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Abstract Thioesterase superfamily member 1 (Theml) is an
acyl-CoA thioesterase that is highly expressed in brown adipose
tissue, where it functions to suppress energy expenditure.
Lower Theml expression levels in the hver are upregulated in
response to high-fat feeding. ThemI™’~ mice are resistant to
dietinduced obesity, hepatic steatosis, and glucose intoler-
ance, but the contribution of Theml in liver is unclear. To ex-
amine its liverspecific functions, we created conditional
transgenic mice, which, when bred to ThemI™’~ mice and acti-
vated, expressed Theml exclusively in the liver. Mice with
liver-specific Theml expression exhibited no changes in en-
ergy expenditure. Rates of fatty acid oxidation were increased,
whereas hepatic VLDL triglyceride secretion rates were de-
creased by hepatic Theml expression. When fed a high-fat
diet, Theml expression in liver promoted excess steatosis in
the setting of reduced rates of fatty acid oxidation and pre-
served glycerolipid synthesis. Liver-specific Them1 expression
did not influence glucose tolerance or insulin sensitivity, but
did promote hepatic gluconeogenesis in high-fat-fed animals.
This was attributable to the generation of excess fatty acids,
which activated PPARa and promoted expression of gluconeo-
genic genes.ll These findings reveal a regulatory role for
Theml in hepatocellular fatty acid trafficking.—Desai, A., M.
Alves-Bezerra, Y. Li, C. Ozdemir, C. J. Bare, Y. Li, S. ]J. Hagen,
and D. E. Cohen. Regulation of fatty acid trafficking in liver by
thioesterase superfamily member 1. J. Lipid Res. 2018. 59:
368-379.
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Upon uptake or synthesis within hepatocytes, long-chain
FFAs are activated by long-chain acyl-CoA synthetases
(ACSLs) to form fatty acyl-CoA molecules, which may then
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become incorporated into complex lipids or undergo oxida-
tion within mitochondria or peroxisomes. This thioesterifica-
tion reaction is reversed by acyl-CoA thioesterases (ACOTs)
(1, 2), a family of enzymes with well-characterized biochemi-
cal activities, but with biological functions that remain largely
unexplored (2). Multiple ACSL and ACOT isoforms are ex-
pressed in cells, suggesting a role of these enzymes in the
formation of distinct pools of fatty acids/acyl-CoAs to be
channeled into specific metabolic pathways (1).

Thioesterase superfamily member 1 (Them1) [synonyms:
brown fat inducible thioesterase (BFIT), steroidogenic acute
regulatory protein-related lipid transfer (START) domain
14 (StarD14) /Acotl1] is enriched in mouse brown adipose
tissue (BAT), and its expression is markedly upregulated
by cold ambient temperatures (3, 4). Genetic disruption
of Them1 in mice resulted in increased energy expendi-
ture, as well as resistance to dietinduced obesity and diabe-
tes (4). Suppression of energy expenditure in BAT occurred
when Them1 limited the flux of fatty acids from lipid drop-
lets (LDs) to mitochondria for B-oxidation by inhibiting
lipolysis of LD triglycerides (TGs) (5).

The phenotypes of Theml’~ mice were also notable
for resistance to dietinduced insulin resistance and to he-
patic steatosis (4). In the absence of Them1 expression, livers
of Theml™’~ mice exhibited attenuated endoplasmic reticu-
lum stress and altered transcription of genes involved in fatty
acid metabolism, suggestive of decreased lipogenesis.
Although expressed at much lower levels than in BAT, the
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hepatic expression of Theml is nevertheless appreciable
(4, 6). Experiments using primary cultured hepatocytes
left open the possibility of cell-autonomous effects of
Theml (4), but whether these were due to Theml expres-
sion in the liver per se or were secondary to increases in en-
ergy expenditure remains unclear. A direct role for Theml
in liver is supported by the observation that Them1 mRNA is
upregulated 13-fold in response to high-fat feeding (7). To
explore its direct role in hepatic lipid metabolism, we created
a conditional Them1 transgenic C57BL/6] mouse, which,
when bred to a whole-body C57BL/6] ThemI '~ mouse, en-
abled tissue-specific expression. We crossed these mice with
C57BL/6] albumin-cre transgenic mice to selectively overex-
press Theml in the liver. Our results demonstrate that, in
chow-fed mice, hepatic Theml promoted fatty acid oxida-
tion, while limiting TG storage and secretion. By contrast, in
response to high-fat feeding, Them1 function promotes TG
storage at the expense of oxidation, thereby promoting he-
patic steatosis. The hepatic expression of Them1 did not in-
fluence whole-body energy expenditure, glucose tolerance,
or insulin resistance. However, liver-Them]1 expression did
promote hepatic glucose production in response to high-fat
feeding, apparently by activating PPARa to promote the ex-
pression of gluconeogenic genes.

MATERIALS AND METHODS

Animals and diets

Transgenic mice were prepared by standard techniques. The
1,785 bp coding region sequence of Mus musculus Acotl1 cDNA
(NM_025590.4) was cloned into the Sall sites of the pCAG-Z-
EGFP vector (Origene, Rockville, MD), which consisted of a LacZ
and 3’ polyA stop sequence flanked by loxP, mouse Them1, inter-
nal ribosome entry site (IRES), and enhanced green fluorescent
protein (EGFP), driven sequentially by a chicken-B-actin pro-
moter. The orientation was confirmed by restriction digest using
EcoRI (New England Biolabs, Ipswich, MA). This construct
allowed for the expression of Them1 in a tissue-specific manner
using cre recombinase to excise T-LacZ and enable the transcrip-
tion of mouse Them1 and EGFP. The IRES element provided for
the independent translation of Theml and EGFP. Assembly of
the construct was verified by PCR and nucleotide sequencing.
The plasmid was then linearized by using Spel and Afl2 and in-
jected into pronuclei of eggs from C57BL/ 6] female mice (Partners
Transgenic Core Facility, Harvard Medical Area Core Manage-
ment System, Boston, MA). Offspring were screened for X-gal
staining of tail tissue. Litters were genotyped for integration of
the transgene by PCR analysis from tail genomic DNA using the
following primers: forward, 5-GTGCTGGTTATTGTGCTG-3, and
reverse, 5-GACGACAGTATCGGCCTC-3. Mice that were positive
for the transgene were then screened by quantitative PCR
(qPCR) to determine copy number. Mice with two copies of the
transgene were selected for breeding. Conditional Them1 trans-
genic (¢-ThemITg) mice were crossed with Theml™’~ mice (4)
that were backcrossed >20 generations to the C57BL/6] back-
ground in order to create Themli/f;c—Themng (KO) mice. KO
mice were then crossed with B6.Cg-Tg(Alb-cre)21Mgn/] mice
(The Jackson Laboratory, Bar Harbor, ME) to generate liver-
specific Themlf/f;L—Themng (KO + LTg) mice. The presence of
cre was determined by PCR analysis using the primers specified
by The Jackson Laboratory.

Mice were housed in a barrier facility on a 12 h light/dark cy-
cle. At 4-5 weeks of age, male mice were weaned and fed normal
chow or a high-fat diet (60% kcal from fat; Research Diets Inc.,
New Brunswick, NJ). Mice were sacrificed following a 4 h fast, and
plasma and tissues were then harvested for immediate use or for
storage at —80°C. Hepatocytes were isolated from 12-week-old
mice and cultured as previously described (8). Animal use and
euthanasia protocols were approved by both Harvard Medical
School and Weill Cornell Medical College.

Histopathology

Liver samples were fixed in 4% paraformaldehyde and sec-
tioned. H&E staining was performed by using standard tech-
niques by the Histology Core at the Beth Israel Deaconess Medical
Center (Harvard Medical School, Boston, MA). Images were
taken by using an Axioimager 2 widefield microscope (Carl Zeiss,
Inc., Thornwood, NY).

Biochemical analyses

Enzymatic assay kits were used to measure plasma and hepatic
concentrations of TG, FFA, total cholesterol, free cholesterol,
phospholipid (PL)-C (Wako Diagnostics, Mountain View, CA),
and B-hydroxybutyrate (Stanbio Laboratories, Boerne, TX) (9).
Plasma concentrations of insulin were measured by using an
ELISA kit (Crystal Chem, Downers Grove, IL), according to the
manufacturer’s protocol. Protein concentrations were deter-
mined by using a BCA reagent (Thermo Fisher Scientific, Spring-
field Township, NJ).

ACOT activity

ACOT activities were measured in liver homogenates as previ-
ously described (10). Briefly, frozen liver samples (30 mg) were
homogenized in buffer containing: 20 mM Tris (pH 8.0), 137 mM
NaCl, 1 mM EDTA, and 10% (vol/vol) glycerol. Homogenates
were sonicated for 20 s and then centrifuged at 16,000 g for 10
min at 4°C to remove cellular debris. Protein samples (50 ug)
were transferred to 96-well plates. Reactions were initiated by the
addition of the assay buffer containing: 50 mM KCl, 10 mM Hepes
(pH 7.5), and 0.3 mM 5,5-dithiobis nitrobenzoic acid (Invitrogen,
Carlsbad, CA), in a final volume of 200 pl. Plates were immedi-
ately loaded into a temperature-controlled (37°C) SpectraMax
i3x microplate reader (Molecular Devices, Sunnyvale, CA), and
the absorbance at 412 nm was monitored for 20 min. Values of
initial velocity (V) were used to determine steady-state values of
K, and V,,, calculated according to the Michaelis-Menten equa-
tion (10).

ACSL activity

ACSL activities were measured by using liver homogenates
(11). Frozen liver samples (100 mg) were homogenized in ice-
cold Medium I buffer containing 10 mM Tris (pH 7.4), 250 mM
sucrose, ] mM EDTA, and 1 mM DTT. Reactions were conducted
in glass vials, each with 200 wl of assay buffer containing 0.1 w.Ci
[14C]palrnitate (55 wCi/pmol; American Radiolabeled Chemicals
Inc., St. Louis, MO) and 50 uM palmitate in a buffer containing
0.5 mM Triton X-100, 200 mM Tris (pH 7.4), 12 mM MgCl,, 1 mM
EDTA, 5 mM DTT, 5 mM ATP, and 250 mM CoA. Reactions were
initiated by the addition of 2—4 pg of protein followed by 10 min
incubation at room temperature. One milliliter of Dole’s reagent
(isopropanol:heptanes:Hy,SO,, 40:10:1) was used to stop the reac-
tion. After the addition of 2 ml of heptanes and 0.5 ml of distilled
water, samples were centrifuged at 450 g for 5 min, and the lower
inorganic phase was transferred to a new vial. Samples were then
washed with 2 ml of heptanes, and 0.5 ml aliquots were combined
with 4 ml of Ecoscint H scintillation solution (National Diagnostics,
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Atlanta, GA) for quantification by using an LS6000IC liquid scin-
tillation counter (Beckman Coulter; Danvers, MA).

GPAT activity

Glycerol-3-phosphate acyl transferase (GPAT) activities were
measured by using isolated liver membrane fractions (12). Frozen
liver samples (100 mg) were homogenized in a Potter-Elvehjem
tube (10 strokes) in ice-cold Medium I buffer. Samples were cen-
trifuged at 3000 gfor 15 min at 4°C, and total membrane fractions
were isolated from the supernatant by centrifugation at 150,000 g
for 1 h at 4°C. GPAT activity was assayed for 10 min at room tem-
perature in a 200 wl mixture containing 1.5 pnCi [SH]glycerol—
3-phosphate (60 mCi/uwmol; American Radiolabeled Chemicals
Inc.), supplemented with: 0.8 mM glycerol-3-phosphate, 0.8 mM
palmitoyl-CoA, 75 mM Tris (pH 7.5), 4 mM MgCl,, 1 mg/ml fatty
acid-free albumin, 1 mM DTT, and 8 mM NaF (12). Reactions
were initiated by the addition of 5-10 g of membrane protein to
the assay mixture, followed by 10 min incubations at room tem-
perature. Reaction products were extracted into chloroform and
1% perchloric acid (13), and the radioactivity present in the or-
ganic phase was determined by scintillation counting.

Rates of fatty acid oxidation

Fatty acid oxidation rates were measured in freshly collected
liver samples (14). Tissues (100 mg) were homogenized in a Pot-
ter-Elvehjem tube (10 strokes) in the presence of 1 ml of ice-cold
Medium I buffer without DTT, followed by centrifugation at 420 g
for 10 min at 4°C. Supernatants (15-30 pl) were transferred to
Eppendorf tubes containing 370 pl of fatty acid oxidation assay
mixture containing (0.4 wCi [MC]palmitate (55 wCi/pmol; Amer-
ican Radiolabeled Chemicals Inc.), 0.5 pM palmitate, 0.7% BSA
(wt/vol), 100 mM sucrose, 10 mM Tris (pH 8.0), 5 mM KH,PO,,
0.2 mM EDTA, 80 mM KCI, 1 mM MgCl,, 2 mM r-carnitine, 0.1
mM malate, 0.05 mM CoA, 2 mM ATP, and 1 mM DTT. Samples
were incubated at 37°C for 30 min and then transferred to Ep-
pendorf tubes containing 200 pl of 1 M Perchlorlc acid and
shaken for 1 h at room temperature. The [ "C]CO, produced by
complete oxidation of radiolabeled fatty acids was trapped onto
filter papers soaked with 20 pl of 1 M sodium hydroxide. Partially
oxidized acid-soluble metabolites were separated by centrifuga-
tion at 14,000 g for 10 min at 4°C. Aliquots of the supernatants
(400 wl) and paper filters were placed into separate vials contain-
ing 4 ml Ecoscint H and subjected to scintillation counting.

Hepatic TG secretion rates

Rates of hepatic TG secretion were determined in mice that
were fasted for 5 h (9). The lipoprotein lipase inhibitor Tyloxapol
(500 mg per kg of body weight) (Sigma-Aldrich, St. Louis, MO)
was administered by tail vein injection during the light cycle. Tail
tip blood samples (25 pl) were collected into Eppendorf tubes
containing EDTA prior to Tyloxapol injection and at regular in-
tervals for up to 4 h. Plasma TG concentrations were determined
by using the enzymatic assays described above. Rates of hepatic
TG secretion were calculated from the time-dependent linear in-
creases in plasma TG concentration following Tyloxapol adminis-
tration (15).

Glucose, insulin, and pyruvate tolerance tests

Glucose tolerance tests (GTTs), insulin tolerance tests (ITTs),
and pyruvate tolerance tests (PTTs) were performed as described
(16). In brief, mice were fasted with free access to water overnight
(16 h) for GTTs and PTTs and 4 h during the light cycle for ITTs.
Blood (<5 wl) was collected from the tail tip prior to and at regu-
lar intervals up to 120 min following intraperitoneal injection with
either 1 mg/kg (high-fatfed mice) or 2 mg/kg (chow-fed mice)
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glucose, 0.75 U/kg insulin, or 2 g/kg pyruvate per body mass for
GTTs, ITTs, and PTTs, respectively, each dissolved in PBS. Plasma
glucose concentrations were determined by using a glucometer
(General Electric, Ontario, CA).

Metabolic monitoring

Mice housed in temperature-controlled cabinets with a 12 h
light/dark cycle were monitored by using the Promethion Meta-
bolic Screening System (Sable Systems International, North Las
Vegas, NV). Mice were single-housed with cage floors in place of
bedding and had ad libitum access to diet and water. Rates (mil-
liliters per kilogram per hour) of Oy consumption (VO,) and CO,
production (VCO,) were determined at 5 min intervals. Respira-
tory exchange ratio (RER) values were calculated as VCO,/VO,.
Mice were studied for 72 h at ambient temperatures of 30°C,
22°C, and 4°C, where the first 48 h period was considered as an
acclimation period followed by a 24 h data-recording period (17).
Rates of energy expenditure (kilojoules per hour) were calculated
from gas exchange, and physical activities (17) were measured by
the number of beam breaks per hour. Cumulative values of VO,,
VCO,, energy expenditure were calculated and adjusted by AN-
COVA (18) using VassarStats (www.vassarstats.net) to adjust for
differences in lean body mass using lean body composition deter-
mined by magnetic resonance imaging (3inl Body Composition
Analyzer, EchoMRI, Houston, TX). Rates of food consumption
were measured gravimetrically.

Rates of oxygen consumption by cultured hepatocytes

Oxygen consumption rates (OCR) were measured in primary
hepatocytes by using an XF‘96 extracellular flux analyzer (Sea-
horse Bioscience, North Billerica, MA). Hepatocytes (7,500 cells)
were seeded per well (6-8 replicates) in customized Seahorse 96-
well plates. Cells were incubated in Medium 199 (Invitrogen,
Carlsbad, CA) with 10% FBS and 1% penicillin-streptomycin for
4-5 h prior to commencing treatments. One hour prior to the assay,
the medium was changed to XF Base Medium. BSA-conjugated
palmitate was prepared (5). In selected experiments, the carni-
tine palmitoyltransferase 1 (CPT1) inhibitor etomoxir (200 pM)
or vehicle (water) was added to wells on the microplate 15 min
prior to OCR measurements. BSA as vehicle only or conjugated
with palmitate (300 pM) (1:6 molar ratio) was prepared as previ-
ously described (19) and added immediately prior to initiating
the assay. To test mitochondrial function, basal and maximal
OCR values were assessed. To measure maximal OCR capacity,
cells were first exposed to the ATP synthase inhibitor oligomycin
(2 pM) to negate the portion of basal respiration used to drive
ATP production. The cells were then treated with the mitochon-
drial uncoupler carbonyl cyanide-p-trifluoromethoxyphenylhydra-
zone (FCCP) (1 pM), which forces the electron transport chain to
operate at maximum capacity. Once the cells achieved maximal
respiratory capacity, they were treated with the electron transport
inhibitors antimycin plus rotenone (1 pM), which inhibits mito-
chondrial respiration. Areas under the curve (AUGCs) were cal-
culated to represent respective OCRSs.

Immunoblot analysis

Tissues or cells were homogenized in RIPA buffer containing
1% Nonidet P-40, 0.1% sodium deoxycholate, 0.1% SDS, 150 mM
NaCl, 50 mM Tris-HCI (pH 8.0), and 2 mM EDTA with Halt Pro-
tease Inhibitor Cocktail (Thermo Fisher Scientific, Waltham,
MA). Cytosolic fractions were prepared by ultracentrifugation
(4). For apolipoprotein B (apoB) measurements, 2 pl of plasma
was added directly to the loading buffer. Proteins were separated by
SDS-PAGE and then subjected to electrophoretic transfer to nitro-
cellulose membranes by using standard protocols. Immunoblots



were incubated overnight with primary antibodies against Them1
(4, 6), GAPDH (Imagenex, San Diego, CA), B-actin (Sigma-Aldrich,
St. Louis, MO), or apoB (BioDesign, Memphis, TN) in TBS-
Tween-20 containing 3% dried milk plus 1% BSA. The blots
were then probed with secondary mouse or rabbit antibodies
(Dako-Agilent, Santa Clara, CA) for 1 h and detected by using
enhanced chemiluminescence (SuperSignal West DURA, Thermo
Fisher Scientific).

qPCR

Total RNA was isolated from samples (9), treated with RNase-
free DNase I (Invitrogen), and used to synthesize cDNA (Ap-
plied Biosystems, Foster City, CA). qPCR was performed by
using specific primers for the target genes and SYBR Green as
the reporter dye (Applied Biosystems). Ribosomal protein L.32
(RPL32) gene amplification was used for normalization. Primer
sequences have been described previously (9, 11, 16, 20-22).
Primer efficiencies and qPCR inhibition were determined (23).
Amplification specificity analysis and qPCR controls to detect
contaminations were conducted according to Minimum Infor-
mation for Publication of Quantitative Real-Time PCR Experi-
ments guidelines (24).

Statistical analyses

Data are presented as mean values with error bars representing
SEM. Statistical significance was determined by using two-tailed
unpaired student #test when comparing two groups, with P< 0.05
considered to be significant, or using one-way ANOVA followed
by Bonferroni multiple comparisons test when comparing three
or more groups (GraphPad Prism 7; GraphPad Software, Inc., La
Jolla, CA).

RESULTS

Development and validation of mouse strains

To explore the biological functions of hepatic Them]l,
we created a conditional transgenic mouse with a randomly
integrated transgene, which allowed for tissue-specific cre-
activated expression. The transgene was bred to a Theml K
background (hereafter KO) and activated in liver by cross-
ing with an Alb-cre-expressing mouse. This created mice
that express Theml1 exclusively in the liver (KO + LTg)
(supplemental Fig. SIA and B). The expression of trans-
genic Theml in the livers of chow-fed and high-fat-fed ani-
mals was confirmed by qPCR (supplemental Fig. S1C) and
immunoblot analysis (supplemental Fig. S1D). Measure-
ment of ACOT activity (supplemental Fig. SIE) provided
evidence for the overexpression of active enzyme: Although
no differences in K, were detected among genotypes, there
was a 25% increase in V,,, values of liver homogenates
from KO + LTg mice compared with the WT controls. Ar-
guing against the possibility that these changes reflect com-
pensation by other ACOTs, we observed only modest
genotype-dependent changes in mRNA expression levels,
on both diets, for some of the other Acot genes (supple-
mental Fig. S1F). There were no significant differences in
body weight among the three genotypes fed chow or the
high-fat diet (supplemental Fig. S2A). In addition, each ex-
hibited similar body compositions (supplemental Fig. S2B, C),
values of RER (supplemental Fig. S2D), food consumption

(supplemental Fig. S2E), energy expenditure (supplemen-
tal Fig. S2F), and physical activity (supplemental Fig. S2G).

Theml regulates fatty acid metabolism in the liver

We next explored a role for ThemlI in hepatic fatty acid
metabolism. There were small but significant increases in
liver-to-body weight ratios of KO mice compared with WT
mice (Fig. 1A). Although there were no histological differ-
ences observed (Fig. 1B), chow-fed KO mice tended toward
increased hepatic FFA and TG contents in comparison to
the WT animals, and this effect was reversed in KO + LTg
mice (Fig. 1C, D). There were no related changes in he-
patic concentrations of PL (Fig. 1E) or total or free choles-
terol (Fig. 1F, G). When taken together with previous
observations of increased fatty acid oxidation in BAT from
Them1’~ mice (4,5), these findings prompted us to exam-
ine whether Theml regulates fatty acid oxidation within
the liver. Because the metabolic utilization of fatty acids for
either oxidation or complex lipid biosynthesis depends on
its activation to an acyl-CoA form by ACSL isoforms, we first
determined whether Theml influenced ACSL activities.
Activities were increased by 12% in KO animals, and this
effect was eliminated in KO + LTg mice (Fig. 2A). Because
there were no associated increases in the mRNA expression
levels of any of the Acslisoforms (Fig. 2B), this indicated
that either protein levels or specific activities of ACSLs were
suppressed by Them1. When compared with WT, there was
a 15% reduction in rates of fatty acid oxidation in livers of
KO mice, which were restored following liver-specific ex-
pression of Theml in KO + LTg mice (Fig. 2C). Plasma
concentrations of B-hydroxybutyrate, a ketone product of
hepatic fatty acid oxidation, were also decreased in KO ani-
mals by 50%, but this was not restored by the reintroduc-
tion of Theml expression in KO + LTg mice (Fig. 2D).
These changes in fatty acid oxidation rates occurred in the
absence of effects of Them1 expression on mRNA levels of
Ppara or its transcriptional targets, Cptla and fatty acid
binding protein-1 (Fabpl) (Fig. 2E).

In addition to changes in fatty acid oxidation, steady-
state concentrations of hepatic FFAs and TGs may be influ-
enced by changes in fatty acid uptake, synthesis, and
secretion. Relative rates of fatty acid uptake were inferred
from plasma FFA concentrations, as well as the expression
of genes that mediate fatty acids uptake into hepatocytes.
Suggestive of increased rates of uptake, plasma FFA con-
centrations were increased in the absence of Theml ex-
pression and restored by liver-specific expression (Fig. 3A).
However, there were no changes in mRNA levels of fatty
acid transport protein (Fatp2 or Faip5) or cluster of differ-
entiation-36 (Cd36) (Fig. 3B), which are the principal fatty
acid transporters expressed on hepatocyte plasma mem-
branes (25).

We next explored evidence for increases in rates of fatty
acid and TG synthesis. However, there were no systematic
differences observed in the mRNA expression levels of the
lipogenic transcription factors, carbohydrate-responsive
element-binding protein (Chrebpo: and Chrebpf) and Srebplc,
or in their target genes, fatty acid synthase (Fasn), acetyl-CoA
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Fig. 1. Modest suppression of FFA and TG concentrations by Them1 in livers of chow-fed mice. Chow-fed mice were sacrificed at age 18

weeks. Analyses included liver-to-body weight (BW) ratios (n = 10-12 mice per group) (A) and representative light microscopic images of
H&E-stained sections of livers (B), as well as hepatic concentrations (n = 6 per group) of FFAs (C), TGs (D), PLs (E), total cholesterol (F),

and free cholesterol (G). * P< 0.05.

carboxylase (Acc), and stearoyl-CoA desaturase-1 (Scdl)
(Fig. 3C). There were also no changes in the activities of
GPAT (Fig. 3D), which catalyze the rate-limiting step in the
synthesis of glycerolipids, including TGs and PLs (26).
Secretion of FAs into the plasma occurs in the form of
TGerich, apoB48 and apoB100-continaining VLDL parti-
cles, which also contain cholesterol. KO and KO + LTg
mice exhibited nonsignificant increases in steady-state
plasma TG concentrations compared with the control WT
animals (Fig. 3E). KO mice also exhibited a 16% reduction
in plasma cholesterol concentrations (Fig. 3F), a pheno-
type that was rescued in KO + LTg mice. ApoB48 expres-
sion in the plasma (Fig. 3G) correlated with the trends
observed for plasma TG concentrations (Fig. 3E): Plasma
apoB48 concentrations were increased in KO and KO +
LTg mice by 2- and 4-fold, respectively. Although plasma
apoB100 concentrations followed the same trend, there
were no significant changes (Fig. 3G). Since most plasma
cholesterol in chow-fed mice is carried in TG-poor HDL
particles, the differing trends in plasma cholesterol com-
pared with TGs and apoB most likely reflect the modest
effect of Them1 on steady-state HDL cholesterol concen-
trations that we have previously reported (4). In chow-fed
mice, there was a 46% increase in the rates of VLDL-TG
secretion in KO mice compared with its WT controls. This
was reversed when Them1 expression was restored in livers
of KO + LTg mice (Fig. 3H). We did not measure apoB se-
cretion as part of our assessment of hepatic TG secretion
rates. However, because plasma apoB concentrations vary
in proportion to plasma TG concentrations, it is likely that
hepatic Them] regulated both TG and apoB secretion.
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Liver-specific Them1 expression promotes diet-induced
hepatic steatosis

We next examined the influence of Theml expression
on the development of hepatic steatosis in response to
high-fat feeding. In keeping with the increased mRNA ex-
pression (supplemental Fig. S1C), Theml protein expres-
sion in the livers of WT mice was induced by high-fat
feeding (Fig. 4A). In high-fat-fed mice, liver-to-body weight
ratios tended to increase slightly in KO mice, but were
more substantially elevated in KO + LTg mice (Fig. 4B).
Histological analysis revealed an increased abundance of
LDs in high-fatfed KO + LTg mice (Fig. 4C). There were
no genotype-related changes in hepatic concentrations of
FFA (Fig. 4D). In contrast to previous observations in
ThemI™~ mice on a mixed 129/B6 genetic background
(4), the absence of Theml in KO mice did not appreciably
reduce hepatic TG concentrations compared with the WT
controls. However, Them1 expression in livers of KO + LTg
mice increased TG concentrations in liver by 2-fold (Fig.
4E). There was a 30% reduction in hepatic PL concentra-
tions in KO + LTg mice (Fig. 4F), whereas hepatic concen-
trations of total (Fig. 4G) and free cholesterol (Fig. 4H)
were unchanged.

There were no appreciable changes in hepatic ACSL ac-
tivities in high-fat-fed KO mice, whereas a 25% increase was
observed in the KO + LTg animals (Fig. 5A). This occurred
in the absence of changes in steady-state mRNA expression
levels of Acsl genes (Fig. 5B). Rates of fatty acid oxidation
were increased 2-fold in KO mice, and this effect was
blunted in KO + LTg animals (Fig. 5C). Whereas KO mice
tended to exhibit increased plasma concentrations of
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B-hydroxybutyrate, the reintroduction of hepatic Theml
reversed this effect (Fig. 5D). mRNA expression levels of
Ppara tended to increase by 41% and 58% in high-fat-fed
KO and KO + LTg mice, respectively, with parallel upregu-
lation in the target genes, Cptla and Fabpl (Fig. 5E).

The differences observed in fatty oxidation rates led us
to examine the influence of hepatic Theml expression on
mitochondrial function. Compared with WT, primary he-
patocytes cultured from KO mice exhibited a 4-fold in-
crease in basal OCR values following exposure to equal
concentrations of exogenous palmitate, a response that
was blunted in hepatocytes from KO + LTg mice (Fig. 5F).
There was also a 2-fold increase in maximal OCR values in
KO mice compared with WT that was again blunted in the
KO + LTg mice (Fig. 5F). To establish that the OCR mea-
surements primarily reflected the B-oxidation of fatty acids,
hepatocytes were treated with the CPT1 inhibitor, eto-
moxir. For each genotype, there was no response to FCCP
and no measurable differences in their basal or maximal
respiration following etomoxir treatment, confirming that
fatty acids were oxidized by mitochondrial B-oxidation
(Fig. 2F).

Arguing against a change in fatty acid uptake, there were
no systematic Theml-dependent changes in plasma FFA
concentrations (Fig. 5G) or mRNA expression of fatty acid
transporters in mouse livers (Fig. 5H). Similarly, there were
no consistent genotype-dependent changes in lipogenic
transcription factors or their target genes (Fig. 5I). The

exceptions were that mRNA concentrations of Cd36 (Fig.
5H) and Sed! (Fig. 5I), which are also targets of Pparn, in-
creased in livers of KO and KO + LTg mice. Unlike in their
chow-fed counterparts, high-fat-fed KO mice exhibited an
18% increase in GPAT activities compared with WT con-
trol and KO + LTg animals (Fig. 5]).

There were decreases in plasma TG and total cholesterol
concentrations of 26% and 40%, respectively, in KO mice
compared with WT controls, and this effect was reversed in
KO + LTg animals (Fig. 5K, L). Similarly, the plasma con-
centrations of apoB48 and apoB100 were decreased in the
KO mice by 12% and 27%, respectively, relative to WT ani-
mals, and were restored by the transgenic expression of
Theml (Fig. 5M). We were unable to measure hepatic
rates of TG secretion in high-fatfed mice. This may be
explained by observations in rats that high-fat feeding
reduces TG secretion rates apparently by channeling hepatic
fatty acids away from VLDL assembly in favor of B-oxidation
(27, 28).

Effects of liver-specific Theml expression on glucose
homeostasis

Finally, we examined whether Them1 expression in the
liver influences glucose homeostasis. Compared with con-
trols, fasting glucose concentrations were increased by 29%
in chow-fed KO mice and tended to remain elevated in KO +
LTg mice (Fig. 6A). There was also a trend toward de-
creased plasma insulin concentrations in chow-fed KO
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mice (Fig. 6A). By contrast, there was a modest 17% in-  to increase by 19% in KO mice and increase by 47% in
crease in fasting glucose concentrations of high-fatfed KO + high-fatfed KO + LTg mice compared with WT mice (Fig. 6B).
LTg mice (Fig. 6B). Plasma insulin concentrations tended  Although there were no changes in forkhead box protein-O1
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(Foxol) mRNA, there was 2.5-fold upregulation in the glu-
coneogenic genes phosphoenolpyruvate carboxykinase
(Pepck) and glucose-6-phosphatase (G6p) in high-fat-fed
KO + LTg mice (Fig. 6C). Neither glucose nor insulin toler-
ance differed among genotypes on either chow or high-fat
diets (Fig. 6D, E). As assessed by PTTs, chow-fed KO mice
tended to exhibit increased rates of hepatic glucose pro-
duction, and this effect was reversed by reintroducing
Theml expression in the liver (Fig. 6F). In keeping with
the high-fat-diet-induced upregulation of gluconeogenic
genes, AUC values were increased for KO + LTg mice
(Fig. 6F).

DISCUSSION

This study was designed to understand the specific func-
tions of Them1 in liver and the extent to which these con-
tribute to the phenotypes observed in Theml ~/~ mice (4, 5),
especially the improved metabolic profiles exhibited in
high-fat-fed animals (4). Our main finding was that Them1
plays a regulatory role in the hepatocellular trafficking of
fatty acids (Fig. 7). Although it does appear to contribute
to hepatic steatosis in high-fatfed mice, Theml overex-
pression in liver did not influence energy expenditure, nor
did it have a significant impact on glucose homeostasis or
insulin sensitivity.

The mouse model we developed for testing hepatic
Theml function proved to have both strengths and limita-
tions. In functional experiments, where the reintroduction
of Them1 into livers of KO mice reversed the phenotype of
the KO mouse relative to the WT controls, the restoration
of the WT phenotype provided insights into the metabolic

functions of Theml. In other experiments, where unique
phenotypes were observed in the setting of liver-specific
overexpression, the effects were likely due to the supra-
physiologic levels of Them]1, although we cannot exclude
possible effects on the expression of other genes that might
have been affected by the insertion of the transgene. In ad-
dition, certain phenotypes of mice lacking Them1 developed
for this study (KO) mice did not phenocopy ThemI '~ mice
originally characterized in our laboratory (4). Most nota-
bly, there was a lack of appreciable weight loss and an ab-
sence of increased energy expenditure of high-fatfed KO
mice at room temperature when compared with their re-
spective conditional transgenic controls (WT). These dif-
ferences were likely attributable to the distinct genetic
backgrounds of mice in the current experiments compared
with the mice we originally described. ThemI™’~ mice in
the current study were on a pure C56BL/6] background,
and WT mice were also generated in C56BL/6] mice. By
contrast, in our original report (4), Them1”’~ mice and
their littermate controls were prepared and studied on a
mixed 129/B6 genetic background, and these two genetic
strains exhibit differences in susceptibility to diet-induced
obesity (3, 29, 30). The changes in phenotype proved to be
fortuitous because they allowed us to ascribe phenotypic
differences among the three mouse genotypes to Theml
expression in the liver.

Experiments utilizing chow-fed mice provided insights
into the normal metabolic role for Theml in hepatic fatty
acid metabolism. Previous studies from our laboratory have
identified a role for the mitochondria-associated Them2 in
generating FFAs that become substrates for ACSL1 (2, 8).
Fatty acyl-CoAs are taken up into mitochondria following
thioesterification by ACSL1, which interacts with the fatty
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Fig. 5. Theml expression suppresses fatty-acid oxidation in livers of high-fat-fed mice. Mice were fed a high-fat diet for 14 weeks and sacri-
ficed at age 18 weeks. Analyses included ACSL activity (A) (n = 3-6 per group), relative mRNA expression of Acslisoforms (B) (n = 4 per
group), rates of fatty acid oxidation (C) (n = 3-5 per group), plasma concentrations of 3-hydroxybutryate (D) (n = 6 per group), and relative
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acyl-CoA transporter CPTla in the outer mitochondrial
membrane (1, 31) or, depending upon nutritional status,
incorporated into glycerolipids by that activity of GPAT
(1). Our current findings suggest that Theml may func-
tion similarly. Although the precise subcellular localization
of Theml is not known with certainty, cellular fraction-
ation studies suggest that Them1 in liver is largely cytosolic
(4). This would provide an alternative route to mitochon-
drial Them?2 for the trafficking of FFA to ACSLI. In the
absence of evidence for increased fatty acid synthesis, the
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observed reductions in plasma FFA concentrations in mice
with livers that express Them1 suggest that the enzyme pro-
motes trafficking of extrahepatic FFA to the mitochondria
for oxidation. Additionally, the reciprocal relationship of
fatty acid oxidation rates and hepatic TG secretion rates
suggests that, under physiological conditions, Them1 pro-
motes the oxidation of a fatty acid pool that would other-
wise be destined for incorporation into VLDL particles.
Whereas the expression levels of Theml in the liver are
relatively low (4), they are strongly upregulated by high-fat
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feeding (7), which also increases rates of fatty acid oxida-  exogenous palmitate. Indicative of a role from Theml in
tion (32). In the current study, fatty acid oxidation rates fatty acid trafficking, the increased oxidation rates in KO +
were reduced by hepatic Theml expression in high-fatfed =~ LTg hepatocytes were abrogated by inhibiting CPT1. Pre-
mice and in cultured hepatocytes following treatment with sumably because plasma excess FFAs were circulating in
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the setting of high-fat-diet feeding, Them1 expression did
not reduce plasma concentrations. However, under these
conditions, Them1 promoted the storage of fatty acids as
TGs in LDs, as evidenced by an exaggerated hepatic steato-
sis in KO + LTg mice. Because hepatic GPAT activities were
reduced by Theml expression in high-fat-fed mice, newly
synthesized TGs did not appear to be the source of excess
LDs. Instead, the mechanism by which Theml increases
hepatic steatosis was more likely by suppressing lipolysis of
LD TGs, such as we observed in mouse brown adipocytes in
which excess FFA generated by Them1 suppressed adipose
TG lipase activity following their reconversion of fatty acyl-
CoAs, which functioned to suppress the activity of adipose
TG lipase (5). This possibility is supported by an increase in
ACSL activity in livers of high-fat-fed KO + LTg mice. Any
potential increase that might have occurred in hepatic TG
secretion in response to rates of reduced fatty acid oxida-
tion was insufficient to compensate for the increased
storage in LDs. In livers of high-fat-fed mice with Theml1
overexpression, we also observed selective increases in
mRNA expression of Ppara and its target genes, Fabpl and
Cptla (33, 34). This presumably reflected the generation of
excess fatty acids, which was also reflected by modest (al-
beit nonsignificant) increases in hepatic FFA concentra-
tions. These changes in gene expression did not appear to
have metabolic consequences because rates of fatty acid
oxidation were suppressed under the same conditions.
Another issue that this study addressed was whether he-
patic expression of Theml per se was sufficient to influ-
ence glucose homeostasis, which wasimproved considerably
in ThemI '~ mice relative to littermate controls (4). We did
not observe evidence that hepatic Theml expression con-
tributed to insulin resistance. Mice globally lacking Them1
exhibited increased insulin sensitivity when fed chow or
high-fat diets, as evidenced by AUC values for both GTTs
and ITTs, along with reduced values of fasting plasma glucose
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Fig. 7. Schematic model of Theml function in he-
patocellular fatty acid trafficking. Upon uptake or de
novo synthesis, FFAs are activated by ACSLs in hepato-
cytes. Cytosolic Them1 (blue lines), as well as mito-
chondria-associated Them2 (black lines), selectively
hydrolyze long-chain fatty acyl-CoAs to provide FFA
substrates for the mitochondrial ACSLI1. Under fast-
ing conditions, ACSL1 directs acyl-CoA toward mito-
chondria for B-oxidation through CPTla-dependent
transport away from incorporation into VLDL TGs. By
contrast, in the setting of high-fat feeding, excess fatty
acyl-CoAs are directed away from mitochondria to
glycerolipid synthesis by the activity GPAT (red lines),
isoforms of which reside on mitochondria or endo-
plasmic reticulum membranes. This leads to the syn-
thesis of TGs for incorporation into LD or VLDL
particles, which are secreted into the plasma. Solid
lines indicate fatty acid trafficking, and dashed lines
denote biosynthetic pathways. Relative magnitudes of
flux are represented by line thickness.

4 Lipid

" droplet

concentrations. Here, we observed that the expression of
Theml had no systematic effects on glucose homeostasis
(4). The increases observed here in AUC values for PTTs in
high-fatfed KO + LTg mice, along with increased gluco-
neogenic gene expression (i.e., Pepck and G6p), likely re-
flects Ppara activation (34).

Together, the present findings establish a role for Them1
in hepatocellular trafficking of FAs, but not in the sup-
pression of energy expenditure or regulation of glucose
homeostasis. Under normal metabolic conditions, Them1
functions to direct plasma FFA toward mitochondrial
B-oxidation and away from VLDL TG secretion. In the set-
ting of high-fat feeding, Theml promotes hepatic TG
accumulation, potentially by suppressing LD lipolysis. Non-
alcoholic fatty liver disease (NAFLD) is characterized by
excess hepatic TG deposition and is the leading cause of
liver disease worldwide (35), with current management
options that remain very limited (36). Considering that
upregulation of hepatic Theml expression in the setting
of overnutrition contributes to hepatic steatosis, the target-
ing of its enzymatic activity may be considered in the man-
agement of NAFLD HE
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