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We previously demonstrated that the thyroid hormone, T;, acutely stimulates mitochondrial
metabolism in a thyroid hormone receptor (TR)-dependent manner. T; has also recently been
shown to stimulate mitochondrial fatty acid oxidation (FAO). Here we report that TR-dependent
stimulation of metabolism is mediated by the mitochondrial trifunctional protein (MTP), the
enzyme responsible for long-chain FAO. Stimulation of FAO was significant in cells that expressed
a nonnuclear amino terminus shortened TR isoform (sTR,3) but not in adult fibroblasts cultured
from mice deficient in both TRa and TRB isoforms (TRa™/~B87/7). Mouse embryonic fibroblasts
deficient in MTP (MTP /") did not support Ts-stimulated FAO. Inhibition of fatty-acid trafficking
into mitochondria using the AMP-activated protein kinase inhibitor 6-[4-(2-piperidin-1-yl-ethoxy)-
phenyl)]-3-pyridin-4-yl-pyrrazolo[1,5-a]-pyrimidine (compound C) or the carnitine palmitoyltrans-
ferase 1 inhibitor etomoxir prevented T5-stimulated FAO. However, T treatment could increase
FAO when AMP-activated protein kinase was maximally activated, indicating an alternate mech-
anism of T3-stimulated FAO exists, even when trafficking is presumably high. MTP« protein levels
and higher molecular weight complexes of MTP subunits were increased by T; treatment. We
suggest that Ts-induced increases in mitochondrial metabolism are at least in part mediated by a
Ts-shortened TR isoform-dependent stabilization of the MTP complex, which appears to lower
MTP subunit turnover. (Molecular Endocrinology 26: 0000—0000, 2012)

sTRs, the Xenopus laevis-B TR (xTRBA1) and a short-
ened TRa that lacks the first transactivation domain
(sTR,;3), acutely increased the mitochondrial membrane

Thyroid hormones (TH) are known to regulate energy
metabolism (1, 2). It is also well established that TH
have the ability to acutely stimulate mitochondrial me-

tabolism through nontranscriptional mechanisms (3).
The presence of N-terminus shortened thyroid hormone
receptor (sTR) has since been discovered in mitochondria.
sTR correspond to downstream open reading frames of
the TR« gene (4, 5) and can be generated by alternative
translation initiation sites on the thyroid hormone recep-
tor (TR)-a mRNA (6). Our group demonstrated that two
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potential, O, consumption, and inositol 1,4,5-triphos-
phate-mediated Ca** wave periodicity on T; stimulation
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Abbreviations: ACC, Acetyl-CoA carboxylase; AICAr, 5-aminoimidazole-4-carboxamide-
1-B-riboside; AMPK, AMP-activated protein kinase; BNG, blue native gel; CPT1, carnitine
palmitoyltransferase 1; DDM, dodecyl-maltoside; DMSO, dimethylsulfoxide; FAO, fatty
acid oxidation; FBS, fetal bovine serum; FL-TRa 1, full-length TRa1; HBSS, Ham's balanced
salt solution; HSD, honestly significant difference; MEF, mouse embryonic fibroblast; MTP,
mitochondrial trifunctional protein; NLS, nuclear localization sequence; PAMPK, phos-
phorylated AMPK; PVDF, polyvinylidene fluoride; sTR, shortened thyroid hormone recep-
tor; sTR,3, shortened TRa that lacks the first transactivation domain; T,, 3,5-diiodo-t-
thyronine; TBST, Tris-buffered saline and 0.1% Tween 20; TH, thyroid hormone; TR,
thyroid hormone receptor; XTRBA1, Xenopus laevis-B TR.
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in Xenopus laevis oocytes (7). We also observed hor-
mone-dependent antiapoptotic effects of sTR when ex-
pressed in both in Xenopus laevis oocytes and the CV-1
cell lines. T;-activated sTR-mediated inhibition of apo-
ptosis was dependent on localization of the receptor
within mitochondria (8). These effects also appeared to be
independent of the nuclear activity because expression of
a transcriptionally inactive receptor that was mutated in
the DNA binding domain and the nuclear localization
sequence was equally effective (7).

T; and 3,5-diiodo-L-thyronine (T,) have both been re-
ported to stimulate fatty acid oxidation (FAO) in HeLa
cells and in skeletal muscle mitochondria from hypothy-
roid rats, respectively (9, 10). T5 treatments were also
shown to shift the substrate preference from glucose to
fatty acids in perfused rat hearts (11). We hypothesized
that TR-dependent stimulation of mitochondrial metab-
olism by T; was due to increased FAO. Consistent with
this hypothesis, we found that T treatment acutely in-
creased FAO but only in the presence of sTR. The pres-
ence of mitochondrial trifunctional protein (MTP) en-
zyme was required for Tj-stimulated increases in
mitochondrial metabolism. MTP catalyzes the last three
steps of long-chain FAO. It is a heterooctamer enzyme
complex comprised of four a- (80 kDa) and four B-sub-
units (50 kDa). MTP deficiency results in an autosomal
recessive disorder that can cause sudden infant death,
cardiomyopathy, and rabdomyolysis among other mani-
festations (12). It has been shown that mutations in either
a- or B-subunits of MTP can disrupt the formation of the
MTP complex and consequently, its enzymatic activities
(13). Our analysis indicated that T; treatment slowed the
turnover of MTPa subunits in the presence of cyclohexi-
mide and increased the levels of higher-molecular-weight
MTP structures. These higher molecular bands exhibited
immunoreactivity to the whole MTP complex as well as
sTR.

Materials and Methods

Antibodies and chemicals

TRal antibody (catalog no. PA1-211A) was purchased from
ThermoScientific (Rockford, IL) and was used at a 1:1000 di-
lution in 3% BSA in Tris-buffered saline and 0.1% Tween 20
(TBST) for Western blots. Hydroxyacyl-CoA dehydrogenase A
(MTPa subunit; catalog no. 10758-1-AP) antibody was pur-
chased from Proteintech Inc. (Chicago, IL) and was used at a
1:500 dilution in 5% milk in TBST for Western blots. Actin
antibody (catalog no. MAB-1501) was purchased from Milli-
pore (Billerica, MA) and was used at a 1:2000 dilution in 5%
milk in TBST for Western blots. AMP-activated protein kinase
(AMPK)-a (catalog no. 2532) and phosphorylated (PAMPK)-a
(catalog no. 2531) antibodies were purchased from Cell Signal-
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ing Technology (Beverly, MA) and were used at a 1:1000 dilu-
tion in 3% BSA in TBST for Western blots. Anti-Core II (Mito-
sciences, Eugene, OR; catalog no. MS304) was used ata 1:1000
dilution in 5% milk in TBST. 5-Aminoimidazole-4-carboxam-
ide-1-B-riboside (AICAr) (catalog no. 123040) and compound
C (catalog no. 171261) were purchased from Calbiochem (La
Jolla, CA). Etomoxir (catalog no. E1905) was purchased from
Sigma (St. Louis, MO). AICAr, compound C, and etomoxir
were prepared as stock solutions in dimethylsulfoxide (DMSO)
and diluted into media at the indicated concentrations. Cyclo-
heximide was purchased from Sigma (catalog no. 104450), pre-
pared as a 5-mg/ml stock in H,O with sonication, and then used
at 10 pg/ml final concentration.

Expression vector construction

The shortened form of ratTRa1 (sTRa,;) was generated by
PCR at the second open reading frame of YTRal ¢cDNA and
mutated in the DNA binding domain and nuclear localization
sequence (NLS) as described previously to create ApBxNLS (7).
The generated coding fragment of both wild-type sTRa,; and
ApBxNLS was then subcloned into the pcDNA-3.1-Zeo(—) (In-
vitrogen, Carlsbad, CA) using BamH1 and HinDIII (New Eng-
land Biolabs, Ipswich, MA) for expression in the CV-1 cell lines.
Full-length ratTRa M39A was created using quick-change site-
directed mutagenesis of pGEM-HeNo-trTRa (described in Ref.
7). Primers that contained the missense mutations A549C and
T550C were generated, and pHNrTRa M39A was amplified
via PCR using Platinum PFX (Invitrogen). Methylated DNA
was then digested using DPN1 (New England Biolabs), trans-
formed into bacteria, and sequenced to confirm proper muta-
tion. The resultant mutant was then subcloned into pCDNA-
3.1-Zeo(—) using BamH1 and HinDIII (New England Biolabs)
for expression in CV-1 cells.

FAO assay

FAO assays were performed according to the method of
Moon and Rhead (14). *H-palmitate (PerkinElmer, Waltham,
MA; catalog no. NET043001MC) was prepared as a stock so-
lution with BSA. Into a glass tube, 3 mL of 4 mM palmitic acid
(MP Biomedicals, Solon, OHj; catalog no. 100905) in absolute
ethanol was combined with 1 mCi *H-palmitate. The ethanol
was evaporated under air in a 37 C water bath, and then the
palmitate was resuspended in 3 ml of fatty-acid free BSA (10
mg/ml; Calbiochem; catalog no. 126575) in PBS. The *H-palmi-
tate/BSA mixture was warmed at 37 C and occasionally mixed
until the palmitate was fully dissolved. The specific activity of
the *H-palmitate/BSA mixture was between 6,000 and 12,000
DPM/nmol for each preparation. For experimental use, *H-
palmitate was diluted 20 times using PBS with Mg++ and
Ca++ and then further diluted with BSA in PBS (0.5 mg/ml)
such that for all the concentrations of *H-palmitate, the final
concentration of BSA was 0.5 mg/ml.

For the assay, each experimental condition was performed in
triplicate for each experiment. Cells were grown to 70—80%
confluence in 12-well plates and were washed twice with Ham’s
balanced salt solution (HBSS). As a control, a set of blanks were
created by incubating triplicate wells with methanol for 60 sec.
Cells and blanks were incubated with the indicated concentra-
tion of *H-palmitate in 0.5 mg/ml BSA/PBS for 2 h at 37 C and
5% CO,. For experiments involving T5, T5 was added at the
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same time as of *H-palmitate. The *H-palmitate/BSA was har-
vested into microfuge tubes containing 10% trichloroacetic acid
(200 wl). Wells were rinsed once with PBS (100-200 ul), and the
wash was also added to the microfuge the tubes and then incu-
bated at room temperature for 2 min. Protein was precipitated
by spinning at 8500 X g for 5 min at 4 C. Supernatants were
transferred into new microfuge tubes containing 6 N NaOH (70
wl) to neutralize the acid and then were poured over columns
containing 1 X 2, 200—400 mesh Dowex ion-exchange resin
(Acros Organics, Geel, Belgium; catalog no. 9085-42-1). *H-
water was eluted from the columns using ultrapure H,O (2 ml).
The eluate was combined with 10 ml of Optiphase Hisafe-3
(PerkinElmer; catalog no. 1200-437), and radioactivity was
counted on a Beckman LS6500 scintillation counter (Brea, CA).
Protein was harvested by washing cell plates 2 times with PBS
for 10 min and incubating with 0.5 N NaOH (200 ul) at 4 C
overnight. The protein concentration was determined directly in
the wells using the bicinchoninic acid protein assay (Pierce,
Rockford, IL; catalog no. 23225) according to the manufactur-
er’s instructions. Final results were determined by subtracting
blank scintillation values from experimental values, determin-
ing the picomole values of *H-palmitate oxidized using specific
activity, and expressing those values as picomoles per micro-
gram protein per hour.

Cell culture and transfection

Cell cultures were maintained in a humidified, 5% CO, in-
cubator at 37 C. Primary adult skin fibroblasts were obtained
from a 1.5-cm-long mouse tail biopsy as described by Salmon ez
al. (15). Mouse embryonic fibroblasts (MEF) were isolated from
embryonic d 14 embryos by mechanical dissociation. Pregnant
female mice were anesthetized and killed by cervical dislocation.
Placentas were removed and placed into a 50-ml conical tube
with HBSS. The embryos were harvested in separate dishes and
removed extraembryonic tissue. Heads were removed and saved
for genotyping. Limbs and red organs were also removed. The
rest of the embryo was placed in a microfuge tube with 800 ml
of DMEM supplemented with 10% fetal bovine serum (FBS)
and antibiotics and passed 10 times through an 18-gauge needle
with a 1-ml syringe. The dissociated embryo was then placed in
a 60-mm petri dish and incubated in complete DMEM with
10% FBS. Cells were used between passage 2 and 4. CV-1 (nor-
mal African green monkey kidney fibroblasts) cell lines were
purchased from American Type Culture Collection (Manassas,
VA) and cultured in high glucose DMEM supplemented with
10% charcoal-stripped FBS (Invitrogen) and antibiotics. For
FAO assays of transfected cells, CV-1 cells were plated in six-
well plates. Transfections were performed on 80% confluent
cells using the Polyfect reagent (QIAGEN, Valenica, CA) fol-
lowing the manufacturer’s instructions. Assays were performed
2 d after transfection. In experiments involving T, cells were
rinsed one time with HBSS and refed with media containing
10% charcoal-stripped FBS (Invitrogen) the evening before
experimentation.

Western blot analysis

Whole-cell extracts were prepared from cells that were
washed with PBS and then rapidly lysed and scraped in ice-cold
lysis buffer ( 0.5 M Tris-HCI, pH 6.8; 10% glycerol; 2% sodium
dodecyl sulfate; 7.7 mg/ml dithiothreitol; protease inhibitors
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cocktail (Roche, Indianapolis, IN); and 0.5 mg/ml sodium or-
thovanadate). For AMPK and PAMPK Western blots, lysis buf-
fer was also supplemented with phosphatase inhibitor cocktail
(Thermo Scientific; catalog no. 78420). Lysates were collected
in microfuge tubes, passed five times through a 25 G5/8 syringe
and centrifuged at 10,000 X g for 15 min at 4 C. Supernatants
were collected and run in 7.5% SDS-PAGE and then transferred
to 0.2-um nitrocellulose membranes for 70 min. The mem-
branes were blocked in blocking buffer (either 5% milk or 3%
BSA in TBST) and exposed overnight to the primary antibodies
as indicated. The membranes were subsequently washed with
TBST three times and incubated with the corresponding horse-
radish peroxidase-coupled secondary antibodies. The mem-
branes were then washed three times and developed with en-
hanced chemoluminescence substrate (PerkinElmer).

XTR protein purification and affinity column pull-
down assay

xTRBA, was cloned as previously described (7) and sub-
cloned into a glutathione-S-transferase fusion vector (pGEX-6P-
2). BL21-CodonPlus-RP-competent cells were transformed and
used to produce large quantities of recombinant protein. Protein
production was induced with 1 M isopropyl-1-thio-B-p-galacto-
pyranoside addition for 6—8 h at 25 C. The protein was purified
by standard procedures with a glutathione sepharose 4B col-
umn. Glutathione-S-transferase was digested with PreScission
protease enzyme (Amersham Pharmacia Biotech, Piscataway,
NJ) and the xTRBA, protein dialyzed with coupling buffer (0.1
M NaHCOs; 0.5 M NaCl, pH 8.3) overnight. The dialyzed sam-
ples (including the mitochondrial extracts) were centrifuged at
100,000 rpm for 10 min (Beckman TLA120). After T; addition
(100 nMm), the samples were placed into a deactivated affinity
column CN-Sepharose 4B (Amersham Pharmacia Biotech) and
incubated with gentle rotation at 4 C for 2 h. The flow-through
was collected and loaded into a second column, xTR BA  affinity
column, and incubated in the same conditions. Columns were
washed three times with a binding buffer (in millimoles, 10
HEPES; 150 NaCl; 3 EDTA; 0.05% Tween 20, pH 7.4) and
eluted with elution buffer (100 mm glycine, pH 2.5). The eluent
was neutralized with 0.1 M glycine (pH 9.5) and further concen-
trated in 200 ml. The remaining proteins, which were tightly
bound to the columns, were eluted with a 2X protein loading
buffer and concentrated again. The samples were subsequently
loaded into a 10% SDS-PAGE and stained with Coomassie blue.
The bands were subjected to protein identification by mass spec-
trometry sequence prediction.

Mitochondria isolation

Oocyte mitochondria were isolated as previously described
(8). Mouse brain and heart mitochondria were isolated accord-
ing to Graham (17).

Blue native gel electrophoresis and mitochondrial
solubilization

Crude mitochondrial protein (1 mg) from mouse heart was
stimulated with vehicle or T; (Sigma Aldrich, St. Louis, MO;
catalog no. T6397) at 10 or 100 nM as indicated for 15 min at
room temperature just before solubilization with 1% dodecyl-
maltoside (DDM; Sigma Aldrich; catalog no. D4641) for 45 min
at 4 C in a rotator. The solubilized mix was then spun at
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72,000 X g for 30 min at 4 C. The supernatants were collected
and bezonase treated (Sigma Aldrich; catalog no. E1014) for 30
min at room temperature. The solubilized mitochondrial super-
natants were collected and aliquoted for Blue native gel
electrophoresis.

Solubilized mitochondrial extracts (100 ug) were loaded
onto a native page bis Tris 4-12% gradient gel with Commassie
G250 (Invitrogen; catalog no. BN1002) and run at 150 V using
a dark blue cathode buffer (Invitrogen) as directed by the man-
ufacturer’s protocol with native mark standards in the cold
room (4 C). Staining of the native page gel was performed using
colloidal blue staining kit (Invitrogen; catalog no. LC6025) fol-
lowing the manufacturer’s protocol. For immunoblotting exper-
iments, blue native gels were transferred using the iBlot dry
blotting transfer system (Invitrogen; catalog no. IB1001) on set-
ting P3 for 7 min. Gels were initially immersed in a 2X transfer
buffer for 10 min on a shaker at room temperature before trans-
ferring. During the last 5 min of shaking, a final aliquot of 0.1%
sodium dodecyl sulfate was added to the 2 X transfer buffer. The
gel was then transferred onto a polyvinylidene fluoride (PVDF)
membrane. Blots were with fixed with 8 % acetic acid and rinsed
with distilled H,O before blocking and immunodetection. For
two-dimensional SDS-PAGE gel analysis of native lanes, blue
native gels were destained overnight and individual lanes were
cut out and then denatured. Intact gel lanes were placed at the
top of a 4-12% gradient two-dimensional gel (Invitrogen; cat-
alog no. NP0326) and run at 150 V in a cold room (4 C) and
then transferred to a nitrocellulose membrane for 1 h at 100 V.
Blots were probed with the indicated antibodies anti-HADHA
and anti-TRal and then developed using Western Lightning
ECL Plus (PerkinElmer; catalog no. NEL103001)

ATP assays

Primary fibroblasts or MEF (1 X 10* cells) were plated in
black-bottom 96-well plates (BD Falcon, Franklin Lakes, NJ) in
DMEM supplemented with 10% charcoal-stripped FBS 24 h
before assaying ATP levels. Cells were incubated with vehicle
(10 mM NaOH) or 100 nm T for 15 min, and ATP was assayed
using an ATP lite kit (PerkinElmer) following the manufactur-
er’s instructions.

Statistics

For all experiments, results shown are means = Sk of at least
three independent experiments. Statistical comparisons between
two sets of data were performed using a Student’s unpaired ¢
test, where indicated. Multiple comparisons were performed
using ANOVA followed by Tukey’s honestly significant differ-
ence (HSD) test using the Vassar stats web site. Results were
considered significant when P < 0.05.

Results

TH increases FAO in a TR-dependent manner

To test whether shortened TRal isoforms could stim-
ulate FAO, we transiently expressed a transcriptionally
inactive, shortened TR isoform (ApBxNLS) in CV-1 cells,
which do not express endogenous TR (18) (Fig. 1, A and
B). First, we measured total ATP levels 15 min after treat-
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FIG. 1. T acutely stimulates FAO in a TR-dependent manner. A,
Diagram of TRa1 isoforms and mutants from rat (top and bottom
panels), and Xenopus (middle panel). FL-TRa1 has an alternate start
site, which results in the translation of the shortened TRa1 isoform,
sTR43(bottom panel). FL-TRa1 was mutated at base pairs bp 549 and
550, creating the missense mutation M39A. Wild-type sTR,5 was
mutated into sTRa-ApBxNLS by deleting five amino acids (C3? -E33 -G34
-C3° -K36) in the DNA binding domain and missense mutation of two
amino acids in the NLS (K92A, R93A). B, ATP levels 15 min after
vehicle (V) and T5 treatment in CV-1 controls and sTRa-ApBxNLS-
expressing cells. Top panel shows sTRa expression analyzed by
Western blot. C, Western blot analysis of CV-1 cells expressing pcDNA
3.1 (Cntrl), FL-TRa1 (TRa1), or FL-TRa1 M39A (M39A). Note that
M39A-expressing cells do not express sTR43. D, FAO activity was
assessed in vehicle (V) and Ts-treated CV-1 cells expressing pcDNA 3.1,
FL-TRa1, FL-TRa1 M39A, or sTR43 as described in Materials and
Methods. Results shown are means =+ se from three separate
experiments. *, P < 0.05 using Student’s t test. E, ATP levels in
fibroblasts cultured from TR knockout mice stimulated for 15 min with
either vehicle (V) or T5. Results shown are means = st from three
separate experiments. *, P < 0.05 using Student’s t test. F, Affinity
pull-down assay showing the interaction between xTRBA,; and MTP
from mouse heart (mHrt), mouse brain (mBrn), and Xenopus laevis
oocytes (xOo). Mitochondrial extracts were run on SDS-PAGE and
stained with Coomassie blue, and the indicated bands (black
arrowheads) were analyzed by mass spectrometry.

mHrt mBrn xOo

ment with T5 (10 nm), and found that CV-1 cells trans-
fected with transcriptionally-inactive sTR,; have in-
creased ATP levels by 91 = 27% upon Tj; treatment (n =
3, P < 0.001), whereas ATP levels were unchanged in
control cells (Fig. 1B). To determine whether increased
ATP levels can be attributed to increased oxidation of
fatty acids, we measured the conversion of *H-palmitate
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into *H,O in transfected CV-1 cells. CV-1 cells trans-
fected with the wild-type, shortened TR isoform sTR 5
had significantly more FAO after T, treatment than vehi-
cle-treated cells (2.29 = 0.16 vs. 1.77 £ 0.11 pmol/ug-h,
P < 0.05), whereas FAO did not change upon T; treat-
ment in CV-1 cells transfected with empty vector (Fig.
1D). sTR,; expression results from an alternative start
site on the full-length TRa1 (FL-TRal) at base pair 549
(Fig. 1A). When expressed in CV-1 cells, wild-type FL-
TRal constructs will yield full-length TRas at about
45-50 kDa on a Western blot, along with a 43-kDa short-
ened protein (Fig. 1C). To determine the role of FL-TRal1,
we measured FAO in FL-TRal-expressing CV-1 cells.
Although T; treatment tended to increase FAO in FL-
TRal-expressing cells (2.10 £ 0.16 vs. 1.89 = 0.16 pmol/
pgh), we failed to observe a significant T5-mediated in-
creases in FAO (Fig. 1D). Similarly, we mutated the
alternate start site of FL-TRal to create M39A, which
does not express the sTR 5 isoform but does express the
full-length TRa1 isoform (Fig. 1C). CV-1 cells expressing
the M39A variant of TRa1 also failed to increase FAO in
response to T treatment (Fig. 1D). Together these results
indicate that T; rapidly increases FAO in a sSTRa1-depen-
dent and nonnuclear manner, which in turn likely in-
creased ATP levels.

Cells expressing either TR« or TRf3 genes can
mediate Ts-induced increases in ATP levels

Shortened N-terminus TR isoforms are generated from
the TRa gene (5, 6). To test whether a specific TR isoform
was preferred for T;-stimulated ATP increases, we cul-
tured adult primary fibroblasts from mice deficient in
TRa/~, TRB™'", or both TR isoforms (TRa™/"B~/7).
T;-mediated increases in ATP levels were completely ab-
sent in fibroblasts cultured from TRa ™/~ B/~ mice (2 *
40%, n = 13), in contrast to cells expressing either TR«
or TR isoforms (Fig. 1E) (38 = 14% for TRa '~ and
44 + 18% for TRB™/~, P < 0.05,n = 13).

TH induced increases in FAO are dependent on the
presence of MTP

To identify potential targets that sTR might bind to
within mitochondria and that could mediate FAO, we
performed pull-down assays with affinity columns of pu-
rified sTR protein that was translated from xTRBA;
mRNA. Isolated mitochondrial extracts were obtained
from Xenopus oocytes, mouse brain, and mouse heart
tissue and were loaded onto xTRBA, affinity columns.
Elution products were run out on an SDS-PAGE and
stained with Coomassie blue, and discreet protein bands
were analyzed with mass spectrometry. Two candidate
proteins that interacted with xTRBA,, and that could
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potentially stimulate FAO, were identified. Specifically
we found the a- and B-subunits of the MTP (Fig. 1F). As
described above, MTP is an octameric complex that cat-
alyzes the three last steps of long-chain FAO (19).

To test the hypothesis that increased MTP activity is
responsible for T;/sTR-mediated stimulation of FAO, we
cultured MEF from mice deficient in both MTP subunits
(MTP /") (20). MTP is present at relatively low levels in
wild-type embryonic stages compared with adults (20—
22), but TRal and TRB1 are both expressed normally
(23). Preparation of crude mitochondrial lysates reveals
that wild-type MEF express both FL-TRal and sTR,;
(Fig. 2A). We measured the ability of T; treatment to
induce ATP production in MTP~'~ MEF. We observed no
significant effect of T; stimulation on ATP levels in the
MTP ' cells, whereas ATP levels were increased by 32 +
7% (n = 6, P < 0.01) in wild-type MEF (Fig. 2B). To
measure FAO in MEF, the assay was first optimized at
increasing concentrations of *H-palmitate. We deter-
mined that FAO maximized with treatment of 75-125 um
of *H-palmitate (Fig. 2B). Wild-type and MTP~/~ MEF
were treated with 125 um of *H-palmitate and increasing
concentrations of T to determine a dose-response curve
of FAO to T;. Basal levels of FAO in wild-type MEF
averaged 5.0 = 0.3 pmol/ug-h. In contrast, MTP~/~ MEF
had lower basal levels of FAO, averaging 1.8 = 0.3 pmol/
wgh, a result that is expected for cells lacking MTP. Wild-
type MEF treated with as little as 2 nm of T5 maximized
FAO to 9.5 = 0.8 pmol/ug-h, whereas MTP ™/~ cells
failed to significantly stimulate FAQ, even with 100 nm of
T; (Fig. 2C). Altogether these results indicate that the
nanomolar concentrations of T; significantly stimulate
FAO and consequently ATP levels in a MTP-dependent
manner.

AMPK affects T;-mediated FAO

Recent work has revealed that TH treatment causes
phosphorylation of AMPK (10, 24, 25). AMPK is an im-
portant regulator of cellular energy homeostasis. AMPK
determines whether fatty acids are synthesized for energy
storage or oxidized for energy creation. Under conditions
of low cellular energy, AMPK is phosphorylated and be-
comes activated. PAMPK in turn phosphorylates acetyl-
CoA carboxylase (ACC), thus inhibiting ACC activity.
Normally, activated ACC converts the 2-carbon acetyl-
CoA into the 3-carbon malonyl-CoA. The presence of
malonyl CoA signals abundance of energy and is eventu-
ally used to create new fatty acids for energy storage.
Similarly, the presence of malonyl CoA inhibits carnitine
palmitoyltransferase 1 (CPT1), an enzyme that is respon-
sible for the addition of carnitine to long-chain fatty acyl
CoA. Lacking carnitine, fatty acids cannot be transported
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into the mitochondria for oxidation. Therefore, inactive
AMPK allows for active ACC, increased malonyl-CoA,
increased energy storage, and decreased FAO. Activated
PAMPK causes inactivated phosphorylated ACC, there-
fore resulting in less malonyl-CoA production. Decreased
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malonyl CoA relieves CPT1 inhibition, resulting in the
trafficking of fatty acyl-carnitine into the mitochondria,
in which carnitine palmitoyltransferase 2 removes the
carnitine, and the fatty acyl-CoA is oxidized by long-
chain acyl-CoA dehydrogenase and MTP (26, 27). Be-
cause of the way fatty acids arrive in the mitochondria, it
is clear that T; treatment could affect fatty acid traffick-
ing in addition to MTP activity. To test this possibility, we
pharmacologically modified the activity of AMPK as well
as CPT1 and determined the effect on FAO in the presence
or absence of Tj.

AMPK phosphorylation, and therefore activity, can be
increased by use of AICAr. We treated wild-type MEFs
with increasing concentrations of AICAr (0, 0.5, 1,2 um)
and measured the phosphorylation of AMPK. We were
unable to observe changes in AMPK phosphorylation 1 h
after treatment (data not shown); however, AMPK phos-
phorylation was affected 16 h after treatment. We found
that AMPK phosphorylation reached maximum levels
with as little as 0.5 uM of AICAr. Similarly, increased
phosphorylation of ACC was also observed, suggesting
ACC activity was inhibited (Fig. 3A). We expected that
increased activity of AMPK would result in increased traf-
ficking of fatty acids into mitochondria and consequently
increase FAO. In fact, 16 h of stimulation with AICAr
(0.5 um) alone failed to increase FAO in MEFs compared
with DMSO-only treated MEFs. AICAr-treated wild-type
MEFs had *H-palmitate oxidation of 4.4 = 0.19 vs. 5.1 +
0.89 pmol/ug-h in DMSO-treated MEFs. AICAr-treated
MTP ™/~ MEFs had *H-palmitate oxidation of 2.0 = 0.40
vs. 2.2 * 0.30 pmol/ug-h in DMSO-treated MEFs (Fig. 1,
D and E). These data suggest that increased flux of fatty
acids into mitochondria is not sufficient to stimulate FAO
in MEFs. As previously shown, control MEFs treated
with both DMSO and T; significantly increased *H-
palmitate oxidation (up to 12.0 = 1.3 pmol/pgh, P <
0.01). When AICAr-treated MEFs were also treated with
T;, FAO was significantly increased in wild-type cells (up
to 7.8 = 0.64 pmol/ugh, P < 0.01) (Fig. 3D). Taken
together, these results are consistent with a model in
which FAO can be stimulated, even after AMPK is max-
imally activated.

AMPK phosphorylation, and therefore activity, can
also be decreased by use of compound C. We treated
wild-type MEFs with increasing concentrations of com-
pound C (0, 10, 20, 40 uMm) and measured the phosphor-
ylation of AMPK 16 h after treatment. We found that
phosphorylation of AMPK reached minimal values with
as little as 10 um of compound C. Similarly, we were
unable to detect any phosphorylated ACC (Fig. 3B). Here
we expected that decreased activity of AMPK would re-
sult in decreased trafficking of fatty acids into mitochon-
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dria, and we would therefore observe lower levels of
FAO. However, we were unable to observe significant
changes in FAO with compound C treatment alone com-
pared with DMSO treated MEFs in either wild-type
(6.3 = 0.39 pmol/ugh; P = ns compared with DMSO
only) or MTP™/~ (3.4 + 0.36 pmol/ug-h; P = ns com-
pared with DMSO only) MEFs In contrast to AICAr-
treated wild-type MEFs, those treated with compound C
failed to increase *H-palmitate oxidation upon adminis-
tration of T (6.3 = 0.60 pmol/pg-h in wild-type, com-
pound C treated MEFs; P = ns compared with vehicle
treated).

To better understand the effect of trafficking on T;-
stimulated FAO, trafficking of fatty acids was inhibited
directly using the CPT1 inhibitor etomoxir. We treated
MEFs with increasing concentrations of etomoxir (0, 10,
100, 500 um) and measured the effect on *H-palmitate
oxidation. We found that FAO was maximally inhibited
in both wild-type and MTP~/~ MEFs down to similar
values (2.0 = 0.4 pmol/pg-h in wild-type and 1.1 * 0.2
pmol/pg-hin MTP /™) using 100 uMm of etomoxir for 16 h
(Fig. 3C). When MEFs were treated with etomoxir, we
found that neither wild-type nor MTP~/~ MEFs re-
sponded to T treatment (Fig. 3, D and E). These results
together with those from compound C-treated MEFs
show that T treatment cannot increase FAO when traf-
ficking of fatty acids into mitochondria is limited. Alto-
gether these results, along with T;-stimulated FAO in the
presence of AICAr, suggest that trafficking of fatty acids
into mitochondria is essential for up-regulation of FAO.
However, when fatty acid trafficking is presumably in-
creased by maximal activation of AMPK, FAO can still
increase in response to T5 treatment.

TH increases MTP« protein levels

Because trafficking alone cannot account for the T;-
mediated increase in FAO, we next examined whether
MTP levels were affected by T treatment. MTPa expres-
sion levels were measured in adult primary fibroblasts
using Western blot analysis. We found that T treatments
rapidly and significantly increased MTP« levels (46 = 10
and 67 £ 12% for 10 and 100 nm Tj, respectively, n = 4)
compared with vehicle-treated cells (100 + 8%, n = 4)
(Fig. 4, A and B).

T;-induced increases in MTPa levels occurred within
15 min, making a transcriptional or translational mech-
anism of action unlikely. To test this, we pretreated adult
primary fibroblasts with the protein synthesis inhibitor
cycloheximide (10 ug/ul, 30 min) and then stimulated
with Tj;. Fibroblasts treated with cycloheximide exhibited
a significant decrease in MTPa immunoreactivity (60 *
15%, n = 3, P < 0.01), which was presumably due to
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normal protein turnover in the absence of protein synthe-
sis. However, when the cells were simultaneously treated
with T5, MTPa levels were decreased by only 27+7% (n
=3; P = ns compared with untreated cells) and were
unchanged for a 100-nMm treatment (9 = 6%, n = 3; P =
ns compared with untreated cells) (Fig. 4, C and D). These
data suggested that T; treatment was decreasing MTPa
protein turnover.

We also assessed the dependence of T;-stimulated in-
creases in MTPa levels on TR isoform expression. West-
ern blot analysis revealed significant increases with 100
nMm T5 in the MTPa levels in fibroblasts culture from
either TR/~ (32 = 7%, n = 3, P < 0.05) or TRB™/~
(45 = 12% n = 3, P < 0.05) mice. However, no T;-
induced changes in MTPa levels were observed in fibro-
blasts cultured from TRa/~B~/~ mice (for 100 nm de-
creased 9 * 4%, n = 4, P = ns) (Fig. 4, E-]). These data
are consistent with the isoform independence of T stim-
ulation on ATP production (Fig. 1E).

T; treatment of isolated mitochondria increases
MTP complex formation

MTP is thought to function as an octameric protein
complex composed of four a- and four B-subunits that

THR Stabilizes Trifunctional Protein Complex

Mol Endocrinol, July 2012, 26(7):0000-0000

must be assembled for activity (13). To test whether T,
treatment affected MTP complex assembly, we used iso-
lated mouse heart mitochondria. We chose to use isolated
mouse heart mitochondria for two reasons. First, mouse
hearts are a plentiful source of mitochondria compared
with previously used fibroblasts. Second, FAO is known
to be very important in the function of the heart (28, 29),
so we reasoned that any regulation of MTP by T3 would
be more readily observable. Similarly, mouse heart
strongly expresses sTR 45 compared with other TRa1 iso-
forms (Fig. SA).

We incubated isolated mouse heart mitochondria with
hormone (100 nMm) or vehicle for 15 min, solubilized the
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blot analyzed for MTPa (D) and TRa (F). E and G, Histogram plots of
the average MTP« (80 kDa) and sTRa (40 kDa) levels, respectively.
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mitochondrial extracts with detergent (DDM), and ran
them onto a native gel with Coomassie blue staining [blue
native gels (BNG)] (Fig. 5B and Supplemental Fig. 1, pub-
lished on The Endocrine Society’s Journals Online web
site at http://mend.endojournals.org). Distinct bands as-
sociated with mitochondrial complexes I-V were readily
apparent in the Coomassie-stained gel [Fig. 5B (30-32)].
The BNG were transferred to PVDF membranes and
probed for MTP« using Western blot analysis. T treat-
ment significantly increased octameric MTP levels, as as-
sessed with the MTPa antibody, at the assembled molec-
ular mass of 520 kDa. This result is consistent with four
80-kDa a-subunits plus four 50-kDa B-subunits (Fig. 5, B
and C). The core two of mitochondrial complex III was
used as a loading control. Additional MTP« immunore-
activity increased by T; treatment, at approximately 200
kDa, 700 kDa, 800 kDa, and even higher molecular
masses, which may correspond to various combinations
of aB-subunits (e.g. @B, = 180 kDa or a,3 = 210 kDa).
Individual BNG lanes treated with either vehicle or T,
were subsequently run in the second dimension on a SDS-
PAGE, transferred to PVDF, and probed for MTPa and
TRal. As observed for the native transfers, MTP« (80
kDa) levels were significantly increased in extracts treated
with T5(32.7 = 3.0 a.u.,n =4, P < 0.01) compared with
vehicle (17.4 = 2.6 a.u., n = 4) (Fig. 5, D and E). Inter-
estingly, the protein band corresponding to approxi-
mately 520 kDa in the BNG lane exhibited clear immu-
noreactivity to the TR antibody at approximately 40 kDa,
which corresponds to the molecular mass of a shortened
TR isoform and which was also increased with T5 (17.4 =
39,n =35, P <0.02) vs. vehicle (545 = 1.8, n = 5)
treatment (Fig. 5, F and G). Specificity of the TR antibody
was tested by cotreating Western blots with the antigen
peptide, which removed the approximately 40-kDa im-
munoreactive spot (Supplemental Fig. 1). These data in-
dicate that sTR are associated with assembled MTP com-
plex and that T; treatment of mitochondria increases
both MTP complex levels and sTR levels within the
complex.

To determine whether inhibition of any remaining
fatty acid trafficking into isolated mitochondria affected
MTP subunit assembly, heart mitochondrial extracts
were treated with etomoxir (500 uM) for 30 min. We had
previously observed that 500 um of etomoxir inhibited
FAO in MEF 30 min after treatment (data not shown).
After etomoxir treatment, mouse hearts were treated with
T; and processed as before for two-dimensional electro-
phoresis. When palmitate trafficking was inhibited, T
stimulation was still able to increase expression of higher-
molecular weight complexes (100 = 0.07 vs. 128 =
0.07%, P = 0.001 n = 4; Supplemental Fig. 2, A-C). We
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concluded that the T5-mediated increase in MTP complex
assembly occurs independent of fatty acid trafficking.

Discussion

Thyroid hormones have long been known to increase mi-
tochondrial respiration (3, 33). The adenine nucleotide
transporter was initially considered a molecular target of
T in the mitochondria (34-36), although this interaction
has not been confirmed (37). T; and T2 have also been
reported to directly interact with cytochrome ¢ oxidase
(complex IV) and increase its activity (38). Our studies
suggest a new mechanism of action. They identify TR as a
component of acute T;-induced mitochondrial metabo-
lism. Moreover, they reveal that T regulates MTP as a
critical component of this metabolic pathway.

The MTP octomeric complex harbors two enzymatic
activities in the a-subunit, 2-enoyl-CoA hydratase and
3-hydroxyacyl-CoA dehydrogenase, and one enzymatic
activity in its B-subunit, 3-ketoacyl-CoA thiolase (19).
Together these subunits catalyze the last three steps of
long-chain FAO to produce nicotinamide adenine dinu-
cleotide hydroxide and fatty acetyl-CoA for use in the
tricarboxylic citric acid cycle. Mutations in either subunit
can result in MTP dysfunction and produce severe meta-
bolic disorders (12). The strongest evidence for the in-
volvement of MTP in T5-stimulated FAO was the failure
to significantly stimulate FAO in MTP-deficient MEFs
(MTP /7). We noticed, however, that FAO tended to in-
crease in MTP-deficient MEFs with 2 nm T; (Fig. 2D).
This trend could be due to nonmitochondrial mecha-
nisms, such as FAO within peroxisomes (39), because
MTP~/~ MEF mitochondria lack the ability to metabolize
palmitate, In addition, ATP levels did not increase in
MTP /= MEFs after T stimulation. Therefore, increased
FAO via MTP can be attributed as the cause of increased
ATP levels after T; treatment. We did not test whether
other types of FAO, such as short or medium-chain FAO,
were affected by T stimulation. Although this is certainly
a possibility, our inability to measure differences in ATP
levels with T treatment does not necessarily support such
a model. We also note that baseline ATP levels tended to
be higher in MTP~/~ MEFs, so it could be harder to infer
FAO levels from ATP levels alone. Future clarification
will be needed to determine whether medium- or short-
chain FAO are affected in the same way as long-chain
FAO by T;.

We also observed a significant increase in assembled
MTP complex using native gel analysis. This was con-
firmed with two-dimensional analysis of MTPa Western
blots, which had immunoreactivity at the expected 80
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kDa. The increase in assembled MTP complex could also
account for the T;-induced increase in MTP« levels in
Western blots because fewer individual a-subunits would
be subject to degradation. The ability of T; treatments to
maintain MTPa« levels in the presence of the translation
inhibitor cycloheximide is also consistent with this model.

As noted above, T5 and T, enhance FAO in perfused
rat hearts, HeLa cells, and skeletal muscle mitochondria
(9, 11, 40). The two latter groups proposed a direct stim-
ulation of AMPK by T3 and T,, which in turn would lead
to stimulation of FAO. Our observations appear to be
distinct from this mechanism of action because we ob-
served a significant increase in MTPa levels and assem-
bled MTP complex in isolated mitochondria. In addition,
we manipulated the activity of enzymes that were essen-
tial for trafficking of long-chain fatty acids into the mito-
chondria to determine what effect trafficking had on T;-
stimulated FAO. First, we modulated AMPK activity.
Even though we did not test directly whether fatty-acid
trafficking into mitochondria increases, activation of
AMPK in other models caused increased flux of fatty
acids into mitochondria (41). Interestingly, we did not
observe baseline increases in FAO with activation of
AMPK. One possible explanation for this might be that
the cells we used, MEFs, do not prefer fatty acids as fuel
and so do not respond to AMPK stimulation in the same
way as heart (42), muscle (43), or liver (44). Conse-
quently, stimulation of AMPK alone is not sufficient to
stimulate FAO in our model. Indeed, addition of T; was
still able to stimulate FAO in cells with activated AMPK.
We next decreased AMPK and CPT1 activity, both of
which we expected to reduce trafficking of long-chain
fatty acids into mitochondria. As before, inhibition of
AMPK activity failed to decrease baseline FAO in MEFs.
However, cells with inactive AMPK also failed to stimu-
late FAO in the presence of T;. Inhibition of CPT1 was
able to reduce baseline FAO in MEFs, which is consistent
with the fact that limited substrate availability will also
reduce measurable MTP activity in culture. Similar to
AMPK inhibition, CPT1-inhibited cells also failed to
stimulate FAO with T; treatment. Increased MTP enzy-
matic activity by T5 could not be observed by our assay
because it depends on the influx of fatty acids into the
mitochondria. Nevertheless, we did observe higher-order
MTP complexes on T; treatment when fatty acid influx
was inhibited in mitochondria, indicating T5-mediated
stimulation of MTP complex assembly (and therefore ac-
tivity) does not depend solely on fatty acid influx. Alto-
gether these results support a model in which both regu-
lation of fatty acid trafficking by AMPK as well as MTP
activity are essential for the up-regulation of FAO via Tj.
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It has been suggested that T stimulation of mitochon-
drial metabolism may also be due to activation of uncou-
pling proteins (45). This mechanism of action would be
consistent with our observation that T5 bound sTR in-
crease O, consumption. However, an increase in uncou-
pling is unlikely to produce a simultaneous increase in
mitochondrial membrane potential, which we previously
observed (7). Krueger et al. (11) reported that T; induced
a switch in substrate utilization for FAO in isolated rat
perfused hearts, without affecting O, consumption.
Hoehn et al. (46) also found that acute or chronic up-
regulation of mitochondrial FAO, by stimulation of long-
chain fatty acid entry (i.e. AMPK stimulation), resulted in
a switch in energy substrates use but no concurrent in-
crease in O, consumption. On the other hand, rats receiv-
ing a high-fat diet and T, hormone increased their liver
FAO and, at the same time, decreased adiposity and body
weight, consistent with increased mitochondrial activity
and O, consumption (47). Hyperthyroid rats also exhib-
ited increased energy expenditure and increased FAO
compared with their hypothyroid counterparts (48).
Given these somewhat disparate findings, it is not fully
clear under what conditions stimulation of FAO increases
energy expenditure. Our observation that O, consump-
tion is increased by T; treatment in Xenopus oocytes ex-
pressing sTR may be due to the fact that oocytes are
substrate limited, as we previously demonstrated (49).
Our ability to induce ATP production in mammalian fi-
broblasts with T; treatment also suggests that mitochon-
drial catabolism of acetyl-CoA into ATP may be substrate
limited, at least in cell culture. Thus, increasing produc-
tion of acetyl-CoA via long-chain FAO serves to increase
substrate and therefore ATP.

We demonstrated that expression of a shortened TR,
sTR,3, could stimulate mitochondrial metabolism in the
presence of T5. Remarkably, Western blot analysis of na-
tive gel lanes run out on two-dimensional SDS-PAGE in-
dicated the presence of a sSTR (~40 kDa) that was aligned
with the molecular mass of an assembled octameric MTP
complex (520 kDa). These data suggest that sTR, and not
full-length TR, are associated with the MTP and may
promote its assembly in mouse heart mitochondria. Dif-
ferent sTR are generated at multiple translation initiation
sites that truncate different lengths of N termini. The C
termini of sTR are highly conserved. sTRa has been de-
scribed in many species (6), but shortened TR isoforms
have been reported only in chicken and Xenopus laevis
(50), not in humans. We previously noted that xTRBA,
had an amino acid sequence homologous to sTR5 (7, 50).
Interestingly, the chicken TR3, and the xTRBA, possess
shorter N termini than both human TRB; and TR,. The
N terminus is also considered one of the most important
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features of receptors that are imported into the mitochon-
dria (16), suggesting that chicken TR B, and xTRBA | may
function similarly to sTR,;. The N-terminal region of
sTR does not need to be cleaved to translocate, as is the
case for classical mitochondrial protein import mecha-
nism. Wrutniak-Cabello et al. (16) uncovered two mito-
chondrial targeting sequences in the C terminus of the TR
protein. However, the absence of negatively charged
amino acids in the N terminus ultimately determined
whether the receptor was targeted to the nucleus or mi-
tochondrion. This may explain why the full-length TRa1
receptor was not as efficiently imported into mitochon-
dria as compared with sTR, which have lost their N-ter-
minal negatively charged amino acids. Finally, we ob-
served no detectable sTR immunoreactivity at molecular
masses greater than 520 kDa. This could be due to the
sensitivity of our measurements. Alternatively, sTR may
not associate with higher-order MTP complexes.

In summary, our data indicate that the MTP complex
mediates TR-dependent, T; stimulation of mitochondrial
metabolism. T appears to stimulate mitochondrial FAO
by increasing the number of assembled MTP complexes.
A T5-sTR-dependent stabilization of the assembled MTP
complex would also account for the T;-stimulated in-
crease in the total levels of MTPa because individual sub-
units would likely be less accessible for degradation by
mitochondrial proteases. In light of these findings, it is
possible to speculate that thyroid hormonal treatments
could be used as a new therapeutic avenue to treat pa-
tients with MTP subunit mutations that destabilize the
assembled complex and produce severe metabolic
disorders.
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