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Lombardi A, de Lange P, Silvestri E, Busiello RA, Lanni A,
Goglia F, Moreno M. 3,5-Diiodo-L-thyronine rapidly enhances mi-
tochondrial fatty acid oxidation rate and thermogenesis in rat skeletal
muscle: AMP-activated protein kinase involvement. Am J Physiol
Endocrinol Metab 296: E497-E502, 2009. First published December
30, 2008; doi:10.1152/ajpendo.90642.2008.—Triiodothyronine regu-
lates energy metabolism and thermogenesis. Among triiodothyronine
derivatives, 3,5-diiodo-L-thyronine (T.) has been shown to exert
marked effects on energy metabolism by acting mainly at the mito-
chondrial level. Here we investigated the capacity of T- to affect both
skeletal muscle mitochondrial substrate oxidation and thermogenesis
within 1 h after its injection into hypothyroid rats. Administration of T>
induced an increase in mitochondrial oxidation when palmitoyl-CoA
(+104%), palmitoylcarnitine (+80%), or succinate (+30%) was used as
substrate, but it had no effect when pyruvate was used. T» was able to /)
activate the AMPK-ACC-malonyl-CoA metabolic signaling pathway
known to direct lipid partitioning toward oxidation and 2) increase the
importing of fatty acids into the mitochondrion. These results suggest that
T, stimulates mitochondrial fatty acid oxidation by activating several
metabolic pathways, such as the fatty acid import/B-oxidation cycle/
FADH,-linked respiratory pathways, where fatty acids are imported. T
also enhanced skeletal muscle mitochondrial thermogenesis by activating
pathways involved in the dissipation of the proton-motive force not
associated with ATP synthesis (“proton leak™), the effect being dependent
on the presence of free fatty acids inside mitochondria. We conclude that
skeletal muscle is a target for T», and we propose that, by activating
processes able to enhance mitochondrial fatty acid oxidation and ther-
mogenesis, T> could play a role in protecting skeletal muscle against
excessive intramyocellular lipid storage, possibly allowing it to avoid
functional disorders.

adenosine 5’-monophosphate; thyroid hormone; mitochondria

AMONG THE ENDOCRINE FACTORS able to regulate substrate me-
tabolism and thermogenesis, thyroid hormones (THs) play
important roles. 3,5,3'-Triiodothyronine (T3) exerts a plethora
of effects, including upregulation of peripheral and hepatic
glucose uptake, cholesterol reduction, loss of body weight and
adiposity, cardiac acceleration, and increases in metabolic rate
(28, 32). In adults, T; regulates energy metabolism by increas-
ing respiration and energy expenditure and by lowering meta-
bolic efficiency (for review, see Ref. 11). Because of this, T3
was tested in the past as an antiobesity and hypolipidemic
agent. However, due to its undesirable side effects, particularly
within the cardiovascular system, its use was not continued
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(19). The development of TH derivatives that, while retaining
lipid-lowering and antiobesity efficacy, are devoid of cardio-
vascular side effects would represent a potentially valuable
therapeutic tool for the reduction of some important risk
factors. Many laboratories have demonstrated metabolic ef-
fects of 3,5-diiodothyronine (T; a TH derivative) (2, 8—10, 12,
14, 22-27, 29, 30) that are independent of protein synthesis.
Among the effects exerted by T», its ability to affect whole
animal metabolic rate is of growing interest. In this context, we
have shown that T, is able to /) rapidly increase the resting
metabolic rate of hypothyroid rats (24, 29, 30), 2) powerfully
reduce adiposity in rats fed a high-fat diet by increasing the
burning of fats (23), and 3) improve the survival of hypothy-
roid rats in the cold (25). Importantly, T> administration does
not induce hypertrophy or hyperplasia of metabolically very
active tissues (29, 25) and does not induce thyrotoxicosis or
cardiac acceleration in rodents or in humans (23). Moreover,
within 1 h after its injection into hypothyroid rats, T» induces
a rapid increase in mitochondrial oxidative capacity in skeletal
muscle without involving transcription or translation mecha-
nisms (27).

Skeletal muscle, richly endowed with mitochondria, ac-
counts for about 40% of body mass in mammals, and it is an
important site for substrate oxidation and thermogenesis (6, 15,
35). An impairment of skeletal muscle metabolic energy trans-
duction pathways can lead to functional disorders such as
lipotoxicity and insulin resistance (3, 6—7, 15-18, 20). The
mechanism by which mitochondrial dysfunction causes insulin
resistance remains unclear, although one attractive hypothesis
involves a high availability of fatty acids for lipid accumulation
resulting from an impaired capacity for lipid oxidation (39).
The identification of molecules able to direct lipid partitioning
toward oxidation is a key focus in attempts to counteract
obesity and metabolism-associated disorders. Pharmacological
strategies designed to boost fatty acid oxidation, however, have
to be focused on an enhancement of the complete oxidation of
fatty acids; that is to say, the enhanced [3-oxidation has to be
coordinated with downstream pathways such as the TCA cycle
and respiratory chain activity (20). Indeed, recent data indicate
that, in skeletal muscle, insulin resistance may be related to
mitochondrial fatty acid overload and incomplete fatty acid
oxidation (20).
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In recent years, AMP-activated protein kinase (AMPK) has
emerged as a key kinase driving lipid oxidation in skeletal
muscle, and this function has important implications for met-
abolic disorders (for review, see Ref. 37). AMPK, when
activated by an increase in the AMP/ATP ratio, switches on
catabolic pathways (such as fatty acid oxidation) and switches
off anabolic pathways (such as lipogenesis or gluconeogene-
sis). Once activated, AMPK inhibits acetyl-CoA carboxylase
(ACC) through phosphorylation. A decrease in ACC activity
reduces intracellular malonyl-CoA levels and stimulates carni-
tine palmitoyl transferase (CPT) I. This ultimately increases
the influx of long-chain fatty acids into the mitochondria,
where they are oxidized (37).

Here, to investigate the capacity of T, to affect mitochon-
drial fatty acid oxidation, we analyzed the pathways leading to
fatty acid utilization, including the effect of T, on the effi-
ciency of mitochondrial energy transduction. To this end, we
evaluated in skeletal muscle and in the short term (after 1 h) the
effects of T, on /) fatty acid uptake and oxidation, including
the respiratory chain activity; 2) the AMPK-ACC-malonyl-
CoA signaling pathway; and 3) mitochondrial proton leak
kinetics.

As our animal model, we chose hypothyroid rats, in which
thermogenesis and oxidative capacities are decreased (21).

EXPERIMENTAL PROCEDURES

Animal treatment. Male Wistar rats (250-300 g) (Charles River)
were kept one per cage in a temperature-controlled room at 28°C
under a 12:12-h light-dark cycle. A commercial mash and water were
available ad libitum. Two groups of rats were used throughout,
hypothyroid controls (referred to as hypo) and acutely T»-injected
hypothyroid rats (referred to as hypo + T»). All of the experiments
were performed in accordance with local and national guidelines
covering animal experiments. Authorization to perform these experi-
ments on rats was given by the Italian Ministero della Sanita (decree
no. 176/2005-A). In both of the above groups (each consisting of 6
animals), hypothyroidism was induced by the intraperitoneal (ip)
administration of propylthiouracil (1 mg/100 g body wt) for 4 wk
together with a weekly ip injection of iopanoic acid (6 mg/100 g body
wt) (24, 29). At the end of this treatment, hypo + T rats received a
single ip injection of T> (25 wg/100 g body wt), whereas hypo rats
received a saline injection. The dose of 25 wg/100 g body wt T> was
used because it produces a clear-cut, rapid effect on energy expendi-
ture (29). One hour after the injection, rats were anesthetized by an ip
injection of cloral hydrate (40 mg/100 g body wt) and killed by
decapitation. Then, gastrocnemius and tibialis muscles were excised,
weighed, and immediately processed for mitochondrial isolation.

Mitochondria isolation. Total skeletal muscle mitochondria were
isolated at 8,000 g by differential centrifugation. Briefly, tissue frag-
ments were gently homogenized in 5 vol of an isolation medium
consisting of 220 mM mannitol, 70 mM sucrose, 20 mM Tris-HCI, 1
mM EDTA, and 5 mM EGTA (pH 7.4). Then, 1 mg protease/g tissue
(nagarse 12 U/mg protein) was added to the homogenate and incu-
bated for 4 min at 4°C, after which another 5 vol of isolation medium,
supplemented with 0.5% BSA, was added. The homogenate was
centrifuged at 8,000 g for 10 min at 4°C. The resulting pellet was
resuspended in 10 vol of BSA-supplemented isolation medium, sub-
jected to very gentle homogenization, and centrifuged 500 g for 10
min at 4°C. The resulting supernatant was centrifuged at 8,000 g. The
mitochondrial pellet was then washed twice, resuspended in a minimal
volume, and kept on ice until further determinations.

In some experiments (reported and indicated in Table 1 and Fig. 4),
BSA was omitted from the isolation medium.

3,5-DIIODO-L-THYRONINE AND FATTY ACID OXIDATION

Table 1. State 4, state 3, and RCR in skeletal muscle
mitochondria isolated from Hypo and Hypo + T, rats

Hypo Hypo + T2
State 4 + BSA 85x12 10016
State 3 + BSA 405*58 514£60*
RCR + BSA 4804 5.1x0.4
State 4 — BSA 15417 218+17%
State 3 — BSA 36030 456+ 16*
RCR-BSA 2.3+0.2 2.1%+0.1

Values are reported as the mean = SE of 6 different mitochondrial
preparations for each group. RCR, respitatory control ratio; Hypo, hypothyroid
control; Hypo + T», 3,5-diiodothyronine-treated hypothyroid. *P < 0.05 vs.
hypothyroid group. Bioenergetic parameters were measured in the presence of
BSA (present in both the isolation and respiratory medium) or in the absence
of BSA (omitted from both the isolation and the respiratory medium). State 4
and state 3 respiration rates, obtained by using succinate + rotenone as
substrate, are expressed as nAtoms O/min mg prot.

Determination of respiratory parameters. A Clark-type oxygen
electrode (Rank Brothers, Botttisham, Cambridge, UK) with an incu-
bation chamber maintained at 30°C was used for oxygen consumption
detection. Mitochondrial proteins were incubated in 1 ml of respira-
tory buffer (80 mM KCl, 50 mM HEPES, 1 mM EGTA, 5 mM
KH>PO4, 2 mM MgCl,, 1% BSA, pH 7).

Oxidation of succinate, in the presence of rotenone, was used to
detect the capacity of T to affect FADH-linked respiratory pathways.
To this aim, incubation medium was supplemented with 4 uM
rotenone, and mitochondria (0.2 mg/ml) were energized with 5 mM
succinate in both the absence of ADP [to obtain indication of the
uncoupled respiration in which there is no phosphorylation of ADP to
ATP (state 4)] and presence of 200 uM ADP [to obtain indication on
the coupled respiration in which phosphorylation of ADP is at the
maximal rate (state 3)]. To test the involvement of free fatty acids
(FFA) in the effect of T> on bioenergetics parameters, succinate-
energized mitochondrial respiration has been detected in mitochondria
isolated in the presence and in the absence of BSA. In the latter case
(reported and indicated in Table 1), BSA was omitted from isolation
and respiratory medium.

To detect to capacity of T» to affect NADH-linked respiratory
pathways, incubation medium was supplemented with 2.5 mM malate
and 200 wM ADP, and mitochondria (0.5 mg/ml) were energized with
pyruvate (10 mM).

To detect whether T> is able to affect mitochondrial capacity to
oxidize fatty acid, it was assessed either with palmitoyl-CoA (the
oxidation of which requires its import into the mitochondrion, an
influx mediated by CPT) or with palmitoylcarnitine (the oxidation of
which does not require CPT). To detect mitochondrial palmitoyl-CoA
oxidation, incubation medium (A) was supplemented with 2 mM
carnitine, 2.5 mM malate, and 200 uM ADP, and the mitochondria
(0.5 mg/ml) were energized with palmitoyl-CoA (40 wM). To detect
mitochondrial palmitoylcarnitine oxidation, incubation medium was
supplemented with 2.5 mM malonate, 2 mM carnitine, and 200 uM
ADP, and the reaction was started by the addition of palmitoylcarni-
tine (40 pM).

Enzyme activity. Mitochondrial thioesterase-1 (MTE-1) and CPT
system (CPT I + CPT II) activities were measured spectrophotometri-
cally (1). For both enzymes, palmitoyl-CoA was used at a saturating
concentration (50 wM), whereas total CPT activity was determined in
the presence of both palmitoyl-CoA and saturating carnitine (5 mM).

Proton leak kinetics. To evaluate proton leak kinetics, the respira-
tion rate and membrane potential (AW) were measured simulta-
neously, the latter being detected using a triphenylmethylphospho-
nium (TPMP™)-sensitive electrode. For these measurements, 0.5 mg
of mitochondrial proteins was incubated in 1 ml of respiratory buffer
supplemented with 1 pg/ml oligomycin and 80 ng/ml nigericin at
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37°C. Mitochondria were incubated in the respiratory medium for 2
min to calibrate the TPMP™"-sensitive electrode, calibration being
achieved by means of sequential additions of =2 uM TPMP™. Then,
mitochondria were energized using 6 mM succinate, and respiration
was titrated with increasing amounts of malonate (=2 mM). To test
the involvement of FFA in the effect of T on proton leak kinetics, it
was detected on mitochondria isolated both in the presence and in the
absence of BSA. In the last case, BSA was also omitted by incubation
medium. A TPMP™* binding correction factor of 0.4 was applied for
mitochondria from both hypothyroid and hypothyroid + T,-treated
animal, as suggested by Rolfe et al. (36).

Preparation of total lysates. For Western blotting analysis, gastroc-
nemius muscle was homogenized in lysis buffer containing 20 mM
Tris*HCL, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5
mM Na2H2P207, 1 mM b—CH3H706PNa2, 1 mM Na3VO4, 1 mM
PMSF, 1 mg/ml leupeptin, and 1% Triton X-100 (all from Sigma-
Aldrich, St. Louis, MO), using an ultraturrax, and centrifuged at
13,500 g for 10 min at 4°C (Beckman Optima TLX; Beckman
Coulter, Milan, Italy). Supernatants were ultracentrifuged at 86,000 g
for 10 min at 4°C (Beckman Optima TLX). The protein concentra-
tions of the supernatants of the ultracentrifuged cleared lysates were
determined using Bio-Rad’s DC method (Bio-Rad Laboratories, Her-
cules, CA).

The total protein levels of AMPK and ACC in skeletal muscle were
determined in the same lysates (using 10 and 5% SDS polyacrylamide
gels, respectively) by employing specific antibodies against AMPK
(Cell Signaling Technology) and ACC (Upstate Biotechnology, Lake
Placid, NY). Phosphorylation of the a-subunit of AMPK was exam-
ined using an antibody against phosphopeptides on the basis of the
amino acid sequence surrounding Thr!”? of the a-subunit of human
AMPK (Cell Signaling Technology). Phosphorylation of ACC was
examined using an antibody against phosphopeptides on the basis of
the amino acid sequence surrounding Ser’® of human ACC (Cell
Signaling Technology). Proteins were detected by a chemilumines-
cence protein detection method based on the protocol supplied with a
commercially available kit (NEN, Boston, MA) and using the indi-
cated antibodies and secondary antibodies. The protein concentrations
of the samples were determined using Bio-Rad’s DC method (Bio-
Rad Laboratories). In each case, membranes were stained with Pon-
ceau S (Sigma) to confirm similar loading and transfers in each line.
Western immunoblot bands were quantified by means of a Bio-Rad
calibrated densitometer (GS-800), using the supplied software (Bio-
Rad Laboratories).

Determination of FFA level in skeletal muscle. FFA content in
skeletal muscle was determined on total lipid extracted from 500 mg
wet wt of tissue. Briefly, lipids were extracted, as originally described
by Folch et al. (5), and the chloroform phase was evaporated under
nitrogen. FFA levels were then determined by using NEFA kit
determination from Wako Diagnostic USA.

Statistical analysis. The statistical significance of differences be-
tween the two groups was determined by Student’s #-test. Differences
were considered significant when P < 0.05.

RESULTS

T> rapidly affects mitochondrial respiratory parameters.
The administration of T, to hypothyroid rats rapidly increased
their mitochondrial respiration rates (Table 1). When mito-
chondria used succinate as substrate and FFAs were chelated
by the presence of BSA (in both isolation and respiratory
medium), the values obtained for state 4 and state 3 appeared
higher in hypothyroid-T,-treated animals than in the hypothy-
roid controls (+18 and +27%, respectively), although only the
change in state 3 was significant (P < 0.05) (Table 1). With
both state 4 and state 3 being affected by T, treatment,
respiratory control ratio (RCR) values did not change. To
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examine whether FFAs are involved in some of the effects of
T> on succinate-supported respiration, we also measured respi-
ratory parameters on mitochondria isolated in the absence of
BSA. In addition, BSA was also omitted by respiration me-
dium. In such conditions, both state 4 and state 3 were
significantly stimulated, with state 4 showing the greatest
increase (+42%). RCR value was not significantly affected by
T, treatment when BSA was absent.

T> rapidly enhances the mitochondrial capacity to import
and oxidize fatty acids. We next investigated the effect of T, on
mitochondrial lipid uptake and handling by assessing the capac-
ity of T, to affect /) the activity of the CPT system (the rate-
limiting step for mitochondrial fatty acid uptake), 2) the activity
of MTE (considered to be a key enzyme in the modulation of
mitochondrial fatty acid utilization), and 3) the mitochondrial
ability to oxidize various substrates.

Mitochondrial fatty acid uptake is stimulated by T>. Indeed,
mitochondria from hypothyroid + T»-treated rats displayed a
significant, enhanced CPT activity (+32% vs. those from the
hypothyroid controls; Fig. 14).

The cleavage of activated fatty acid (acyl-CoA) into fatty
acid anions and CoA was also significantly increased by T,
with MTE-1 activity being enhanced by 57% in hypothyroid +
T,-treated rats vs. hypothyroid control ones (Fig. 1B).

T, treatment also increased the mitochondrial fatty acid
oxidation rate. When using palmitoyl-CoA (+carnitine +
malate) as substrate, mitochondria from hypothyroid + T»,-
treated rats showed an almost doubled oxygen consumption
compared with the hypothyroid control ones (+104%; Fig.
1C). When palmitoylcarnitine (+malate; a lipid substrate able
to bypass CPT I) was used as substrate, T, still induced an
increase in the fatty acid oxidation rate (+80% in hypothy-
roid + Tp-treated rats vs. the hypothyroid controls; Fig. 1D).

No significant difference in mitochondrial oxygen consump-
tion rate was detected between hypothyroid and hypothyroid +
To-treated rats, when pyruvate plus malate was used as sub-
strate (Fig. 1F).

The maximal rate of succinate (+rotenone) oxidation was
significantly greater in hypothyroid + T,-treated rats than in
the hypothyroid control (Fig. 1E and Table 1).

T> rapidly stimulates phosphorylation of AMPK and ACC.
We next investigated whether the AMPK-ACC-malonyl-CoA
pathway might be involved in the effects of T, on fatty acid
oxidation. Western immunoblotting (Fig. 2) revealed that
AMPK phosphorylation was increased following T, adminis-
tration, although the total amount of AMPK protein was not.
Phosphorylation of ACC was also significantly increased fol-
lowing T, injection (Fig. 3), but the total protein level was
unaffected.

FFAs are involved in the effect of T> on mitochondrial
thermogenesis. Administration of T, to hypothyroid rats in-
duces mitochondrial uncoupling. Indeed, when the phosphor-
ylation of ADP to ATP is inhibited, hypothyroid + T,-treated
mitochondria exhibit an enhanced flux of protons across the
inner membrane towards the matrix. Proton leak kinetics re-
vealed that hypothyroid + T»-treated mitochondria respire at a
higher level than hypothyroid control ones to maintain the
same membrane potential (Fig. 4).

Free fatty acids are involved in the effect of T on mito-
chondrial uncoupling, since with FFA chelated by BSA, T,
lacked its uncoupling effect (Fig. 4). Actually, BSA signifi-
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Fig. 1. Effect of 3,5-diiodothyronine (T>) administration to hypothyroid rats on carnitine palmitoyl transferase (CPT) activity (A) and mitochondrial thioesterase
(MTE) activity (B), palmitoyl-CoA oxidation (C), palmitoylcarnitine oxidation (D), succinate oxidation (E), and pyruvate oxidation (F). Results represented are
the mean = SE of 6 independent experiments, each one performed in duplicate. *Significant differences (P < 0.05) vs. hypothyroid control rat.

cantly inhibited proton leak kinetics in both hypothyroid con-
trol and hypothyroid + T,-treated mitochondria and in so
doing abolished the difference between the two groups. How-
ever, to exclude the possibility that in T,-treated rats an
increase in the muscle FFA concentration could lead to an
increased FFA contamination of isolated mitochondria (thus
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Fig. 2. Effect of T> administration to hypothyroid rats on AMP-activated
protein kinase (AMPK) phosphorylation. Levels of phosphorylated AMPK
(p-AMPK) (Thr!'72) and total protein level. Each lane contains 30 wg of protein
from a single rat. The histograms show quantification of the signals (expressed
relative to the value obtained for 5 rats) Each point represents the mean = SE
of samples. *Significant differences (P < 0.05) vs. hypothyroid control rats.

affecting mitochondrial uncoupling), the actual FFA levels
were measured in both groups. FFA levels were significantly
reduced in skeletal muscle from T,-treated hypothyroid ani-
mals compared with the hypothyroid control ones (P < 0.05),
the nominal values being 24 * 2 and 17 = 1 nmol/100 mg
tissue in skeletal muscle from hypothyroid and T,-treated
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Fig. 3. Effect of T» administration to hypothyroid rats on acetyl-CoA carbox-
ylase (ACC) phosphorylation. levels of phosphorylated ACC (Ser”) and total
protein level. Each lane contains 30 wg of protein from a single rat. The
histograms show quantification of the signals (expressed relative to the value
obtained for 5 rats). Each point represents the mean * SE. *Significant
differences (P < 0.05) vs. hypothyroid control rats.
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Fig. 4. Proton leak kinetics in hypothyroid and T--treated hypothyroid mito-
chondria measured in both the presence and absence of free fatty acids (FFA).
To detect mitochondrial proton leak in the presence of FFA, BSA was omitted
from both mitochondria isolation and respiration medium (hypo and hypo +
T»). To detect mitochondrial proton leak in the absence of FFA, BSA was
present in both the isolation and respiratory medium (hypo + BSA and hypo +
T>» + BSA). Mitochondria were incubated in respiration buffer for 3 min
before addition of 4 wM triphenylmethylphosphonium (to calibrate the elec-
trode). Respiration was then initiated by addition of 5 mM succinate. To
evaluate the kinetic response shown by mitochondrial proton leak to a change
in AW, respiration was inhibited by sequential addition of malonate (=1 mM).
Data points are means * SE for 5 independent experiments, each one
performed in duplicate.

hypothyroid rats, respectively. These data permit us to exclude
the possibility that a higher concentration of FFA in skeletal
muscle from T»-treated hypothyroid rats could have affected
data on mitochondrial uncoupling. These data as a whole
indicate a crucial role for FFA in the effect exerted by T> on
mitochondrial uncoupling.

DISCUSSION

In previous studies, we identified T, as a molecule able to
increase the metabolic rate of hypothyroid rats (24, 30-31).
Later, we showed that it has the ability to reduce adiposity,
serum triglyceride and cholesterol levels (23), the fat content of
the liver (steatosis) (12, 23), and body weight gain without a
reduction in calorie/fat intake when administered to rats for 4
wk at the same time as a high-fat diet (23).

In the present study, we focused on skeletal muscle since it
accounts for about 40% of body mass in mammals and is an
important site for lipid oxidation and thermogenesis (6, 15).
Our results highlight the ability of T,, when acutely injected
into hypothyroid rats, to induce a rapid stimulation of fatty acid
oxidation and thermogenesis in skeletal muscle.

Our results show that T, induced an increase in oxygen
consumption rate when the mitochondria were provided with
succinate as substrate in the presence of rotenone. This sug-
gests that T, enhances FADH,-linked respiratory pathways and
confirms our previous findings of the ability of T, to affect the
overall reactions involved in the oxidation of succinate and in
the production of the membrane potential (26, 28). On the other
hand, the inability of T, to significantly affect pyruvate plus
malate-supported respiration seems to exclude the NADH-
linked respiratory pathways as possible targets of T,.
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Our results also show that T, induced mitochondrial fatty
acid oxidation, whatever the lipidic substrate used, the highest
stimulatory effect of T, being observed when palmitoyl-CoA
(plus malate) was used as substrate (+104% compared with
+80% for palmitoylcarnintine + malate). This led us to
hypothesize that CPT I, considered the rate-limiting step for
fatty acid uptake into the mitochondrion, could also be a target
of T,. This idea was supported by our findings that, within 1 h
after T, injection, total CPT activity was significantly en-
hanced (Fig. 1A).

The stimulation of fatty acid oxidation by T, appears to be
mediated by activation of AMPK. Indeed, T, induced activa-
tion of AMPK (i.e., AMPK phosphorylation) and inactivation
of its protein target ACC (i.e., phosphorylation) within 1 h after
its injection to hypothyroid rats. Stimulation of the AMPK-
ACC-malonyl-CoA pathways leads to a rapid increase in the
CPT system with a consequent increase in long-chain fatty
acyl-CoA uptake and oxidation by mitochondria. This strongly
supports AMPK as the kinase that rapidly directs lipid parti-
tioning toward oxidation in T,-treated rats.

It has been reported that, inside mitochondrion, a decrease in
the CoA-SH/acetyl-CoA ratio and an accumulation of (3-oxi-
dation intermediate metabolites can cause feedback inhibition
of the B-oxidation pathway at several steps (4). Moreover, the
presence of excess of acyl-CoA within the matrix has been
reported to inhibit ADP/ATP transport (38) and to promote
myocyte apoptosis (30, 38). Enhanced fatty acid oxidation may
drastically decrease the level of matrix CoA-SH required to
support the enhanced (3-oxidation by converting most of it to
acyl-CoA (4). However, the present data show that the T»-
induced increase in the fatty acid oxidation rate was accompa-
nied by an enhanced activity of MTE-1 (Fig. 1B), an enzyme
able to catalyze the cleavage of acyl-CoA to the relevant fatty
acid and CoA. Taken as a whole, these data suggest that T,
promotes reactions that support fatty acid utilization by pre-
venting depletion of the free CoA pool, thus avoiding /) the
accumulation of long-chain fatty acid metabolites and 2) feed-
back inhibition of (3-oxidation by its own products.

Alongside the enhanced fatty acid oxidation induced by T»
administration to hypothyroid rats, there was a rapid decrease
in oxidative phosphorylation efficiency as T, significantly
increased proton leak kinetic, the effect being dependent on the
presence of FFA (Fig. 4). In addition, the ability of T, to
stimulate state 4 respiration (i.e., respiration in which phos-
phorylation of ADP to ATP is absent and mitochondria con-
sume oxygen to balance the flux of proton back to the matrix)
was almost doubled when assessed in the presence of FFA
compared with the condition in which they were chelated by
BSA addition to the incubation medium (Table 1).

Taken as a whole, the present data demonstrate that T, has
the capacity to rapidly stimulate FFA handling in hypothyroid
rats, leading to /) complete fatty acid utilization in skeletal
muscle mitochondria, 2) the direction of lipid partition to
oxidation by activating AMPK, and 3) the enhancement of
proton leak kinetics.

Activation of process that lead to fatty acid oxidation and
mitochondrial uncoupling underscores potentially important
roles for T, affecting thermogenesis in skeletal muscle in its
protection against excessive intramyocellular lipid storage.

AJP-Endocrinol Metab « VOL 296 « MARCH 2009 « www.ajpendo.org

TT0Z ‘0€ JaqwanopN uo Bio°ABojoisAyd-opuadle woly papeojumoq



http://ajpendo.physiology.org/

E502 3,5-DIIODO-L-THYRONINE AND FATTY ACID OXIDATION

GRANTS

This study was supported by Grant MIUR-COFIN 2006 Prot 2006051517,
Regione Campania 2006, and by a donation from Centro Relax Benevento.

REFERENCES

1. Alexson SE, Nedergaard J. A novel type of short- and medium-chain
acyl-CoA hydrolases in brown adipose tissue mitochondria. J Biol Chem
263: 1356413571, 1988.

2. Demori I, Gerdoni E, Fugassa E, Voci A. 3,5-Diiodothyronine mimics
the effect of triiodothyronine on insulin-like growth factor binding pro-
tein-4 expression in cultured rat hepatocytes. Horm Metab Res 36: 679—
685, 2004.

3. Dobbins RL, Szczepaniak LS, Bentley B, Esser V, Myhill J, McGarry
JD. Prolonged inhibition of muscle carnitine palmitoyltransferase-1 pro-
motes intramyocellular lipid accumulation and insulin resistance in rats.
Diabetes 50: 123-130, 2001.

4. Eaton S. Control of mitochondrial beta-oxidation flux. Prog Lipid Res 41:
197-239, 2002.

5. Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation
and purification of total lipides from animal tissues. J Biol Chem 226:
497-509, 1957.

6. Gambert S, Ricquier D. Mitochondrial thermogenesis and obesity. Curr
Opin Clin Nutr Metab Care 10: 664—-670, 2007.

7. Gerbitz KD, Gempel K, Brdiczka D. Mitochondria and diabetes. Ge-
netic, biochemical, and clinical implications of the cellular energy circuit.
Diabetes 45: 113-126, 1996.

8. Giudetti AM, Leo M, Geelen MS, Gnoni GV. Short-term stimulation of
lipogenesis by 3,5-L-diiodothyronine in cultured rat hepatocytes. Endocri-
nology 146: 3959-3966, 2005.

9. Goglia F. Biological effects of 3,5-diiodothyronine (T2). Biochemistry
(Moscow) 70: 164-172, 2005.

10. Goglia F, Lanni A, Horst C, Moreno M, Thoma R. In vitro binding of
3,5-di-iodo-L-thyronine to rat liver mitochondria. J Mol Endocrinol 13:
275-288, 1994.

11. Goglia F, Moreno M, Lanni A. Action of thyroid hormones at the
cellular level: the mitochondrial target. FEBS Lett 452: 115-120, 1999.

12. Grasselli E, Canesi L, Voci A, De Matteis R, Demori I, Fugassa E,
Vergani L. Effects of 3,5-diiodo-L-thyronine administration on the liver
of high fat diet-fed rats. Exp Biol Med (Maywood) 233: 549-557, 2008.

13. Hartree EF. Determination of protein: a modification of the Lowry
method that gives a linear photometric response. Anal Biochem 48:
422-427, 1972.

14. Horst C, Rokos H, Seitz HJ. Rapid stimulation of hepatic oxygen
consumption by 3,5-di-iodo-L-thyronine. Biochem J 261: 945-950, 1989.

15. Houmard JA. Intramuscular lipid oxidation and obesity. Am J Physiol
Regul Integr Comp Physiol 294: R1111-R1116, 2008.

16. Kelley DE, Goodpaster B, Wing RR, Simoneau JA. Skeletal muscle
fatty acid metabolism in association with insulin resistance, obesity, and
weight loss. Am J Physiol Endocrinol Metab 277: E1130-E1141, 1999.

17. Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction of mitochon-
dria in human skeletal muscle in type 2 diabetes. Diabetes 51: 2944-2950,
2002.

18. Kelley DE, Mandarino LJ. Fuel selection in human skeletal muscle in
insulin resistance: a reexamination. Diabetes 49: 677-683, 2000.

19. Klein I, Ojamaa K. Thyroid hormone and the cardiovascular system.
N Engl J Med 344: 501-509, 2001.

20. Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, Ilkayeva O,
Bain J, Stevens R, Dyck JR, Newgard CB, Lopaschuk GD, Muoio DM.
Mitochondrial overload and incomplete fatty acid oxidation contribute to
skeletal muscle insulin resistance. Cell Metab 7: 45-56, 2008.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lanni A, Beneduce L, Lombardi A, Moreno M, Boss O, Muzzin P,
Giacobino JP, Goglia F. Expression of uncoupling protein-3 and mito-
chondrial activity in the transition from hypothyroid to hyperthyroid state
in rat skeletal muscle. FEBS Lett 444: 250-254, 1999.

Lanni A, Cioffi M, Moreno M, Goglia F. Effect of 3,3’-di-iodothyronine
and 3,5-di-iodothyronine on rat liver mitochondria. J Endocrinol 136:
59-64, 1993.

Lanni A, Moreno M, Lombardi A, de Lange P, Silvestri E, Ragni M,
Farina P, Chieffi-Baccari G, Fallahi P, Antonelli A, Goglia F. 3,5-
diiodo-L-thyronine powerfully reduces adiposity in rats by increasing the
burning of fats. FASEB J 19: 1552-1554, 2005.

Lanni A, Moreno M, Lombardi A, Goglia F. Calorigenic effect of
diiodothyronines in the rat. J Physiol 494: 831-837, 1996.

Lanni A, Moreno M, Lombardi A, Goglia F. 3,5-Diiodo-L-thyronine
and 3,5,3'-triiodo-L-thyronine both improve the cold tolerance of hypo-
thyroid rats, but possibly via different mechanisms. Pflugers Arch 436:
407-414, 1998.

Lombardi A, Lanni A, Moreno M, Brand MD, Goglia F. Effect of
3,5-di-iodo-L-thyronine on the mitochondrial energy-transduction appara-
tus. Biochem J 330: 521-526, 1998.

Lombardi A, Lanni A, de Lange P, Silvestri E, Grasso P, Senese R,
Goglia F, Moreno M. Acute administration of 3,5-diiodo-L-thyronine to
hypothyroid rats affects bioenergetic parameters in rat skeletal muscle
mitochondria. FEBS Lett 581: 5911-5916, 2007.

Lonn L, Stenlof K, Ottosson M, Lindroos AK, Nystrom E, Sjostrom L.
Body weight and body composition changes after treatment of hyperthy-
roidism. J Clin Endocrinol Metab 83: 4269—-4273, 1998.

Moreno M, Lanni A, Lombardi A, Goglia F. How the thyroid controls
metabolism in the rat: different roles for triiodothyronine and diiodothy-
ronines. J Physiol 505: 529-538, 1997.

Moreno M, Lombardi A, Lanni A, Beneduce L, Silvestri E, Pinna G,
Goglia F. Are the effects of T3 on resting metabolic rate in euthyroid rats
entirely caused by T3 itself? Endocrinol 143: 504-510, 2002.
Mutomba MC, Yuan H, Konyavko M, Adachi S, Yokoyama CB, Esser
V, McGarry JD, Babior BM, Gottlieb RA. Regulation of the activity of
caspases by L-carnitine and palmitoyl-carnitine. FEBS Lett 478: 19-25,
2000.

Ness GC, Lopez D, Chambers CM, Newsome WP, Cornelius P, Long
CA, Harwood HJ Jr. Effects of L-triiodothyronine and the thyromimetic
L-94901 on serum lipoprotein levels and hepatic LDL-receptor, 3-hy-
droxy-3-methylglutaryl coenzyme A reductase, and Apo a-1 gene expres-
sion. Biochem Pharm 56: 121-129, 1998.

O’Reilly I, Murphy MP. Studies on the rapid stimulation of mitochon-
drial respiration by thyroid hormones. Acta Endocrinol 127: 542-546,
1992.

Ritov VB, Menshikova EV, He J, Ferrell RE, Goodpaster BH, Kelley
DE. Deficiency of subsarcolemmal mitochondria in obesity and type 2
diabetes. Diabetes 54: 8—14, 2005.

Rolfe DF, Brand MD. Contribution of mitochondrial proton leak to
skeletal muscle respiration and to standard metabolic rate. Am J Physiol
Cell Physiol 271: C1380—C1389, 1996.

Rolfe DF, Hulbert AJ, Brand MD. Characteristics of mitochondrial
proton leak and control of oxidative phosphorylation in the major oxygen-
consuming tissues of the rat. Biochem Biophys Acta 1118: 405-416, 1994.
Ruderman NB, Saha AK. Metabolic syndrome: adenosine monophos-
phate-activated protein kinase and malonyl coenzyme A. Obesity 14,
Suppl 1: 255-338S, 2006.

Shrago E, Woldegiorgis G, Ruoho AE, DiRusso CC. Fatty acyl-CoA
esters as regulators of cell metabolism. Prostaglandins Leukot Essent
Fatty Acids 52: 163-166, 1995.

Unger RH, Orci L. Diseases of liporegulation: new perspective on
obesity and related disorders. FASEB J 15: 312-321, 2001.

AJP-Endocrinol Metab « VOL 296 « MARCH 2009 « www.ajpendo.org

TT0Z ‘0€ JaqwanopN uo Bio°ABojoisAyd-opuadle woly papeojumoq



http://ajpendo.physiology.org/

