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The saturation degree of fatty acids and their derived
acylcarnitines determines the direct effect of
metabolically active thyroid hormones on insulin
sensitivity in skeletal muscle cells
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ABSTRACT: Using differentiated rat L6 cells, we studied the direct effect of 3,5,39-triiodo-L-thyronine (T3) and 3,5-
diiodo-L-thyronine (T2) on the response to insulin in presence of fatty acids with a varying degree of saturation. We
foundthatT3andT2both invert the response to insulinbymodulatingAktSer473phosphorylation in thepresenceof
palmitate and oleate. Both hormones prevented palmitate-induced insulin resistance, whereas increased insulin
sensitivity in the presence of oleate was reduced, with normalization to (or, in the case of T3, even below) control
levels. Both hormones effectively reduced intracellular acylcarnitine concentrations. Interestingly, insulin sensiti-
zation was lowered by incubation of the myotubes with relevant concentrations of palmitoylcarnitines (C16) and
increased by oleylcarnitines and linoleylcarnitines (C18:1 and C18:2, respectively). The efficiency of mitochondrial
respiration decreased in the order palmitate-oleate-linoleate; in the presence of palmitate, only T3 increased ATP
synthesis–independent cellular respiration and mitochondrial respiratory complex activities. Both hormones mod-
ulated gene expression and enzyme activities related to insulin sensitivity, glucosemetabolism, and lipid handling.
Although T2 and T3 differentially regulated the expression of relevant genes involved in glucose metabolism, they
equally stimulated related metabolic activities. T2 and T3 differentially modulated mitochondrial fatty acid uptake
and oxidation in the presence of each fatty acid. The results show that T2 and T3 both invert the fatty acid–induced
response to insulin but through different mechanisms, and that the outcome depends on the degree of saturation of
the fatty acids and their derived acylcarnitines.—Giacco,A., delli Paoli,G., Senese, R., Cioffi, F., Silvestri, E.,Moreno,
M., Ruoppolo,M., Caterino,M., Costanzo,M., Lombardi, A.,Goglia, F., Lanni, A., de Lange, P. The saturation degree
of fattyacidsand theirderivedacylcarnitinesdetermines thedirect effectofmetabolicallyactive thyroidhormoneson
insulin sensitivity in skeletal muscle cells. FASEB J. 33, 1811–1823 (2019). www.fasebj.org
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In rats, the effects of the classic thyroid hormone 3,5,39-
triiodo-L-thyronine (T3) and its emerging metabolically
active metabolite 3,5-diiodo-L-thyronine (T2) include the
improvement of skeletal muscle insulin sensitivity, which
is associated with increased intramuscular PKB/Akt
phosphorylation at Ser473 (1, 2). When injected intra-
peritoneally at a dose of 25 mg/100 g body weight into
rats receiving a high-fat diet, the effect induced by T2 (2)
is correlated with improved glycemia in response to in-
sulin (3). Because skeletal muscle is the major site for
insulin-dependent glucose uptake (4), reduced sensitiv-
ity to insulin in this organ, reflected by a less pronounced
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phosphorylation of PKB/Akt, is an important index for
hyperglycemia and thus diagnostic for type 2 diabetes
mellitus.

The response to insulin in skeletal muscle is partially a
consequence of cytokine signaling involving multiple or-
gans such as liver and adipose tissue (5). Dietary fatty acids
can increase (v-6, arachidonic acid, and palmitic acid) or
reduce [v-3 fatty acids such as eicosapentaenoic acid (EPA)
and docosahexaenoic acid] insulin resistance through their
inflammatory action [as reviewed in Sears and Perry (5)].
In vivo, the effect of T2 andT3 on insulin sensitivity through
phosphorylationofAkt in skeletalmuscle (1, 2) isvery likely
the result of a multitude of metabolic changes induced in
skeletalmuscle aswell as in liver (4, 6–10), andwhite (4, 6, 7,
10) andbrown (10, 11) adipose tissue. It isunknown towhat
extent the in vivo effects of T2 andT3describedup tonow in
the literature are exerted by direct action of the thyroid
hormones on the skeletal muscle cell itself.

Fatty acids can modulate insulin resistance by acting
directly in the muscle cell: incomplete oxidation of palmi-
tate and the resulting accumulation of palmitoylcarnitines
in the cell and efflux from the cell upon lipid overload have
been shown to induce insulin resistance inmuscle cells (12,
13). Interestingly, using rat L6myotubes, thedirect effect of
fattyacidsonmuscle cell insulin sensitivityhasbeenshown
to be related to the degree of saturation: palmitate, oleate,
and linoleate have indeed been shown to differentially
modulate Akt Ser473 phosphorylation, with palmitate be-
ing inhibitory and oleate and linoleate being significantly
stimulatory (14). It is currentlyunknownwhether andhow
the saturation grade of individual acylcarnitines relates to
the response of insulin in the muscle cell.

In this context, mitochondria play a crucial role. Mito-
chondrial dysfunction is often responsible for the onset of
skeletal muscle insulin resistance, as these organelles are
mainly devoted to fatty acid oxidation. Because modifi-
cations inmitochondrial energetic efficiencyare associated
with changes in the amount of oxidized fuels, including
fatty acids (15), studying respiratory parameters in the
presence of fatty acids would increase our understanding
as to why and how thyroid hormones modulate insulin
resistance in a differential manner in various dietary con-
texts (4, 16). Mitochondrial dysfunction is linked to ac-
cumulation of intracellular acylcarnitines; in humans,
accumulation of acylcarnitines due to incomplete long-
chain fatty acid oxidation has been associated with the
occurrence of type 2 diabetes mellitus (17).

In view of this information, coincubation of the fatty
acids with T2 and T3 in myotubes would offer the possi-
bility to study whether the effects of the aforementioned
hormones on insulin sensitivity are directly exerted in the
muscle cell and how these effects differ in the presence of
each fattyacid.Thegoal of this studywas to investigate the
directmodulation of insulin signaling throughAkt Ser473
phosphorylation by T2 and T3 in response to the presence
of the aforementioned fatty acids in the muscle cell. We
studied the association of intracellular acylcarnitine accu-
mulationwith their individual effect on insulin sensitivity,
and assessed cellular respiration and mitochondrial respi-
ratory complex activity. We furthermore investigated the
expression/activity of several genes/enzymes involved

in insulin signaling, glycolysis, and mitochondrial fatty
acid transport and oxidation.

MATERIALS AND METHODS

Cell culture and treatment

Rat myoblastic L6C5 cells (a subline of the American Type Cul-
ture Collection line CRL 1458) were obtained from the Cell Bank
(InterlabCell LineCollection) of theNational Institute for Cancer
Research (Genoa, Italy) and cultured at early passage numbers in
DMEM–Nutrient Mixture F-12 (DMEM-F12) containing 10%
fetal bovine serum (HyClone, Logan, UT, USA).

Fatty acids (all from MilliporeSigma, Milan, Italy) palmi-
toylcarnitine (MilliporeSigma), oleylcarnitine (Santa Cruz Bio-
technology, Dallas, TX, USA), and linoleylcarnitine (Chempex
International, Inc., Wood Dale, IL, USA) were dissolved in eth-
anol to a final percentage of 0.5%, and T3 and T2 (Milli-
poreSigma) were dissolved in sodium hydroxide to a final
concentration 600 nM. This concentration did not influence the
pH of the cell culture medium. During the experiments, control
cells were incubated in DMEM-F12 containing the appropriate
concentrations of the aforementioned solvents.

L6 cells were grown to 75% confluence in DMEM-F12 con-
taining 10% fetal bovine serum (HyClone) and differentiated in
the same medium (differentiation medium) containing 2% fetal
bovine serum for 5 d,whenmyotube formation became evident.
Cells were then treated with fatty acids and/or thyroid hor-
mones. To avoid the influence of the presence of endogenous
fatty acids and thyroid hormones, during fatty acid/hormone
treatment, the medium was changed to differentiation medium
containing 2% dextran/charcoal-treated fetal bovine serum
(HyClone); this treatmentdeprives themediumof fatty acidsand
hormonal residues (18). The medium was supplemented with
1% (w/v) fatty acid–free bovine serum albumin (BSA) (Milli-
poreSigma), with or without fatty acids [palmitate (0.5, 0.75, or
1.0 mM), oleate (0.75 mM), or linoleate (0.75 mM)] with or
without T2 or T3 (100 nM), or their respective acylcarnitines:
palmitoylcarnitine (C16), oleylcarnitine (C18:1), or linoleylcarni-
tine (C18:2, concentrations were 2.5, 5.0, or 10 mM). Control cells
were incubated with the appropriate solvents used to dissolve
the compounds (for fatty acids and acylcarnitines: ethanol final
concentration, 0.5 and0.05%, respectively; for thyroidhormones:
sodium hydroxide final concentration, 5 nM). The used per-
centage of fatty acid–free BSA together with the BSA present in
the charcoal-treated serumresulted inFFA/albuminmolar ratios
of 3.1, 4.7, or 6.3 in the presence of 0.5, 0.75, or 1.0mM fatty acids,
respectively [calculations based on those published in Oliveira
et al. (19)]. Treated cells were incubated for 16 h. For experiments
with insulin, cellswere serumstarved for 2 h and then treated for
15 min with 20 nM bovine insulin (MilliporeSigma).

Western immunoblot analysis

Akt and phosphorylated Akt (Ser473), AMPK and phosphory-
lated AMPK (Thr172), and caspase-3 (35 and 19 kDa) protein
levels were determined in cell lysates by using specific pAb (Cell
Signaling Technology, Danvers, MA, USA). Sarcolemmal fatty
acid transporter CD36 (FAT/CD36) levels were determined by
using a pAb (Abcam, Cambridge, UnitedKingdom). Theb-actin
antibody was fromMilliporeSigma.

Gene expression analysis

TotalRNAwas extracted fromcells treated for 16hwith 0.75mM
fatty acids with or without thyroid hormones (100 nM). RNA
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extraction and qPCR analysis were performed as previously
described (20). Primers used for gene expression analysis were
the following: P13KP85a S:59-ATTCAGTGATGGCCAGGAAG-
39, AS: 59-GTCTCCCCTCTCCCCAGTAG-39; b-ACT S: 59-GC-
TACAGCTTCACCACCACA-39, AS: 59-AGGGCAACATAGC-
ACAGCTT-39; carnitine palmitoyltransferase (CPT) 1b S: 59-
ATCGAACGTGCTGCTTTCTT-39, AS: 59-ATTTGCCGTAGA-
GGCTGAGA-39; CPT2 S: 59-GCAATGAGGAAACCCTGAAG-
39, AS: 59-GATCCTTCATCGGGAAGTCA-39; phosphofructo-
kinase (PFK) S: 59-CTGACACAGCACTGAACACC-39, AS: 59-
TGATAAACACTCGCCGCTTG-39; muscle pyruvate kinase
(PKM2) S: 59-GGACATGGTGTTTGCGTCTT-39, AS: 59-TTCT-
TGCCCTTCTCTCCCAG-39; MYOG S: 59-CCTGCCCTGA-
GATGAGAGAG-39, AS: 59-GCACTGGAAGGTTCCCAATA-39.

Determination of cellular oxygen consumption

Cellswere resuspended indifferentiationmediumcontaining2%
dextran/charcoal-treated fetal bovine serum(HyClone). Cellular
respiration was measured by using an Oxygraph 2K respirom-
eter (Oroboros Instruments, Innsbruck, Austria). Sampling in-
tervals of 1 s were elaborated by using the DatLab 6 software
designed for the respirometer (Oroboros Instruments). Zero
calibration was performed by adding Na-dithionite to the me-
dium, and instrumental background was corrected by elaborat-
ing the values obtained with Na-dithionite and open-chamber
oxygen flux in the presence of the medium. After calibration,
the medium was replaced by 2 ml of 0.5, 1.0, and 2.0 3 106

(cells/ml) untreated cells, respectively; with closed chambers,

linearity of basal respiration was verified and confirmed
(data not shown). Subsequently, respiratory parameters of
cell suspensions (1.03 106 cells/ml) from each treatmentwere
tested. After measuring basal respiration, cells were exposed
sequentially to oligomycin (2.5 mM), carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (0.2 mM), and rotenone/
myxothiazol. Nonmitochondrial respiration, obtained after the
final addition, was subtracted from the other values. Basal res-
piration, ATP synthesis–independent respiration, coupling ef-
ficiency, maximum respiration rate, respiratory control ratio,
and spare respiratory capacity were determined as reported in
Brand et al. (21).

Acylcarnitine measurement

Intracellular acylcarnitine concentrationsweremeasured both in
cellularpellets and lysates.The cellularpelletsweredirectly lysed
in cold methanol by using a dounce homogenizer. The extracts
were centrifugedat 12,000 rpmat 4°C for30min.Thepelletswere
resuspended in resuspension buffer {7 M urea, 2 M thiourea, 4%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
hydrate, Tris-hydrochloride 30 mM, and pH 7.5}, and protein
abundance was measured (22). The supernatants were dried
under nitrogen flow at 50°C.

To quantify acylcarnitines from cellular lysates, 15 ml of each
samplewas loaded on SS903 grade paper and dried.Metabolites
were extracted from 3.2 mm of dried spot using methanol.
Acylcarnitines were dissolved in esterifying buffer (3 N hydro-
chloric acid/n-butanol) at 65°C for 25 min. The samples were

Figure 1. Effectiveness of myoblast differentiation and determination of the effect of fatty acids and thyroid hormones on
apoptosis. A) Myotube formation at 5 d and myogenin mRNA levels. B–D) Effect of incubation with palmitate at the indicated
concentrations on Akt Ser473 phosphorylation (B) and caspase-3 activity (C), effect of incubation with palmitate, oleate, and
linoleate in the absence and presence of T2 or T3 at the indicated concentrations on caspase-3 cleavage (D). Shown are 2
different exposures of the same filter, to reveal the low signal representing the cleaved (17 kDa) caspase-3 band (C , D). Data are
shown as means 6 SEM. *P , 0.05 insulin-treated palmitate-incubated vs. insulin-treated control cells (B), *P , 0.05 palmitate-
incubated vs. control cells, in absence or presence of insulin (C). *P , 0.05 T3-treated, palmitate-incubated vs. control cells (D).
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dried under nitrogen at 50°C and then resuspended in 300 ml of
acetonitrile/water (70:30) containing 0.05% formic acid (23).
Three independent aliquots of the sample (100 ml) were injected
in the API 4000 triple quadrupole mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) coupled with an Agilent
HPLC system (Agilent Technologies, Waldbronn, Germany).
The samples were run using precursor ion scan mode (24).
Quantitative analyses were performed by using ChemoView
v.1.2 software (Sciex, Framingham, MA, USA). The protein
content of cellular lysates was measured. Final acylcarnitine
concentrations, measured both in cellular lysates and pellets,
were calculated based on 1 mg protein from the cellular extract.

Measurement of mitochondrial respiratory
complex activity

Separation of membrane and mitochondrial fractions, and eval-
uation of the electrophoretic profiles of mitochondrial oxidative
phosphorylation complexes, blue-native PAGE staining, densi-
tometric quantification, and complex activity,wereperformed as
previously described (25, 26). Themembrane fractionswereused
for the measurement of sarcolemmal FAT/CD36 protein levels.

Measurement of CPT activity

Total CPT (CPT1 plus CPT2) activity was measured spectro-
photometrically by following (at 450 nm) the kinetics of
carnitine-dependent coenzymeAproduction in the presence of
5,59-dithiobis(2-nitrobenzoic acid) using palmitoyl–coenzyme
A as substrate, as previously reported (6). For the calculation of
total CPT activity, a S450 value of 8.26 mMwas considered, as
reported in Eyer et al. (27).

Measurement of PFK activity

PFKwasassayedbyusingamethodadapted fromthatdescribed
by Opie and Newsholme (28) as previously reported (1). The
assaywas initiatedby theadditionof3mmfructose 6-phosphate.
Controls, from which fructose 6-phosphate was omitted, were
run concurrently.

Statistical analysis

Data are expressed as means 6 SEM. Statistical differences of
normally distributed data between 2 treatments were de-
termined by using an unpaired Student’s t test or, for more
treatments, by 1-way ANOVA (post hoc test: Student-Newman-
Keuls), by using Prism 5.0 (GraphPad Software, La Jolla, CA,
USA). Differences between treatments were considered signifi-
cant at a value of P, 0.05.

RESULTS

Modulation of insulin sensitivity in myotubes
by T2 and T3 varies in the presence of
palmitate, oleate, and linoleate

We first determined the optimal experimental conditions.
Differentiation of themyoblasts after 5 dwaspronounced,
reflected by myotube formation and a strong increase in
myogenin expression (Fig. 1A). We tested the optimal
concentration of palmitate to induce insulin resistance
(Fig. 1B) without significantly inducing apoptosis (Fig.
1C). Because incubation with 0.75 mM palmitate caused a
drop in Akt phosphorylation at Ser473, but did not cause
decreased caspase-3 expression (35 kDa) or an increased
formation of the cleaved 17 kDa caspase-3 product, we
studied the response to insulin using this concentration
with all fatty acids to be tested. Incubationwith fatty acids
at the concentration of 0.75 mM did not change the ex-
pression of caspase-3 (35 kDa) nor induce cleavage to
the 17 kDa product, whereas T2 and T3 both induced
cleavage, albeit only significantly in the case of T3 in the
presence of palmitate (Fig. 1D). This induction caused a
caspase activity below 0.1 (arbitrary units), which indi-
cates nonsignificant induction of apoptosis.

We next determined to what extent T2 and T3 modu-
lated fatty acid–induced Akt Ser473 phosphorylation.
Both T2 and T3 (each hormone tested at a 100 nM

Figure 2. Fatty acids differentially modulate Akt Ser473 phosphorylation, being in turn differentially modulated by T2 and T3 in
rat L6 myotubes. Cells were incubated with T2 or T3 in the presence of palmitate (A), oleate (B), and linoleate (C) at the
indicated concentrations. Data are shown as means 6 SEM. *P , 0.05, insulin-treated, hormone and/or fatty acid-incubated vs.
insulin-treated control cells.
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concentration) ameliorated palmitate-induced insulin re-
sistance reflected by an increase in the phospho-Akt/total
Akt ratio (Fig. 2A); T2 was more efficient. Oleate signifi-
cantly improved insulin sensitivity by increasing the
phospho-Akt/total Akt ratio by 1.4-fold (Fig. 2B), and,
interestingly, T2 normalized the insulin response (re-
ducing the phospho-Akt/total Akt ratio to control levels),
whereas T3 even reduced it. The marked (almost 2-fold)
increase in insulin sensitivity caused by linoleate tended to
be enhanced by T2 and T3, albeit not significantly with
respect to linoleate alone (Fig. 2C).

T2 and T3 both decrease intracellular
acylcarnitine levels, and the degree of
saturation of intracellular acylcarnitines
determines the resulting effect on
insulin sensitization

In the presence of palmitate, palmitoylcarnitine (C16)
accumulated substantially in the cell; oleylcarnitine

accumulated less so in the cells treated with oleate (C18:
1). In the linoleate-treated cells, intracellular accumula-
tion of linoleylcarnitine (C18:2) barely reached signifi-
cance (Fig. 3A–C). T2 and T3 reduced intracellular
acylcarnitine levels of all tested fatty acids. To test if
modulation of intracellular acylcarnitine levels could be
at least partially responsible for the ability of T2 andT3 to
influence insulin sensitivity, which was improved in the
presence of palmitate but worsened in the presence of
oleate (Fig. 2), we evaluated whether addition of the
maximal physiologic concentration of the acylcarnitines
themselves [5.0 mM, as obtained in humans (23)] would
affect the cells’ response to insulin. Indeed,we found that
incubation of the cells with 5.0 mM palmitoylcarnitine
(C16) resulted in a decreased Akt phosphorylation at
Ser473, whereas the opposite occurred upon incubation
with 5.0 mM oleylcarnitine (C18:1) and 5.0 mM lino-
leylcarnitine (C18:2) (Fig. 4A, 5.0 mM panel). Using this
concentration, the intracellular concentrations of the acyl-
carnitines did not significantly differ from those found

Figure 3. Intracellular acylcarnitine accumulation decreases in the presence of T2 and T3. Cells were incubated with T2 or T3 in
the presence of palmitate (A), oleate (B), and linoleate (C) (all 0.75 mM). Acylcarnitine concentrations were calculated based on
1 mg protein from the cellular extract. C0, free carnitine; C2, acetylcarnitine; C3, propionylcarnitine; C4, butyrylcarnitine/
isobutyrylcarnitine; C5, isovalerylcarnitine/2-methylbutyrylcarnitine; C6, hexanoylcarnitine; C8, octanoylcarnitine; C10, decanoylcar-
nitine; C12, dodecanoylcarnitine; C14, tetradecanoylcarnitine; C16, palmitoylcarnitine/hexadacanoylcarnitine; C18, octadecanoyl-
carnitine; C5:1, tiglylcarnitine; C6:1, hexenoylcarnitine; C8:1, octenoylcarnitine; C10:1, decenoylcarnitine; C12:1, dodecenoylcarnitine;
C14:1, tetradecenoylcarnitine; C14:2, tetradecadienoylcarnitine; C16:1, hexadecenoylcarnitine; C18:1, oleylcarnitines/octadecenoyl-
carnitine; C18:2, linoleylcarnitines/octadecadienoylcarnitine; C, control cells incubated with solvents of the various treatments.
Further abbreviations indicate: cells incubated with palmitate (P), palmitate and T2 (PT2), palmitate and T3 (PT3), oleate (O), oleate
and T2 (OT2), oleate and T3 (OT3), linoleate (L), linoleate and T2 (LT2), or linoleate and T3 (LT3). Data are shown as means 6
SEM. *P , 0.05, fatty acid-incubated vs. control cells, P , 0.05, fatty acid–incubated, and °T2-incubated or #T3-incubated vs. fatty
acid–incubated cells.
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when cells were loadedwith the functional concentration
of the respective fatty acids (0.75 mM) (Fig. 4B). We next
studied the effect of halving the acylcarnitine concentra-
tion to 2.5 mMon themodulation of Akt phosphorylation
at Ser473. At this concentration, the palmitoylcarnitines
failed to suppress Akt phosphorylation, whereas both
oleylcarnitines and linoleylcarnitines at this concentration
retained their stimulatory effect (Fig. 4A, 2.5 mM panel).
Loading the cells with 10 mM of the unsaturated acylcar-
nitines doubledAkt phosphorylation,whereas significant
suppression of Akt phosphorylation by palmitoylcarni-
tines failed to be achieved at this concentration (Fig. 4A,
10 mM panel). Intracellular acylcarnitine concentrations
after incubation with 2.5 and 10 mM palmitoylcarnitines
were halved and tripled, respectively, relative to the in-
tracellular concentrationsmeasured after incubationwith
5.0mMpalmitoylcarnitines or 0.75mMpalmitate (Fig. 4B,
panel C16). Linearity was maintained with oleylcarni-
tines, although at 2.5mMand 10mM, their levelswere not
significantly lower, or higher, respectively, compared
with those derived from 0.75 mM oleate (Fig. 4B, panel
C18:1). No linearitywas observedwith linoleylcarnitines,

although their levelswere significantly reduced at 2.5mM
with respect to those derived from incubation with
0.75 mM linoleate (Fig. 4B, panel C18:2).

Palmitate, oleate, and linoleate increasingly
stimulate AMPK phosphorylation, being
unaltered by T2 and enhanced by T3 in the
presence of oleate

To investigate how T2 and T3 brought about their modu-
lating effect on insulin sensitivity,wenextdeterminedhow
AMPK phosphorylation varied under the different exper-
imental conditions. AMPK phosphorylation was pro-
gressively enhanced by palmitate, oleate, and linoleate (by
;1.5, 2.0, and 5.0-fold, respectively) (Fig. 5A–C). Neither
T2 and T3 nor insulin significantly altered AMPK phos-
phorylation; although in the presence of oleate, T3 en-
hanced the P-AMPK/AMPK ratio due to a slight decrease
in total AMPK protein levels (Fig. 5B). In the presence of
linoleate, insulin reducedAMPKphosphorylation through-
out, but this change did not reach statistical significance.

Figure 4. Intracellular acylcarnitines differentially affect muscle insulin resistance. A) Akt phosphorylation at Ser473 in cells after
incubation with 2.5, 5.0, or 10 mM acylcarnitines. B) Comparison of relative intracellular acylcarnitine levels measured in cellular
extracts used in (A) with those derived from incubation with 0.75 mM FFA (Fig. 3). Data are shown as means 6 SEM. AC,
acylcarnitine; FFA, free fatty acid. A) *P , 0.05 C16-incubated vs. control cells, #P , 0.05 vs. all other acylcarnitines, †P , 0.05 vs.
control cells and palmitoylcarnitine-incubated cells. B) *P , 0.05 vs. C; #P , 0.05 vs. 0.75 mM FFA.
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The treatments of the cells (absence or presence of fatty
acids, hormones, and/or insulin) did not significantly
alter sarcolemmal FAT/CD36 accumulation (Fig. 5D–F).

Cellular respiration and mitochondrial
respiratory complex activity is differentially
modulated by the fatty acids, T2, and T3

Basal cellular respiration was inhibited by palmitate but
not by oleate and linoleate (Fig. 6Ai, Bi, Ci). The reduced
cellular respiration in the presence of palmitate is attrib-
utable to a lower mitochondrial ATP synthesis, as can be
estimated from the decrease in respiration in the presence
of oligomycin. Mitochondrial respiration was only nor-
malized by T3, plausibly through increased activity
of mitochondrial respiratory complexes I, II, and IV (Fig.
6Av, Bv, palmitate panel) and increased ATP synthesis–
independent respiration, revealed in the presence of oli-
gomycin (Fig. 6Ai, Bi, Ci, palmitate panel). In the presence
of palmitate, only T3 significantly reduced coupling effi-
ciency and the respiratory control ratio with respect to

controls (Table 1). Although the action of T2 did not in-
clude significant ameliorations in mitochondrial activity,
T2 did tend to normalize the spare respiratory capacity
(representing the ability of substrate supply and electron
transport to respond to an increase in energy demand)
with respect to palmitate (Table 1). Oleate moderately in-
creasedATP synthesis–independent respiration (Fig. 6Ci),
accounting for ;50% of the basal respiration rate. This
parameter was unaltered in the presence of T2 and T3, as
were the activities of mitochondrial complexes (histo-
gramsnot shown). In thepresence of oleate, either aloneor
in combination with T3, the respiratory control ratio was
decreased with respect to the controls (Table 1). In the
presence of linoleate, ATP synthesis–independent respi-
ration was increased to account for ;75% of the basal
respiration rate, not being altered in presence of T2 and T3
(Fig. 6Bi). Indeed, linoleate alone or in the presence of
either T2 or T3 decreased the respiratory control ratiowith
respect to controls. Complex I activity was reduced by
linoleate, and T2 and T3 did not influence this action (Fig.
6Bv). The highly reduced mitochondrial energetic effi-
ciency in the myotubes induced by linoleate compensates

Figure 5. Phosphorylation of AMPK at Thr172 in rat L6 myotubes is increasingly stimulated by fatty acids with a lower saturation
grade and is modulated by T3 only in the presence of oleate, whereas FAT/CD36 accumulation in the sarcolemma is not altered
in any of the tested conditions. Cells were incubated with T2 or T3 in the presence of palmitate (A, D), oleate (B, E), and
linoleate (C, F) at the indicated concentrations. Data are shown as means 6 SEM. *P , 0.05, fatty acid and fatty acid with
hormone-incubated cells, in absence or presence of insulin, vs. control cells; #P , 0.05, oleate and T3-incubated vs. oleate-
incubated cells, in the absence or presence of insulin.
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impairment of respiratory chain activity reflected by a
decrease in complex I presence and activity. This com-
pensatory effect guarantees maintenance of high mito-
chondrial oxidation levels. The induction of maximal
uncoupled respiration by linoleate was restored to control
levels by T2 and T3 (Fig. 6Bi); as a result, spare respiratory
capacity was significantly reduced with respect to that
observed in the presence of linoleate alone (Table 1).

Expressionof thep85 subunit of PI3K, PFK,PKM2,PFK
enzyme activity, CPT1b/CPT2 ratios, and CPT enzyme
activity are differentially influenced by the fatty acids and
by T2 and T3.

We studiedhowT2 andT3 influenced the expression of
genes and the activity of enzymes involved in cellular
metabolism related to insulin sensitivity. Palmitate in-
creased the expression of the p85 subunit of PI3K but T2

Figure 6. Fatty acids and T2 and T3 differentially modulate mitochondrial respiratory complex activity and ATP-independent
respiration. Cells were incubated with T2 or T3 in the presence of palmitate, oleate, and linoleate (indicated near the panels) at
the concentrations as indicated in Figs. 2 and 4. Ai, Bi, Ci) Respiration measured in intact cells. Data are shown as means 6 SEM.
*P , 0.05, palmitate and T3-incubated vs. palmitate cells; #P , 0.05, fatty acid or fatty acid and hormone-treated cells vs. control
cells for each panel; †P, 0.05, linoleate-incubated vs. all other conditions. In presence of oligomycin, ATP synthesis-independent
respiration is measured, whereas in presence of FCCP maximal uncoupled respiration is measured (Aii, iii, Bii, iii, Cii, iii).
Measurement of intra-mitochondrial respiratory complex abundance levels Aii, Bii, Cii and activity Aiii, Biii, Ciii in isolated
mitochondria. Capital Roman numerals indicate the various mitochondrial complex numbers. Aiv, Biv) Histograms of the
complex abundance. Av, Bv) Histograms of complex activity. Palmitate panel: *P , 0.05, palmitate and T3-incubated cells vs. all
other conditions. Linoleate panel: #P , 0.05, linoleate-incubated cells vs. all other experimental conditions. *P , 0.05, all
experimental conditions vs. control cells.
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andT3 reduced it; in all other treatments, the expression of
the p85 subunit of PI3K was consistently reduced with
respect tountreatedcontrols (Fig. 7A).Wealsodetermined
the expression of 2 key genes in glucose metabolism,
namely PFK and PKM2. The presence of palmitate re-
duced the expression of PFK, and T2 and T3 did not affect
this. In thepresence of oleate, expressionof bothgeneswas
stimulated only by T2 (Fig. 7B). PFK enzyme activity
doubled in the presence of all fatty acids, being further
stimulated by T2 and T3; although, despite significantly
increasing PFK expression (Fig. 7C), T2 only tended to
increase PFK activity. CPT1b expression was reduced in
the presence of palmitate and linoleate and remained un-
alteredwhile being increased by T2 and T3 in the presence
of oleate (Fig. 7D). CPT2 expression was decreased by all
fatty acids. Interestingly, theCPT1b/CPT2 ratio (inversely
correlating with fatty acid transport and oxidation effi-
ciency) was increased in the presence of palmitate and
oleate but not linoleate. In the presence of palmitate, the
CPT1b/CPT2 ratio was normalized only by T2. CPT en-
zyme activity significantly decreased by ;20% in the
presence of palmitate, and only T2 prevented this drop
(Fig. 7E). Oleate and linoleate did not affect CPT activity,
and this outcomewas not altered by coincubationwith T2
or T3.

DISCUSSION

To our knowledge, this study is the first to show that the
direct effects of T2 and T3 on the insulin sensitivity of
muscle cells are related to the degree of saturation of fatty
acids and intracellular fatty acylcarnitines, and that both
hormones exert these effects in adifferentialmanner. In the
presence of palmitate and oleate, both T2 and T3 sub-
stantially completed fatty acid oxidation, judged by a de-
crease in intracellular acylcarnitine accumulation, which
in both cases was associated with an inversion of the re-
sponse to insulin. In particular, palmitate-induced insulin
resistance was prevented and oleate-induced insulin sen-
sitivity was abolished. This scenario is in line with the
recent observation that patients with type 2 diabetes ex-
hibit relatively high fasting serum C16:0 levels (29),
whereas a separate study linked a decline in serum oleyl-
carnitines (C18:1) to type 2 diabetes (30).

In this context, the question that has arisen in the liter-
ature is whether intracellular acylcarnitines are merely
markers of insulin resistance or directly involved in the
modulation of insulin sensitivity [reviewed in Schoone-
man et al. (31)]. It has previously been shown that physi-
ologic concentrations of intracellular palmitoylcarnitines
are directly involved in the modulation of insulin sensi-
tivity inmouseC2C12 cells (13).Our results obtained in rat
L6 cells confirm this observation: loading the cells with
physiologic concentrations of palmitoylcarnitine [5.0 mM,
representing the maximal concentration observed in hu-
mans (23)] reduces muscle cell insulin sensitivity. Because
we observed that at this concentration the intracellular
palmitoylcarnitine levels were comparable to those ob-
served after loading the cells with the functional dose
(0.75 mM) of the corresponding fatty acids, as expected,T

A
B
L
E
1.

Ef
fe
ct
of

co
in
cu
ba
tio
n
of

ce
lls

w
ith

va
ri
ou
s
fa
tty

ac
id
s
in

th
e
pr
es
en
ce

an
d
ab
se
nc
e
of

T
2
an

d
T
3
on

re
sp
ir
at
or
y
pa
ra
m
et
er
s
in

L
6
m
yo
tu
be
s

V
ar
ia
bl
e

C
P

PT
2

PT
3

O
O
T
2

O
T
3

L
L
T
2

L
T
3

C
ou

pl
in
g
ef
fi
ci
en

cy
0.
63

6
0.
04

0.
43

6
0.
08

0.
44

6
0.
09

0.
39

*
6

0.
04

0.
50

6
0.
04

0.
53

6
0.
07

0.
44

6
0.
03

0.
24

†
6

0.
04

0.
13

†
6

0.
05

0.
13

†
6

0.
03

R
es
pi
ra
to
ry

co
n
tr
ol

ra
tio

6.
39

6
0.
31

5.
2
6

1.
39

6.
33

6
1.
32

4.
23

*
6

0.
70

4.
37

*
6

0.
54

4.
97

6
1.
07

4.
14

*
6

0.
24

4.
58

†
6

0.
02

3.
66

†
6

0.
17

3.
74

†
6

0.
23

Sp
ar
e
re
sp
ir
at
or
y

ca
pa

ci
ty

43
.5
3
6

11
.8
8

37
.4
4
6

5.
77

50
.1
1
6

7.
13

44
.1
6
6

9.
80

45
.1
8
6

5.
97

48
.9
0
6

1.
85

43
.2
0
6

5.
08

91
.2
6
6

13
.8
6

57
.0
1‡

6
3.
84

62
.6
9‡

6
5.
02

C
,c
ar
n
iti
n
e;

L
,l
in
ol
ea
te
;O

,o
le
at
e;

P,
pa

lm
ita

te
.V

al
ue

s
ar
e
ba

se
d
on

ab
so
lu
te

re
sp
ir
at
or
y
va
lu
es

m
ea
su
re
d
as

de
pi
ct
ed

in
Fi
g.

6A
i,
B
i,
C
i(
pm

ol
/s
/1

06
ce
lls
).
*P

,
0.
05

vs
.C

,†
P
,

0.
05

vs
.C

,‡
P
,

0.
05

vs
.
L
.

THYROID HORMONES MODULATE FAT-INDUCED INSULIN RESPONSE IN MUSCLE CELLS 1819



Figure 7. Both T2 and T3 normalize expression of the p85 subunit of P13K; T2 normalizes the CPT1b/CPT2 ratio and CPT
activity in the presence of palmitate; only T2 increases the expression of PFK and PKM2 in the presence of oleate in L6 myotubes,
whereas in the presence of each fatty acid, PFK activity is increased by both hormones. Cells were incubated with T2 or T3 in the
presence of palmitate, oleate, and linoleate at the indicated concentrations. Data are shown as means 6 SEM. *P , 0.05, fatty
acid–incubated vs. control cells; #P , 0.05, fatty acid–incubated and T2- or T3-incubated vs. fatty acid–incubated cells (A, C);
*P , 0.05, fatty acid–incubated vs. control cells; #P , 0.05, oleate and T2-incubated vs. oleate-incubated cells (B). *P , 0.05, fatty
acid–incubated vs. control cells; #,s,‡P , 0.05, fatty acid–incubated and T2- or T3-incubated vs. fatty acid–incubated cells,
palmitate (#), oleate (s), and linoleate (‡)(D). *P , 0.05, palmitate and palmitate/T3-incubated cells vs. control cells (E).
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loading the cells with one half this concentration (mim-
icking, as demonstrated here, the intracellular palmi-
toylcarnitine concentrations found in the presence of T2
and T3) abolished the effect of the palmitoylcarnitines on
Akt phosphorylation. In the previously cited study, it was
also shown that the significant suppression of Akt phos-
phorylation was not achieved when supraphysiological
concentrations of the palmitoylcarnitine were used (13).
Our results confirm this observation, and because in-
cubationwith 1.0mMpalmitate resulted in apoptosis, it is
unlikely that intracellular palmitoylcarnitine concentra-
tionshigher than those thatderive from0.75mMpalmitate
can be reached, at least in rat L6 cells. In addition, we have
shown here that incubation with physiologic concentra-
tions (5.0 mM) of oleylcarnitine and linoleylcarnitine in-
crease muscle cell insulin sensitivity, being further
increased at the 10 mM concentration. At lowered

concentrations (2.5 mM), oleylcarnitines and linoleylcarni-
tines continued tobe insulin sensitizing. In agreement, upon
coincubationwith 0.75mMof the related fatty acidswithT2
and T3, resulting in a significant reduction of the in-
tracellular acylcarnitine levels, linoleate continued to be
insulin sensitizing, but, seemingly in contrast, the signifi-
cantly reduced oleylcarnitine levels caused a loss of insulin
sensitivity. Of note, upon addition of 2.5 mM oleylcarni-
tines, intracellular oleylcarnitine levels were not signifi-
cantly different compared with those derived from the
addition of 0.75 mM oleate, although they tended to be re-
duced. This suggests that only a substantial lowering of in-
tracellular oleylcarnitine levels (as observed after incubation
with T2 and T3) provokes decreased insulin sensitivity.

In the absence of hormones, the decrease of insulin
sensitivity by palmitate and the increase by oleate and
linoleate correlated with the following: 1) decreased

Figure 8. Schematic overview depicting the differential effects of thyroid hormones on Akt phosphorylation in muscle cells
incubated with fatty acids with different degrees of saturation. A, B) An oversupply of saturated fatty acids results in intracellular
accumulation of saturated acylcarnitines with concomitant induction of insulin resistance (A) that is overcome in the presence
of T2 or T3, concomitant with a reduction in intracellular acylcarnitine levels (B). C, D) Oversupply of monounsaturated fatty
acids, although leading to intracellular accumulation of acylcarnitines, does not induce insulin resistance but increases it (C),
and thyroid hormones normalize insulin sensitivity in presence of oleylcarnitines but do not alter insulin sensitivity in presence
of linoleylcarnitines, concomitant with a reduction of the intracellular acylcarnitine to control levels (D). The perpendicular
line (A) indicates an inhibitory effect of the acylcarnitines on insulin signaling. A, acyl chain; AC, acylcarnitine; C, carnitine;
CD36, fatty acid transporter FAT/CD36; CoA, coenzyme A; Fa, fatty acid; L, linoleylcarnitine; P, palmitoylcarnitine; O,
oleylcarnitine.
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respiration in the presence of palmitate vs. increased ATP
synthesis–independent mitochondrial respiration and
lowered respiratory control ratios in the presence of ole-
ate, both parameters being additionally stimulated in
presence of linoleate; and 2) increased AMPK phosphor-
ylation together with decreased respiratory control ratios
in the order palmitate-oleate-linoleate. Indeed, increased
mitochondrial inefficiency leads to a progressive decline
in ATP that is known to give rise to a concomitant in-
crease in AMP levels through adenylate kinase activity,
resulting in activation of AMPK (32), which has been
shownto induce fattyacidoxidation inL6cells (33).Because
the observed progressive induction of ATP synthesis–
independent respiration in the order palmitate-oleate-
linoleate, leading to a consequent enhancement in
substrate oxidation, maintains a low NADH/NAD+
ratio and facilitates fatty acid oxidation, the obtained
results explain the gradual decrease of accumulation of
acylcarnitines of the fatty acids in the same order, and
indeed, linoleylcarnitines barely accumulated in the cell.
These results are in line with the observation that in rat
skeletal muscle, increasedmitochondrial efficiencywith
age leads to reduced substrate use that is associatedwith
increased insulin resistance (34). Regarding the effect of
thyroid hormones on AMPK phosphorylation, T3 fur-
ther increased the P-AMPK/AMPK ratio only in the
presence of oleate.

The palmitate-induced reduction insulin sensitivity
was normalized by both T2 and T3, and both hormones
reduced intracellular palmitoylcarnitine accumulation,
whereas only T3 reduced mitochondrial respiratory effi-
ciency. Palmitate-induced insulin resistance was associ-
ated with increased expression of the marker gene
encoding thep85 subunit of PI3K,known tocause reduced
Akt phosphorylation at Ser473 (35). Palmitate-induced
down-regulation of Akt phosphorylationwas normalized
both by T2 and T3, and this action was indeed associated
with a normalization of PI3K p85 expression to (or even
below) control levels in the presence of both hormones.
Although the differential modulation by T2 and T3 of the
expression of relevant genes involved in lipid/glucose
metabolism and insulin sensitivity in the presence of each
fatty acid underlines their diversity of action, both hor-
mones increased the activity of PFK under all conditions.
Thus, despite nonsyntonized transcriptional regulation,
both hormones equally stimulated glucose metabolism.

Insulin sensitivity can also be altered by modulation of
cellular or mitochondrial fatty acid uptake and handling.
Whereas thyroid hormones have been shown to influence
sarcolemmal FAT/CD36 accumulation in vivo (2, 36), this
effect was not confirmed in our experimental conditions.
Instead, fatty acid uptake and processing in the mito-
chondriaweredifferentiallymodulatedbyT2andT3.Both
the increased CPT1b/CPT2 ratio (indicating a decreased
efficiency of mitochondrial free fatty acid uptake) and
decreased CPT activity induced by palmitate were only
normalized by T2. Because mitochondrial respiratory ef-
ficiency was reduced in the presence of oleate and espe-
cially linoleate, this is likely the reason why in presence of
the unsaturated fatty acids, CPT activity did not differ
from that of the controls; the CPT1b/CPT2 ratio was

increased in the presence of oleate, however, and CPT1b
expression was decreased in the presence of linoleate.
Support for our observation comes from a study per-
formed on rats in which dietary polyunsaturated fatty
acids were shown to increase CPT activity and decrease
mitochondrial efficiency in skeletal muscle, accompanied
by increased insulin sensitivity (37).

Taken together, the outcome of this study, schemati-
cally depicted in Fig. 8, reveals several important aspects:
1) both T2 and T3 invert the muscle cell’s response to in-
sulin; 2) the degree of saturation of the fatty acids deter-
mines the muscle cell’s insulin sensitivity, at least in part
due to accumulation of their derived intracellular acyl-
carnitines; and 3) as a consequence, increasing the com-
pleteness of fatty acid oxidation by thyroid hormones (or
other stimulators of fat oxidation) may not always con-
tinue to be insulin sensitizing.
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