCR was performed using an Eppendorf
Mastercycler® ep realplex. Primers were designed using Eurofins
Primer Design Tool, and are described in the supplementary
Methods. Custom oligos were purchased from Eurofins MGW
Operon (Huntsville, AL).

Statistical analyses

Data are presented as the mean and standard error. Statistical
differences were determined by unpaired ttest or ANOVA (fol-
lowed by Tukey post hoc comparisons for P < 0.05 by ANOVA).
P < 0.05 was taken as significant.

RESULTS

Model system

To determine the role of Acot2 in the liver, we overex-
pressed murine Acot2 via adenoviral delivery of mouse



Acot2 cDNA by tail vein injection. Western blotting analysis
of liver fractions confirmed localization of the overex-
pressed protein to mitochondria (Fig. 1A). In both fed
and fasted mice, we measured Acot2 protein in muscle
and brain, and found no increase in Ad-Acot2 mice (not
shown, see supplementary Fig. I). Fasting is known to ele-
vate Acot2 protein in the liver, thus we compared protein
levels of overexpressed Acot2 to levels from fasted mice.
Fasting induced a small increase in Acot2 protein (supple-
mentary Fig. I). Overexpressed levels were approximately
three times higher than the fasted levels (supplementary
Fig. I). To determine whether overexpressed Acot2 was ac-
tive, we measured thioesterase activity in liver mitochon-
dria. As expected (7), Acot2 overexpression resulted in
elevated thioesterase activity when PCoA (C16:0-CoA;
Fig. 1B, D), MCoA (C14:0-CoA; Fig. 1E), and to a lesser
extent oleoyl-CoA (C18:1-CoA; Fig. 1C) and linoleoyl-CoA
(C18:2-CoA; Fig. 1C) were used as the substrate, but not
with octanoyl-CoA (C8:0-CoA; Fig. 1C). Using nonlinear
regression, the K,, (at 37°C) of overexpressed Acot2 was
3.3 uM for PCoA or MCoA (Fig. 1D, E), within the range
of K, values (2.9-5.8 uM) determined for the purified rat
protein (18). The K, of thioesterase activity measured in
Ad-Ctrl liver mitochondria was slightly higher (~4 uM).
Vax Was also differed between Ad-Acot2 and Ad-Ctrl mito-
chondria, with a lower rate in Ad-Ctrl mitochondria

(Fig. 1D, E). Thioesterase activity in Ad-Ctrl liver mito-
chondria could derive from the activity of Acotl3 [Them2,
likely associated with the outer mitochondrial membrane
(11)] and Acotl5 [Themb, localized to the matrix (9)],
however the K,, for PCoA is closer to that measured for
purified Acotlb (9). Thioesterase activity in Ad-Acot2 mi-
tochondria supplied with PCoA declined at [PCoA] > 20 uM,
and thioesterase activity was only 10 + 1.1 pwmol/min/mg
with 100 wM PCoA, in agreement with observations in
purified rat Acot2 (18). Inhibition is unlikely to reflect
PCoA micelle formation because this would not occur at
37°C for concentrations <60 uM PCoA (11). Thus the in-
hibition likely reflects substrate inhibition, as was pro-

posed (18).

Studies in mice: hepatic Acot2 overexpression increases
hepatic FAO

Ad lbitum fed mice. To study the biological role of
Acot2, Acot2 was overexpressed in ~10-week-old male
C5H6BL/6] mice. Seven days after tail vein injection, body
weight was similar in Ad-Ctrl and Ad-Acot2 mice: 26.3 +
0.4 g (Ad-Ctrl) versus 26.2 = 0.5 g (Ad-Acot2) on day of eu-
thanization (n = 10/group), compared with 24.8 + 1.1 g (Ad-
Ctrl) versus 25.8 + 0.6 g (Ad-Acot2) just prior to adenovirus
injection. Adiposity was slightly lower in Ad-Acot2 mice, as
determined by the weight of peri-gonadal fat pads: 0.29 +
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0.03 g (Ad-Ctrl) versus 0.21 + 0.02 g (Ad-Acot2) (n =10/
group, P=0.001). Both food intake and spontaneous activ-
ity were higher at night in Ad-Acot2 mice (Fig. 2A). VO,
was similar between Ad-Ctrl and Ad-Acot2 mice, whether
during the light or dark phases of the day (Fig. 2B). On
the other hand, the respiratory quotient (RQ = CO; pro-
duction/]JO,), which provides information on the sub-
strate being oxidized (RQ = 0.7 for pure FAO; RQ =1 for
pure carbohydrate oxidation), was lower in Ad-Acot2 mice
during the light phase of the day, and then rose to reach a
level similar to that in Ad-Ctrl mice during the dark phase
(Fig. 2C). The rise in RQ was not delayed in Ad-Acot2
mice. B-Hydroxybutyric acid and NEFA in serum (Fig. 2D),
and Tg content in the liver (Fig. 2E) were each slightly el-
evated in Ad-Acot2 mice. Acyl-carnitines were also mea-
sured in whole liver from fed mice. Acetyl-carnitine and
propionyl-carnitine, as well as medium- and long-chain
acyl-carnitines, were higher in Ad-Acot?2 liver (Fig. 2F). Fi-
nally, we noted no difference in the expression of various

mitochondrial proteins, including CPT1 (which mediates
the first step of long-chain fatty uptake into mitochon-
dria), whether assayed in isolated mitochondria or liver
lysates (supplementary Fig. II), or in transcript levels of the
hepatic lipid synthetic enzymes (supplementary Fig. III).

Overnight-fasted mice. With overnight fasting, both Ad-
Ctrl and Ad-Acot2 mice lost most of their white adipose
tissue stores, and the decrease occurred with similar kinet-
ics (Fig. 3A). Both groups also lost a similar amount of
body mass (17.8 + 0.8% decrease in Ad-Ctrl vs. 16.9 + 0.8%
in Ad-Acot2, n = 7/group; P> 0.05). As expected, upon
food withdrawal at 7:00 PM, the RQ decreased rapidly to-
ward 0.7; the extent and kinetics of the drop were similar
in Ad-Ctrl and Acot2 mice (Fig. 3B). Increases in serum
NEFA and in B-hydroxybutyric acid were similar between
fasted Ad-Ctrl and Ad-Acot2 mice (Fig. 3C, D), whereas
serum Tg was lower in Ad-Acot2 mice throughout the en-
tire fasting period (Fig. 2E). Hepatic lipid accumulation
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point. D: Serum analysis in ad libitum-fed mice of B-hydroxybutyric acid (fed mice, n = 6/group; fasted mice, n = 8/group), NEFA (fed
mice, n = 9/group; fasted mice, n = 8/group), Tg (all groups: n = 6). E: Liver Tg in ad libitum-fed fasted mice, measured biochemically (bar
chart, n = 4/group) F: Acetyl-carnitine and acyl-carnitines measured in the liver from ad libitum-fed mice (n = 4/group). A-F: Bar chart:
mean + SEM; black symbols/bars: Ad-Ctrl, open symbols/bars: Ad-Acot2; Pvalues from unpaired ttest.
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Fig. 3. Fasting depletes hepatic Tgs in Ad-Acot2 mice. A: Gonadal white adipose tissue (WAT) measured in ad libitum-fed mice (fed 9:00
AM) and in mice fasted for 9 or 15 h. B: RQ during fasting (n = 7 mice/group). C-E: Serum B-hydroxybutyric acid, Tg, and NEFA, respec-
tively, fasted for different durations (n = 4-6/group). F: Liver Tg in fasted mice (n = 4-6/group). After 15 h of fasting, the approximate
difference in the energy content of liver Tg was 2 k]. See text for further explanation. G: Electron micrographs of the liver from fasted mice.
Images are representative of those obtained for three mice/group, and were different mice from those used for biochemical analysis of
liver Tg in (F). mit, mitochondria; LD: lipid droplet. H: VO, in fasting mice (n = 7/group). Boxed area indicates data used for analysis in
(I). I: Energy expenditure per mouse was calculated by measuring VO, per mouse for the last 6.5 h of the fast by digitizing the entire area
using identically scaled graphs for each mouse. Each circle is from an individual mouse. Bars are the average value for the group. The
approximate average difference was 2 KJ. In all panels, fasting was started at 7:00 PM. In all panels except (G) and (I), values are the mean
and error bars are the SEM. *P < 0.05, Tukey post hoc test (ANOVA showed significant genotype x time interaction).

(Fig. 3F) was similar between Ad-Ctrl and Ad-Acot2 mice
during the first 6 h of the fast, then was slightly higher in
Ad-Acot2 liver after 9 h of fasting. However, by the 15 h
time point, liver Tg was greatly elevated in Ad-Ctrl liver but
had decreased to near fed levels in Ad-Acot2 liver. The

biochemical determinations of liver Tg at the 15 h time
point were corroborated by electron micrographs showing
abundant lipid droplets in fasted Ad-Ctrl mice, whereas
lipid droplets were never seen on micrographs from Ad-
Acot2 mice. Development of frank hepatic steatosis with
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fasting has been reported in multiple strains of inbred
mice, including C57BL/6] mice, with levels after an over-
night fast (~15 h) similar to those that we observed in Ad-
Ctrl liver (31). Enhanced Tg secretion from the liver
would likely not explain the drop in liver Tg in Ad-Acot2
because hepatic Tg secretion tended to be higher in Ad-
Ctrl mice (supplementary Fig. IV), which is consistent with
the higher serum Tg in Ad-Ctrl mice (Fig. 3D). We sought
evidence for greater lipid accumulation in Ad-Acot2 mus-
cle, questioning whether lipid was being preferentially
stored there instead of in the liver; however, Tg levels in
gastrocnemius were similar to Ad-Ctrl levels throughout
the fast (supplementary Fig. V). The levels of various mito-
chondrial proteins, including CPT1, were similar between
Ad-Ctrl and Ad-Acot2, whether in liver lysates or isolated
mitochondria (both from the 15 h time point) (supple-
mentary Fig. IT). Similar protein levels in liver lysates sug-
gested that mitochondrial content was not different in
Ad-Acot?2 liver. This was supported by electron microscopy
of liver sections (supplementary Fig. VI). Interestingly,
while the general appearance of mitochondria, including
the cristae, was normal in Ad-Acot2 liver (not shown),
morphometric analysis revealed proportionately larger mi-
tochondria in fed Ad-Acot2 liver, as indicated by a larger
surface area with no change in aspect ratio. With fasting,
Ad-Ctrl mitochondria lengthened, whereas the shape of
Ad-Acot2 did not change (supplementary Fig. VI). The
morphometric differences between Ad-Ctrl and Ad-Acot2
mitochondria are also consistent with elevated FAO in Ad-
Acot2 mitochondria from fed mice, as discussed below.

The Acot2 reaction could increase the abundance of
free FAs in the mitochondrial matrix, and free FAs can
uncouple oxidative phosphorylation leading to energy ex-
penditure in the absence of ATP production. This effect
may become particularly pronounced during fasting,
when lipids are the primary substrate for oxidation over a
prolonged period of time. Thus, we measured VO, by indi-
rect calorimetry in fasted mice. When the whole 15 h fast-
ing period was considered, VO, was similar in Ad-Ctrl and
Ad-Acot2 mice (Fig. 3H). On the other hand, when only
the last ~6 h were analyzed, VO, tended to be higher in
Ad-Acot2 mice. To determine whether higher VO, in Ad-
Acot2 mice could account for the depletion of liver Tg
(Fig. 3F), VO, was measured in each mouse for the last
6.5 h of the fast (boxed region in Fig. 3H). This was done
by digitizing the entire area under the VO, trace for each
mouse that was plotted on identically scaled graphs. Then
the values were converted to energy expenditure per
mouse. Energy expenditure per mouse tended to be
higher in Ad-Acot2 mice (P = 0.15; P < 0.05 with removal
of the highest value in Ad-Ctrl group). Interestingly, the
difference in average energy expenditure between the Ad-
Ctrl and Ad-Acot2 mice was ~2 k], which is similar to the
difference in the energy content of hepatic Tg at the end
of the fast (Fig. 3F; ~2 KkJ/liver, noting that liver weights
were similar in Ad-Ctrl and Ad-Acot2 mice and were ~1 g
at the end of the fast). It should be noted that a 2 k]J differ-
ence would be expected to be detectable by indirect
calorimetry.
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Finally, given the possible role for Acotlb in CL remod-
eling (9), and knowing that CL plays an important role in
mitochondrial function (32), we also determined whether
changes in the content and composition of CL and the CL
intermediate MLCL might explain differences in Ad-Ctrl
and Ad-Acot2 liver. This seemed important to test also be-
cause, although oleoyl-CoA (18:1-CoA) and linoleoyl-CoA
(18:2-CoA) are not the major substrates of Acot2, Acot2
overexpression more than doubled the mitochondrial
thioesterase activity for these substrates (see Fig. 1), and
linoleic acid, and to a lesser extent oleic acid, are major
acyl side chains of CL. Quantification of CL. and MLCL by
MS of mitochondria from fasted mice revealed an expan-
sion of the MLCL pool, due to increases in all MLCL spe-
cies as evidenced by a greater abundance of all fatty acyl
chains (Fig. 4A, supplementary Table I). In contrast, there
were no robust changes in total CL, which was also ob-
served using TLC analysis of mitochondria from fed and
fasted mice (Fig. 4B; the low level of MLCL is below the
detection limit of TLC). In addition, there was no differ-
ence between Ad-Ctrl and Ad-Acot2 mitochondria in the
total abundance of phospholipids (Fig.4B).

Overall, these analyses suggest that the higher FA utili-
zation during the daytime in ad libitum-fed Ad-Acot2 mice
is unrelated to changes in mitochondrial content or CL
metabolism. Hepatic depletion of Tg in fasted Ad-Acot2
mice may be due to increased energy expenditure, possi-
bly caused by greater uncoupled respiration.

Flux studies in mitochondria and hepatocytes: Acot2
overexpression facilitates FAO and introduces a proton
leak pathway

To gain further insight into the role of Acot2 in FAO, we
turned to flux experiments in mitochondria and hepato-
cytes. Acot2 hydrolyzes long-chain fatty acyl-CoA into CoASH
and free FA, and was hypothesized to facilitate mitochon-
drial B-oxidation by mitigating a CoASH limitation when
mitochondrial FA load is high (33). Acot2 could also facili-
tate FA utilization if the released FA cycled in the inner
mitochondrial membrane, providing a return path into
the matrix for protons, thereby increasing uncoupled res-
piration [e.g., (34)]. To test these possibilities, a detailed
bioenergetics analysis was performed in liver mitochon-
dria and intact hepatocytes, which was also to determine
whether Acot2 overexpression had broader effects on sub-
strate oxidation.

Ad-Ctrl and Ad-Acot2 liver mitochondria (from fed
mice) oxidizing pyruvate + malate had similar state 3 JO,
rates and respiratory control ratios (RCRs) (Fig. 5A).
There was also no difference between Ad-Ctrl and Ad-
Acot2 mitochondria in the state 3 and state 4 rates with
succinate as the substrate (not shown). Proton-motive
force measured with pyruvate + malate, and in the presence
of oligomycin, was similar between Ad-Ctrl and Ad-Acot2
mitochondria (Fig. bA), as was citrate synthase activity
(Fig. 5B).

Low and high concentrations of FA substrate were used
to test whether Acot2 could play an important role when
substrate load is high in Ad-Acot2 liver mitochondria;
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maximal ADP-stimulated JO, was elevated with 5 uM and
to a lesser extent with 20 pM PCoA (+ malate + carnitine)
(Fig. 5C). There was only a small difference in ADP-
stimulated JO, with 5 and 20 uM PCoA. The dynamic range
of the JO, response could be expanded by using MCoA (+
carnitine + malate). For all concentrations of MCoA, there
was a tendency for higher phosphorylating (saturating
ADP) JO, in Ad-Acot2 mitochondria. However, the differ-
ence between Ad-Ctrl and Ad-Acot2 was most pronounced,
and was significant, at the lowest (5 wM) [MCoA] (Fig.
5D). Altogether, the experiments under phosphorylating
conditions, using nonlipid or lipid substrates, suggest that
overexpressed Acot2 specifically impacts FAO, and pre-
dominantly does so at low FA load.

To test for the presence of a FA export-activation-uptake
cycle, palmitoyl-L-carnitine (PCarn) was used as the sub-
strate, bypassing the CPT system. CoA was omitted from
the reaction; thus, a cycle of FA export-activation-uptake
would not be supported. This differs from the above PCoA
and MCoA reactions which included carnitine to allow up-
take of the activated FA into mitochondria, and also con-
tained a source of CoA outside of mitochondria (cleaved
from PCoA or MCoA); thus, the PCoA and MCoA reac-
tions were capable of supporting a FA efflux-activation-
uptake pathway. When PCarn was used, there were no
significant differences between Ad-Ctrl and Ad-Acot2

mitochondria in phosphorylating JO, with 5 or 20 uM
PCarn (Fig. bE); however, there was a tendency for lower
phosphorylating JO, with 20 wuM PCarn. We further tested
for a FA export-activation-uptake cycle by adding CoA to
the PCarn reaction, as done previously in skeletal muscle
mitochondria (17). However, the resulting JO, rates were
highly variable even between replicates, and even when
different [CoA] were tested (not shown). Nonetheless, the
higher phosphorylating JO, in Ad-Acot2 mitochondria
supplied with PCoA or MCoA, but not with PCarn, sug-
gests that activation of FA on the outer mitochondrial
membrane is required for the higher JO, when Acot2 is
overexpressed.

To assess mitochondrial bioenergetics under conditions
of intact flux control, JO, experiments were conducted in
intact hepatocytes isolated from fed Ad-Ctrl and Ad-Acot2
mice 7 days after adenovirus injection. Basal JO, and extra-
cellular acidification rate (ECAR) (the Seahorse instru-
ment measures [H'] in the extracellular milieu, providing
an estimate of glycolytic flux) of hepatocytes in DMEM +
5 mM glucose were each similar between Ad-Ctrl and Ad-
Acot2 cells (Fig. 6A). With addition of 100 or 200 uM pal-
mitate, JO, increased to the same extent and with similar
kinetics in Ad-Ctrl and Ad-Acot2 cells (Fig. 6B). The
increase in JO, was prevented by 75 pM etomoxir, which
inhibits CPT1 (not shown). The accompanying changes in
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the ECAR were also considered, because a switch to FA as
the oxidizable substrate would be expected to lower glyco-
Iytic flux. In Ad-Acot2 hepatocytes, ECAR decreased by
~10% with 100 uM palmitate and by ~30% with 200 uM
palmitate. In Ad-Ctrl cells, ECAR was unchanged 24 min
after adding 100 wM palmitate, and was decreased by
~24% with 200 pM palmitate, which is significantly less
than in Ad-Acot2 hepatocytes (Fig. 6B). These findings
suggest a more efficient utilization of FA for ATP produc-
tion by Acot2 mitochondria.

Oligomycin, which inhibits the ATP synthase thereby
maximizing leak-dependent JO,, was used to test whether
Acot2 overexpression introduced a proton leak pathway.
Proton leak-dependent JO, (i.e., oligomycin-insensitive
JOy) was significantly higher in Ad-Acot2 mitochondria
supplied with 5 or 20 uM PCoA; this increase was in pro-
portion to the higher ADP-stimulated JO, such that the
ratio of ADP-stimulated to oligomycin-insensitive JO, RCR
was similar in Ad-Ctrl and Ad-Acot2 mitochondria (Fig.
6C). However, proton-motive force measured in the pres-
ence of oligomycin was lower in Ad-Acot2 liver mitochon-
dria for 5 uM PCoA only (Fig. 5F), suggesting that greater
proton leak could occur in Ad-Acot2 liver mitochondria.
Similar results were obtained with 5 uM MCoA, although
in this case the RCR was lower in Ad-Acot2 mitochondria
(Fig. 5D). In mitochondria supplied with PCarn, there was
a tendency for a higher oligomycin-insensitive JOo with
20 uM PCarn in Ad-Acot2 mitochondria, and the RCR was
significantly lower (Fig. 5E). In hepatocytes, leak-dependent
JO,, expressed as a fraction of JO, just prior to oligomycin

addition, was higher in Ad-Acot2 cells for both 100 and
200 uM palmitate (Fig. 6C). The oligomycin-insensitive
JO, was also higher in Ad-Acot2 cells when considered as
the absolute JO,. These findings in mitochondria and cells
indicate that Acot2 overexpression introduced a leak-
dependent pathway.

DISCUSSION

Mitochondrial Acots, by virtue of their substrate speci-
ficity, are poised to modulate mitochondrial FAO. Here
we investigated, for the first time, the biological role of
Acot2 in a tissue that robustly oxidizes FA. The biological
role of Acot?2 is of interest in the context of a broader un-
derstanding of how mitochondrial FAO is regulated and
in the context of the reported association between mito-
chondrial FAO and cellular metabolic functions such as
insulin signaling and lipid storage. Using hepatic Acot2
overexpression we demonstrate at the whole-animal level
and in isolated mitochondria that Acot2 facilitates mito-
chondrial FAO, possibly through an efflux-activation-
uptake circuit that would be driven by the release of FA by
Acot2. Our experiments do not support a broader effect
of Acot2 on mitochondrial function, in contrast to Acotlb
(9). Experiments in mitochondria and hepatocytes also
show that Acot2 can contribute to proton leak in mito-
chondria, and Tg depletion from the liver of mice overex-
pressing Acot2 may be due to increased energy expenditure
due to uncoupled respiration.
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Overexpressed Acot2 facilitates mitochondrial FAO

The observations in fed animals and tissue samples from
fed mice indicate that overexpressed Acot2 leads to en-
hanced mitochondrial FAO. The lower RQ during the
light phase in fed Ad-Acot2 mice clearly demonstrates a
shift in substrate utilization toward increased use of FA
substrate, but only during the daytime when there is nor-
mally greater utilization of FA substrate in rodents. The
elevated B-hydroxybutyrate measured during the day in
fed Ad-Acot2 mice suggests that the lower RQ was due, at
least in part, to greater hepatic FAO. The liver acyl-carnitine
profile suggests that mitochondrial uptake of FA was in-
creased; the higher levels of long-chain acyl-carnitines may
reflect reversal of CPT2, with reformation of carnitine es-
ters from medium- or long-chain (but not short-chain)
acyl-CoAs (35, 36). It should be noted that skeletal muscle
Acot2 protein expression was not elevated in Ad-Acot2
mice, suggesting that FA uptake and utilization in skeletal
muscle was similar to that for Ad-Ctrl mice; thus skeletal
muscle seems unlikely to be a driver of the higher FA utili-
zation in these mice.

The mitochondrial morphology findings provide fur-
ther support, albeit indirect, for elevated FAO in Ad-Acot2
liver. In Ad-Ctrl mice, fasting caused liver mitochondria to
elongate, as previously reported (37). This response was
absent in Ad-Acot2 liver; thus mitochondria from fasted
Ad-Acot2 mice were relatively fragmented. Saturated FA
has been shown in C2C12 cells to fragment mitochondria
(38). We speculate that a greater abundance of FA within
and in close proximity to the mitochondria in Ad-Acot2
liver stimulated fission which countered the elongation of
mitochondria that would have occurred with fasting.

Findings in isolated mitochondria support an ability of
Acot? to specifically enhance FAO. This is evidenced by the
higher phosphorylating JO, with PCoA or MCoA substrates
and lack of any differences from Ad-Ctrl when nonlipid
substrates were supplied. That the increased phosphory-
lating JO, was most robust in Ad-Acot2 mitochondria at
lower substrate concentrations agrees with the low K,, of
Acot2. The lesser effects of Ad-Acot2 with higher FA con-
centrations may reflect either: I) substrate inhibition of
Acot2 at high substrate concentrations; 2) pathway satura-
tion; or 3) utilization of the FA products by other path-
ways. The latter possibility is supported by the expansion
of the MLCL pool in Ad-Acot2 mitochondria.

Experiments in intact hepatocytes isolated from Ad-Ctrl
and Ad-Acot2 mice demonstrated that Acot2 had no effect
on basal JO,, or on ECAR, when hepatocytes were sup-
plied with nonlipid substrate (DMEM and glucose). This
further supports that Acot2 overexpression did not broadly
impact mitochondrial substrate oxidation, which contrasts
with the role of Acotl5 (9). This result also suggests that
Acot2 overexpression did not lead to an additional ener-
getic demand imposed on the cells. When hepatocytes
were supplied with palmitate, the magnitude of the rise in
JOg was similar in Ad-Ctrl and Ad-ACot?2 cells. However the
ECAR changes upon palmitate addition differed between
Ad-Ctrl and Ad-Acot2 cells. If ATP demand is assumed
to have remained constant, the lack of a drop in ECAR in
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Ad-Ctrl cells and the presence of a drop in ECAR in Ad-
Acot2 cells could be interpreted as a lesser ability of Ad-
Ctrl cells to synthesize ATP from the lipid substrate. It is
noteworthy that the lower palmitate concentration (100 wM)
better distinguished the Ad-Acot2 cells from the Ad-Ctrl
cells, although this was evident in the ECAR response only.
In an attempt to reveal a difference in JO, between Ad-Ctrl
and Ad-Acot2 cells, lower concentrations of palmitate
were used but were without a clear effect on JO, in either
cell type, and thus were not helpful experimentally. Over-
night incubation of cells in 300 wM palmitate:oleate,
which increased Tg levels, also did not lead to differences
in the JO, response to palmitate between Ad-Ctrl and Ad-
Acot2 cells (not shown). In the context of the findings in
vivo and in mitochondria, we conclude that the lack of a
difference between Ad-Ctrl and Ad-Acot2 cells in the JO,
response to palmitate suggests that Acot2 is highly regu-
lated and that its regulation is linked to cellular conditions
that were not replicated in isolated hepatocytes. In iso-
lated mitochondria, this regulation could be overcome by
the absence of various pathway control mechanisms.

Mechanistic insights into the Acot2-mediated
enhancement of FAO

We were able to rule out changes in mitochondrial con-
tent and changes in key mitochondrial proteins as expla-
nations for the lower in vivo RQ in fed Ad-Acot2 mice. The
possibility that overexpressed Acot2 could modify CL me-
tabolism was particularly important to consider in light of
the association of Acotl5 with CL metabolism (9). The ex-
panded MLCL pool in Ad-Acot2 mitochondria certainly
indicates that Acot2 can provide substrate for nonFAO re-
actions. Yet, because total CL was largely unchanged, the
changes in FAO in Ad-Acot2 mice are unlikely to be re-
lated to changes in CL.

On the other hand, the analysis of CL. and MLCL pro-
vides further support for a role for Acots in CL metabo-
lism. MLCL is an intermediate formed during the normal
acyl chain remodeling process that occurs for CL after syn-
thesis, and may also be generated during CL degradation.
Targeted analyses are needed to distinguish between a di-
rect role for Acot2 in CL metabolism (remodeling or deg-
radation) versus an indirect role (e.g., to provide FAs that
are then incorporated into CL by acyl chain remodeling).
The latter possibility is indeed supported by higher levels
of some phosphatidylethanolamine and phosphatidylcho-
line species in Ad-Acot2 mitochondria (not shown). It is
also possible that the elevated levels of MLCL are due to
destabilization of the CL remodeling enzyme tafazzin; yet,
any destabilization would be modest because total CL was
not robustly different (and even tended to be higher) in
Ad-Acot2 mitochondria. Moreover, Ad-Acot2 mitochon-
dria did not show any of the morphological abnormalities
observed in mitochondria from tafazzin knockout mice
(39). A final possibility is that a greater abundance of FA
in Ad-Acot2 mitochondria drove CL remodeling/degrada-
tion. Thus, itis clear that more in-depth studies are needed
to elucidate the precise role of Acot2, and indeed also of
Acotlb, in CL metabolism.



Using isolated mitochondria, we aimed to test whether
the FA released from Acot2 was effluxed from mitochon-
dria, then reactivated on the outer mitochondrial mem-
brane and taken back up by mitochondria to be potentially
oxidized (33). The cost of this mechanism would be the
ATP required for reactivation. On the other hand, this
mechanism would allow Acot2 to facilitate FAO by reliev-
ing any inhibitory effects caused by a build-up of long-
chain fatty acyl-CoA esters in the matrix (4-6). That higher
phosphorylating JO, was observed in Ad-Acot2 mitochon-
dria supplied with PCoA or MCoA, but not with PCarn,
supports such a mechanism. Moreover, the tendency in
Ad-Acot2 mitochondria supplied with 20 wM PCarn to
have lower phosphorylating JO, and higher oligomycin-
insensitive JO, (leading to significantly lower RCR) dem-
onstrates the ability for Acot2 to siphon substrate away
from oxidation pathways. In fact, the PCarn experiments
provide the only FA conditions where phosphorylating
JO, tended to be lower in Ad-Acot2 mitochondria; again,
this would reflect the removal, by Acot2, of substrate from
B-oxidation. Thus, the PCarn experiments indirectly sup-
port the need for an efflux-activation-uptake circuit to
drive the higher phosphorylating JO, that was observed
with PCoA and MCoA and saturating ADP.

The FA products of the Acot2 reaction could potentially
cycle in the inner membrane, providing a return path for
protons and leading to greater leak-dependent respiration
(34). The experiments in mitochondria and cells using oli-
gomycin clearly demonstrate that Acot2 is capable of con-
tributing an additional pathway for proton return. VO, in
fed mice was not measurably altered by Acot2 overexpres-
sion, even toward the end of the light phase of the day
when the FA products of the Acot2 reaction could have
accumulated to thereby cause greater leak-dependent res-
piration. However, a small difference in energy expendi-
ture in fed Ad-Acot2 mice (due to greater uncoupled
respiration) in Ad-Acot2 liver, may have been below the
level of detection of indirect calorimetry. However, the
failure of Tg to markedly accumulate in fasted Ad-Acot2
liver, as it did in Ad-Ctrl liver, may be the result of elevated
energy expenditure in the liver due to an acceleration of
uncoupled respiration by liver mitochondria. Whether
this would be caused by increased activity of Acot2 or by
the gradual accumulation of FAs in the matrix cannot be
known from the present study. We can, however, conclude
that increased proton return is not an obligatory outcome
of Acot2 overexpression because, in hepatocytes, the JO,
response to palmitate was not higher in Ad-Acot2 cells,
even though the subsequent oligomycin-insensitive JOq
was higher.

In conclusion, our experiments using Acot2 overexpres-
sion indicate that Acot2 can enhance the hepatic oxida-
tion of FA in mitochondria, and also has the potential to
contribute to proton leak. Differently from Acotlb, the ef-
fect of Acot?2 is specific to FAO. The low K,, of Acot2 and
the functional data both support a niche for Acot2 in con-
ditions when ATP demand is low and FA is the prevailing
substrate for oxidation. Finally, we speculate that the ability
of Acot2 to mitigate hepatic steatosis in fasted mice suggests

that any individuals having hypomorphic Acot2 alleles
would be at an increased risk for ectopic lipid accumula-
tion. .
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