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Abstract

Background/Aims: Fatty acids are the main energy stores and the major membrane
components of the cells. In the hepatocyte, fatty acids are esterified to triacylglycerols (TAGs)
and stored in lipid droplets (LDs). The lipid lowering action of 3,5-diiodo-L-thyronine (T,
on an in vitro model of hepatosteatosis was investigated in terms of fatty acid and protein
content of LDs, lipid oxidation and secretion. Methods: FaO cells were exposed to oleate/
palmitate, then treated with T,. Results: T, reduced number and size of LDs, and modified
their acyl composition by decreasing the content of saturated (SFA) vs monounsaturated
(MUFA) fatty acids thus reversing the SFA/MUFA ratio. The expression of the LD-associated
proteins adipose differentiation-related protein (ADRP), oxidative tissue-enriched PAT protein
(OXPAT), and adipose triglyceride lipase (ATGL) was increased in ‘steatotic’ cells and further
up-regulated by T,. Moreover, T, stimulated the mitochondrial oxidation by up-regulating
carnitine-palmitoyl-transferase (CPT1), uncoupling protein 2 (UCP2) and very long-chain acyl-
coenzyme A dehydrogenase (VLCAD). Conclusions: T, leads to mobilization of TAGs from LDs
and stimulates mitochondrial oxidative metabolism of fatty acids, in particular of SFAs, and
thus enriches of MUFAs the LDs. This action may protect the hepatocyte from excess of SFAs
that are more toxic than MUFAs.
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Introduction

Fatty acids are the main energy stores and the major membrane components in the cell,
but their excess is toxic and induces several dysfunctions including apoptosis [1]. Increased
circulating levels of non-esterified fatty acids (NEFAs) result in a pathological condition
called non-alcoholic fatty liver disease (NAFLD) or hepatic steatosis.

NEFAs taken up by the hepatocyte are esterified to triacylglycerols (TAGs) and stored
inside lipid droplets (LDs) that represent a defense mechanism against NEFA toxicity [2].
LDs are composed of a neutral lipid core, mainly TAG and cholesterol esters, surrounded by
amphipathic proteins of the PAT family (acronym referring to the first members identified)
[3]. In mammalian liver, the main PAT members include adipose differentiation-related
protein (ADRP), and oxidative tissue-enriched PAT protein (OXPAT). PAT proteins regulate
the interface between LDs and cytosol. The lipid core composition of LDs depends on the
cell type and adapts to the pathophysiological context [4]. The lipids stored in LDs can be
catabolized through a functional networklocalized at the LD surface. The adipose triglyceride
lipase (ATGL) catalyzes the first reaction hydrolyzing TAGs to diacylglycerol and NEFAs [5].
In mice, ATGL deficiency is associated with reduced lipolysis and increased fat deposition
[6]; in humans, ATGL mutations are associated with TAG accumulation [6].

Mitochondria are the main cellular district for oxidation of fatty acids. Very long-
chain acyl-CoA dehydrogenase (VLCAD) catalyzes the first reaction in the mitochondrial
[-oxidation of long-chain fatty acids [7]. Moreover, mitochondrial oxidation is regulated
by carnitine-palmitoyl-transferase 1 (CPT1) that acts in the transport of long and very
long fatty acids into the mitochondria, and by uncoupling protein 2 (UCP2) that reduces
membrane potential. CPT1 is the rate-limiting step for a major part of 3-oxidation [8]; UCP2
prevents the development of hepatosteatosis and steatohepatitis [9] and is associated with
the recovery from liver injury [10]. Fatty acids are also degraded in peroxisomes where acyl
CoA oxidase (AOX) is the rate-limiting enzyme of this metabolic pathway.

The saturated palmitic acid (PA, 16:0), and the monounsaturated oleic acid (OA, 9-cis
18:1), are the most abundant fatty acids present in both the diet and the serum. In rodent cells,
high concentrations of PA induce apoptosis, whereas OA prevents cell death and promotes
formation of the very low density lipoproteins (VLDL) responsible for the transport of lipids
in the blood [11]. The major protein component of VLDL is apolipoprotein B (ApoB) that
exists in two forms in humans and rodents, ApoB100 and ApoB48 [12], expressed also in
isolated rat hepatocytes [13].

The liver is a central organ for lipid metabolism [14], and the target for the thyroid
hormones (THs) thyroxine (T,) and 3,3’5-L-triiodothyronine (T,) that modulate energy
balance and lipid metabolism. Other iodothyronines display some thyromimetic activities,
in particular, 3,5-diiodo-L-thyronine (T,), derived from peripheral 5’-deiodination of T, [15],
mimics several effects of T, on energy metabolism without inducing thyrotoxic effects in
both rats [16] and humans [17]. T, was able to both prevent [16, 18] and reduce [19] the
development of liver steatosis when administered to rats receiving a high-fat diet (HFD).
Recent experiments of our group performed using primary rat hepatocytes overloaded with
lipids demonstrated that T, was able to reduce the excess fat by acting directly on the hepatic
cell [20]. Moreover, using the hepatoma FaO cells, defective for functional thyroid hormone
receptors (TRs), we could demonstrate that T, was able to decrease the excess lipid content
through TR-independent mechanisms of action [21].

Inthiswork, the lipid lowering effectand mechanisms ofaction of T, onlipid homeostasis
were investigated in ‘steatotic’ FaO cells, with particular regards on its effects on both fatty
acid and protein components of LDs, as well as on lipid secretion and oxidation pathways.
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Materials and Methods

Chemicals
All chemicals, unless otherwise indicated, were of analytical grade and were obtained from Sigma-
Aldrich (Milan, Italy).

Cell Culture

Rat hepatoma cell line (FaO), supplied by European Collection of Cell Cultures (ECACC, Salisbury,
UK), is a well-differentiated cell line retaining many of the specific markers and biochemical functions of
hepatocytes including secretion of lipoproteins [22, 23]. Cells were grown at 37°C in Coon's modified Ham's
F12 supplemented with 10% foetal bovine serum-FBS (Euroclone, Milan, Italy). For experiments, FaO cells
were seeded on Petri dishes and used at 70-80% confluence. Before treatments cells were incubated in
starvation medium supplemented with 0.25% bovine serum albumin (BSA) without FBS. Cells were treated
with a mixture of oleate/palmitate (2:1 molar ratio, total concentration 0.75mM, NEFA) for 3 h [24]. This
NEFA concentration is similar to the plasmatic NEFA levels (0.2-0.5mM) measured in patients with metabolic
syndrome [25]. Then, medium was replaced with fresh medium containing high purity (>98%) T,, or T,, for
comparison, at different concentrations (nominal concentrations ranging from 10-°M to 10°M) for 24 h [21].
Control cells (C) were incubated in the medium without addition of NEFAs and iodothyronines. At the end of
treatment, cells were collected and stored at -80°C. Cell viability, as assessed by Trypan blue exclusion test
was not affected by exposure to NEFAs nor iodothyronines.

Lipid quantification

TAG content was quantified using the ‘Triglycerides liquid’ kit (Sentinel, Milan, Italy) that allows to
quantify glycerol as a measure of insoluble TAGs extracted with chloroform-methanol (v/v) mixture [24]. A
Varian Cary 50 spectrophotometer (Agilent, Milan, Italy) was used for spectrophotometric analysis. Values
were normalized for the protein content determined by the bicinchoninic acid (BCA) assay using BSA as a
standard [26]. Data are expressed as percent TAG content relative to controls.

Detection of LDs by Fluorescent Microscopy

Neutral lipids stored in LDs were visualized by fluorescence microscopy using BODIPY 493/503
dye (Molecular Probes, Life technologies, Monza, Italy) [27]. Cells grown on coverslips were rinsed with
phosphate-buffered saline (PBS) pH 7.4 and fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature. Then, slides were incubated with 1pg/ml BODIPY in PBS for 30 min, washed and mounted
with 4',6-diamidino-2-phenylindole (DAPI) for examination by Nikon Eclipse E80i light microscope (Nikon,
Tokyo Japan) equipped with the standard epifluorescence filter set up for DAPI and FITC. For determination
of LD diameter images were captured under oil with a 100x plan apochromat objective. Analyses were
performed on two independent experiments measuring at least 40 cells for each treatment using image]
software (http://rsb.info.nih.gov/ij/ site).

LD isolation and composition

Lipid droplets were isolated from ‘steatotic’ FaO cells incubated in the absence or in the presence of
T, 10°M following a standard protocol with minor modifications [28]. FaO cells where scraped from the
dishes in PBS buffer containing 5 mM MgCl, and a cocktail of protease inhibitors. Cell suspension (about
40x10° cells/sample) was homogenized with a glass dounce homogenizer on ice, and centrifuged at 800xg
for 10 min at 4°C. The supernatant was centrifuged at 5,000xg for 20 min. Then the supernatant was further
centrifuged at 43,000 rpm in SW55 rotor (230,000xg) for 2 h at 4°C. The LD fraction forming a distinct white
band on the surface of the preparation was collected. Lipids were then extracted from isolated LDs using
the method of Folch et al. [29]. Briefly, the lipid phase was saponified with methanolic KOH (3M) for 60 min
at 80°C. After cooling, the non saponifiable lipids were extracted by two washings with diethylether, and
the aqueous phase was acidified with HCl 6M and extracted with n-hexane. The hexane phases containing
NEFAs were collected, the solvent evaporated, and the residue derivatized by acid-catalyzed esterification
[30]. Briefly, NEFAs were methylated in 14% BF,/CH,OH for 5 min at 100° C, and extracted with a mixture
of n-hexane: water (2:1). After centrifugation (500xg) the hexane phase was collected and the aqueous
phase was further extracted with n-hexane. The two extracted fractions were pooled and dried under
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nitrogen. Samples resuspended in hexane were injected in a HP5890 series II gas chromatograph coupled to
a HP5970 mass spectrometer equipped with an electron impact ionization source (Agilent). Separation was
performed on a DB5MS capillary column (Phenomenex, 0.25 mm x 30 m); the helium gas flow was 1 ml/min.
The oven temperature gradient was as follows: initial temperature of 100°C, isothermal at 100°C for 3 min,
100 to 300°C (rate, 15°C/min) and isothermal at 300°C for 5 min. The MS analysis was performed in full-
scan mode. FAME (fatty acid methyl ester) quantification was performed using a calibration curve obtained
injecting different FAME standards referring to selected ions. The most abundant and specific ions were
used for the quantification of FAMEs: m/z 74 was used for saturated FAMEs and m/z 55 for monosaturated
FAMEs. The regression curves were linear in the range of the FAME concentrations used for the analysis.

RNA extraction and real-time qPCR

Total RNA was isolated using the Trizol reagent according to the manufacturers’ instructions [31]. First
strand cDNA was synthesized from total RNA by using M-MuLV Reverse Transcriptase (Fermentas, Dasit,
Milan, Italy) [24]. Quantitative real time PCR (qPCR) was performed in quadruplicate using 1x IQ™Sybr
Green PCR Super Mix and Chromo4™ System PCR apparatus (Biorad, Milan, Italy). The thermal protocol and
the primer pairs were described elsewhere [18, 20, 24, 32-34]. The quantification cycle (Cq) represents the
cycle number at which the amount of amplified target reaches the fixed threshold. The relative quantity of
target mRNA was calculated by using the comparative Cq method and was normalized for the expression
of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The normalized expression was expressed as
relative quantity of mRNA (fold induction) with respect to controls [35].

Western Blot

For ApoB immunodetection cells were lysed in buffer containing 150 mM NaCl,50 mM Tris HC], 0.33%
SDS, 8 mM PMSF, 8 mM DTT, 8 mM Na,VO,, cocktail of protease inhibitors (pH 7.4), whereas for both CPT1
and UCP2 1% Triton and 1% Natrium deoxycholate were added. Thirty-five to fifty micrograms of protein
extract of each sample were electrophoresed at 70 mA on 12%SDS-polyacrylamide gel (SDS-PAGE) [36].
The gel was electroblotted onto a nitrocellulose membrane using CAPS buffer (0.1 M CAPS, 10% methanol,
0.01% SDS; pH 11) for ApoB, and Towbin buffer (25 mM Tris HCl, 192 mM glycine, 20% methanol; pH8.3)
for both UCP2 and CPT1 [37]. Then, membrane was blocked for 1 h in 5% fat-free milk/PBS pH 7.4 solution.
As primary antibodies we used rabbit anti-human ApoB IgG (SC-25542), goat anti-human UCP2 IgG (SC-
6525), and rabbit anti-human CPT1 IgG (SC-20669) supplied by Santa Cruz Biotechnology (DBA, Milan,
Italy). Membranes were incubated overnight at 4°C with primary antibody PBS, then washed twice in PBST
buffer (0.1 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl and 0.1% Tween 20, pH 7.4) and once in PBS
(0.1 M phosphate buffer, 0.0027 M KCl and 0.137 M NaCl pH 7.4). Then, membranes were incubated with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Sigma-Aldrich) or rabbit anti-goat IgG
(Biorad) as a secondary antibody in PBST for 1 h at room temperature. Protein molecular weight markers
were from Biorad (Plus Protein™ Dual Xtra Standards). As loading controls, membrane was stripped and re-
probed with rabbit anti-actin antibody (Sigma-Aldrich) diluted 1:500 in 5% milk/PBS. Immune complexes
were visualized using an enhanced chemiluminescence western blotting analysis system (Bio-Rad ChemiDoc
XRS System). Western blot films were digitized and band optical densities were quantified against the actin
band using a computerized imaging system and expressed as Relative Optical Density (ROD, arbitrary units).
ROD of each band was expressed as percentage respect to control.

Determination of AOX activity

AOX activity was determined spectrophotometrically in the 12,000xg supernatant fraction of cell
lysates by following oxidation of leuco-dichlorofluorescein (DCFA) catalyzed by exogenous peroxidase at
25°C [38]. AOX specific activity was expressed as nanomoles of H,0, decomposed per min/mg of sample
protein.

Statistics

Data on qPCR are means +S.D. of at least four independent experiments and each measurement was
performed in quadruplicate. Data on Western blot are means #S.D. of five independent experiments. Data
on FAME content of LD are means +S.D. of three independent experiments. The significance of the difference
between groups was ANOVA plus Tukey’s post-test (GraphPad Software Inc., San Diego, CA92130USA).
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Fig. 1. Effects of T, on lipid accumulation in ’steatotic’ hepatoma cells. Lipid content was visualized by
fluorescence microscopy in control (A), and in ‘steatotic’ FaO cells incubated for 24 h in the absence
(B) or in the presence (C) of T, (10°M). Lipids were stained by BODIPY 493/503 and images acquired
at both 40x (A, B, C) and 100x magnification (inset) respectively (Bar:100 and 10 um respectively). On
the 100x images the average diameter of LDs was measured using image] software. The intracellular
TAG content (D) was quantified by spectrophotometric assay in control, and in ‘steatotic’ cells
incubated in the absence or in the presence of T, (10 M); results are expressed as mean * S.D. from
five independent experiments. Significant differences are denoted by symbols on bars (C versus NEFA
*#* p<0.001; NEFA versus THs, ### p<0.001).
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Fig. 2. T, up-regulated mRNA expression of LD-associated proteins. Relative mRNA expression of ADRP
(A), OXPAT (B), and ATGL (C) was evaluated by qPCR in control (C) and ‘steatotic’ cells incubated in the
absence (NEFA) or in the presence of T, or T,(10° and 10° M). GAPDH was used as the internal control
for quantifying gene expression. Data, expressed with respect to controls, are the meanz S.D. of at least
four experiments in triplicate. Significant differences are denoted by symbols on bars (C versus NEFA ***
p<0.001; ** p<0.01; NEFA versus THs ### p<0.001; ## p<0.01; # p<0.05).

Results

Effects of T, on LDs

Exposure of FaO cells to exogenous NEFAs (steatotic cells) for 3 h led to lipid
accumulation resulting in an increase in the number and size of LDs that were visualized
by BODIPY staining (Fig. 1). In control cells, few small LDs (about 0.9+0.3 um in size) were
dispersed in the cytosol (Fig. 1A). In ‘steatotic’ cells, together with small LDs, also numerous
larger droplets (about 1.9+0.2 pum) could be appreciated (Fig. 1B, inset) this resulting in
an average increase in LD diameter of about +80% (p<0.001) with respect to control cells.
When ‘steatotic’ cells were treated for 24 h with T, (10°M) we observed a decrease in the
number and size of LDs, whose average diameter was reduced to a value more similar to
that of control cells (about 1.25+0.2um) (Fig. 1C). The T,-induced decrease in LD size was
associated with a reduction of the intracellular TAG content (from about 160% of ‘steatotic’
cells to 100% of T,-treated cells calculated with respect to control) (Fig. 1D).

The mRNA level of the main PAT proteins was analyzed by qPCR. Excess in lipid
accumulation resulted in a significant up-regulation of both ADRP and OXPAT mRNA
expression with respect to controls (about 1.7 fold and 2.9 fold, respectively; p<0.001) (Fig.
2). The transcription of both ADRP and OXPAT was further increased when ‘steatotic’ cells
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were treated with T, (about +62% for ADRP, and +49% for OXPAT, at the highest dose of T,
with respect to ‘steatotic’ cells, p<0.001 and p<0.05, respectively) (Fig. 2A-B). A significant
increase was also induced by T, used as comparison (about +58% for ADRP, and +131% for
OXPAT at the highest dose of T, with respect to ‘steatotic’ cells; p<0.001) (Fig. 2A-B). On the
other hand, neither T, nor T, affected OXPAT and ADRP mRNA expression in control cells
(data not shown).

Lipid mobilization from LDs is mainly regulated by ATGL [39]. A slight but significant
increase in ATGL transcript was observed in ‘steatotic’ FaO cells with respect to control (about
1.6 fold; p<0.01) (Fig. 2C). ATGL mRNA expression was further up-regulated when ‘steatotic’
cells were treated with the highest dose of T, (about +34% with respect to ‘steatotic’ cells,
p<0.05). Similar effect was observed with T, (about +53% for 10°M dose, and +95% for 10
M dose with respect to ‘steatotic’ cells, p<0.01 and p<0.001, respectively). Neither T, nor T,
affected mRNA expression of ATGL in control cells (data not shown).

Effects of T, on the fatty acid composition of LDs

When FaO cells were incubated for 3 h in the presence of the oleate/palmitate mixture,
the gas chromatography analysis of the purified LDs revealed that the acyl composition of
their TAGs (Fig. 3) was consistent with the saturated (SFA) and monounsaturated (MUFA)
fatty acids typically found in mammalian cells, including lauric acid (LA, 12:0), myristic acid
(MA, 14:0), pentadecanoic acid (PEA, 15:0), palmitic acid (PA, 16:0), palmitoleic acid (PLA,
16:1), stearic acid (SA, 18:0), and oleic acid (OA, 18:1). Treatment of ‘steatotic’ cells with
T, decreased the total content of fatty acids incorporated into TAGs of about -50% (from
16.8+3.14 nmol/mg proteins to 9.7+2.02 nmol/mg proteins, respectively; p<0.05).

As summarized in Figure 3, LDs from ‘steatotic’ cells (NEFA) showed a prevalence of
PA (about 38.3%), followed by OA (about 21.6%), SA (about 13%), MA (about 10.8%), PLA
(about 7.9%), LA (about 3.6%), and PEA (about 2.8%). Treatment with T, modified the fatty
acid profile of the LDs by reversing the PA/OA ratio (Fig. 3 inset). In fact, OA became the
prevalent fatty acid (about 45.8%) in LDs, while the PA content decreased to about 28.7%. A
decrease in the content of SA (to about 6.4%), MA (to about 7.9%), LA (to about 1.5%), PLA
(to about 9.2%), and PEA (to about 1.1%) was also observed.

Effects of T, on lipid secretion
Total TAGs were quantified in the culture medium as an indication of lipid secretion
(Fig. 4A). After exposure to NEFAs, the TAG content in the medium was increased of +30%
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Fig. 4. T, reduced TAG secretion. (A) The extracellular TAG content was quantified in the culture
medium in control (C) and ‘steatotic’ cells incubated in the absence (NEFA) or in the presence of T, or T,
(10-°M). Data, expressed as percent values with respect to controls, are the mean + S.D. of at four experiments
in duplicate. Significant differences are denoted by symbols on bars (C versus NEFA * p<0.05; NEFA versus
THs ### p<0.001, ## p<0.01).The mRNA (B) and protein (C) levels of ApoB 100 were measured by qPCR
and western blotting, respectively, in control (C) and ‘steatotic’ cells incubated in the absence (NEFA) or
in the presence of T, or T,(10° M). GAPDH was used as the internal control in qPCR; actin was the protein
loading control in SDS-PAGE (lanel: control, lane2: NEFA, lane3: NEFA+T, 10° M, lane4: NEFA+T, 10° M).
Arrows denote the position of both ApoB100 and ApoB48. Significant differences are denoted by symbols
on bars (C versus NEFA * p<0.05, **p<0.01; NEFA versus THs ## p<0.01).

(p=<0.05) with respect to controls. The incubation of ‘steatotic’ cells with T, (10 M) reduced
the extracellular TAG content of about -24% (p<0.01) with respect to untreated ‘steatotic’
cells. A similar decrease in extracellular TAGs was observed upon treatment with the same
dose of T, for comparison (-27% with respect to ‘steatotic’ cells; p<0.01).

Expression of ApoB, the main component of VLDL, was assessed in the different
experimental conditions. ApoB exists in two forms, ApoB100 (M.W. 500 kDa) and ApoB48
(M.W. 250 kDa). Our primers are specific for ApoB100, whereas antibody used for western
blot is directed versus a region common between ApoB100 and ApoB48. Excess lipid
accumulation in FaO cells induced an increase in both mRNA and protein level of ApoB100
with respect to controls (about 1.8 fold, p<0.01for mRNA; about +22%, p<0.05 for protein)
(Fig. 4B-C). Although ApoB100 mRNA level was further up-regulated by both T, and T,
(about +40%, p<0.01 for T,, and about +60%, p<0.01 for T,), no significant increase in the
protein level was observed. Neither T, nor T, affected mRNA and protein expression of ApoB
in control cells (data not shown).

Effects of T, on fatty acid oxidation

In peroxisomes, AOX specific activity was stimulated in ‘steatotic’ cells with respect to
control (about +40%; p<0.05). Neither T, nor T, affected AOX activity when administered to
‘steatotic’ (Fig. 5A) or control cells (data not shown).

In mitochondria, expression of VLCAD (Fig. 5B) was up-regulated in ‘steatotic’ cells with
respect to control (about 1.77 fold; p<0.001), and was further stimulated when ‘steatotic’
cells were treated with the highest dose of T, (about +35% with respect to ‘steatotic’ cells;
p<0.05). No significant effects were observed with T,. Neither T, nor T, affected mRNA
expression of VLCAD in control cells (data not shown).

Stimulation of mitochondrial activity was confirmed by assessing expression of two
other mitochondrial enzymes CPT1 and UCP2. In ‘steatotic’ cells, the expression of CPT1
and UCP2 was significantly up-regulated (about 1.8 and 1.6 fold with respect to contro],
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Fig. 5. T, effects on peroxisomal and mitochondrial B-oxidation. (A) AOX specific activity (nmol H,0,/min
per mg protein) was evaluated in control (C) and ‘steatotic’ cells incubated in the absence (NEFA) or in
the presence of T, or T (10" M). Specific activity is expressed as percentage of controls and normalised for
protein content. Data are the mean + S.D. of at least four experiments in triplicate. Significant differences
are denoted by symbols on bars (C versus NEFA * p<0.05). (B) Relative mRNA expression of VLCAD was
evaluated in control (C) and ‘steatotic’ cells incubated in the absence (NEFA) or in the presence of T, or
T, (10° and 10 M). Significant differences are denoted by symbols on bars (C versus NEFA *** p<0.001;
NEFA versus THs # p<0.05). The mRNA (C) and protein levels (D) of CPT1, and UCP2 were evaluated by
gPCR and western blot, respectively, in control (C) and ‘steatotic’ cells incubated in the absence (NEFA)
or in the presence of T, or T,(10° M). GAPDH was used as the internal control in gPCR, and actin was the
protein loading control in SDS-PAGE (lanel: control, lane2: NEFA, lane3: NEFA+T, 10 M, lane4: NEFA+T,
10> M). Data are the meanz S.D. of at least four experiments in triplicate. Significant differences are denoted
by symbols on bars (C versus NEFA *** p<0.001; * p<0.05; NEFA versus THs ### p<0.001; ## p<0.01; #
p<0.05).

respectively; p<0.001) (Fig. 5C). Treatment of ‘steatotic’ cells with T, at the highest dose
led to a further increase in mRNA expression of both genes (about +110% for CPT1, and
+50% for UCP2 with respect to ‘steatotic’ cells; p<0.001). Similar effects were observed
with T, (10°M) that increased the transcript levels of both CPT1 (+78%, p<0.001), and
UCP2 (+31%, p<0.05) with respect to ‘steatotic’ cells. General increases in UCP2 and
CPT1 expression were observed in ‘steatotic’ cells with respect to controls, that were
significant for UCP2 (about +40%; p<0.05), but not for CPT1 (about+30%) (Fig. 5D). Both
CPT1 and UCP2 protein levels were further increased upon T, treatment (about +50% for
CPT1, and +70% for UCP2 with respect to ‘steatotic’ cells; p<0.001). Similar effects were
observed with T, that increased significantly the protein levels of both CPT1 (about +40%;
p<0.01), and of UCPZ (about +70%; p<0.001) with respect to ‘steatotic’ cells. Neither T, nor
T, affected mRNA and protein expression of CPT1 and UCP2 in control cells (data not shown).
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Discussion

T,is a naturally occurring iodothyronine that exerts some thyromimetic effects (for a
review see [40]). T, has been demonstrated able to reduce fat overload in the hepatocyte
[16,19-21, 41], and this lipid-lowering action is not mediated by thyroid hormone receptors
[21]. In the present study, we demonstrate that the lipid-lowering action of T, is associated
with modifications in the fatty acid composition of LDs in particular through a stimulation
of the oxidative metabolism of saturated fatty acids (SFAs). It has to be noted that T, was
used at nominal doses higher than the physiological range; but, as previously discussed
[20], these concentrations are often employed for in vitro experiments because of the more
rapid metabolism rate of iodothyronines occurring in vitro with respect to in vivo [42], and
because T, is sequestered by BSA present at physiological concentrations in the medium
[43]. On the other hand, a recent work by Mendoza et al. [44] showed that T, was able to bind
TRB1 when used at lower doses (100 nM), but that study employed cells transfected with
different TRB1 constructs.

To mimic in vitro the hepatic steatosis condition, FaO cells were exposed to an oleate/
palmitate mixture containing a higher concentration of OA to counteract the pro-apoptotic
effects of PA [20, 21, 45]. In the hepatocyte, the exogenous NEFAs are esterified and stored
into LDs. Several factors may induce mobilization of NEFAs from LDs through the hydrolysis
of TAGs [46]. The released NEFAs have two predominant routes of disposal in the liver:
oxidation in mitochondria and peroxisomes or export via VLDL [2], even though a large part
of the released NEFAs is recycled back to LDs via a futile cycle [47].

Our results showed a decrease in the intracellular TAG content as well as a reduction
in LD size after treatment of ‘steatotic’ cells with T,. This indicates that T, might trigger a
change from macrovesicular towards microvesicular steatosis, thus making the TAGs stored
in LDs more accessible to lipolytic enzymes. The LD surface, in fact, is coated by the PAT
proteins that manage access of lipases such as ATGL. ADRP, the most abundant PAT protein
in hepatoma cells [48], promotes incorporation of lipids into LDs, while OXPAT regulates
short-term utilization of lipids through oxidative pathways [3]. ATGL acts as a branch
point in partitioning hydrolyzed NEFAs between oxidative and VLDL synthetic pathways,
in particular by promoting NEFA delivery to mitochondrial oxidation rather than towards
secretion [49]. Indeed, higher level of ATGL has been shown to stimulate lipolysis [50]. Both
ADRP and OXPAT, as well as ATGL, were up-regulated in ‘steatotic ‘FaO cells, and, interestingly,
T, further increased their expression. Taken together our data suggest a pleiotropic action
of T, that, through ATGL and OXPAT up-regulation, may lead to mobilization of excess TAGs
stored in LDs and direct the released NEFAs towards oxidative pathways.

The stimulation of lipid oxidation by T, was confirmed by analysis of enzymes involved
in mitochondrial B-oxidation. The mRNA expression of VLCAD was up-regulated by exposure
to exogenous NEFAs, and it was further up-regulated by T,. On the other hand, also expression
of CPT1 and UCPZ, two enzymes regulating mitochondrial NEFA oxidation, was up-regulated
in ‘steatotic’ cells and treatment with T, allowed for a further increase in their expression at
both mRNA and protein level. These data clearly indicate that T, stimulates mitochondrial
[-oxidation in ‘steatotic’ cells, and this effect well fits with previous results showing that
T, stimulates the fuel-induced O, consumption in FaO cells, thus suggesting its uncoupling
action on mitochondrial respiration [21, 51]. Moreover, UCP2 seems to play a beneficial
role in various stages of fatty liver diseases acting as anti-steatotic factor likely through a
stimulation of mitochondrial respiration [9, 10]. Therefore, induction of UCP2 along with
that of CPT1 may be a part of a lipid detoxification effort of the hepatocyte [52]. By contrast,
peroxisomal B-oxidation of fatty acids did not result stimulated by T,; in fact AOX activity
was increased in ‘steatotic ‘FaO cells, but no significant changes could be appreciated upon
T, treatment. Taken together, these data suggest that T, may exert its lipid-lowering effect
mainly by enhancing NEFA mobilization from LDs and their oxidation at mitochondrial level.

In physiological conditions, hepatocytes deliver excess TAGs to peripheral tissues by
production of VLDL. In ‘steatotic’ FaO cells, the level of TAGs in the extracellular medium
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was increased, thus indicating that lipid overload stimulates the cells to secrete TAGs in an
attempt to reduce their excess. This is in accordance with a previous study showing that the
content of secreted TAGs increased in an linear manner with time after incubation of cells
with NEFAs [53]. Since the secretion of TAGs needs their packaging with ApoB to form the
VLDL, we also assessed expression of this lipoprotein. In ‘steatotic’ cells we observed an up-
regulation of ApoB100 mRNA and protein expression, in accordance with previous studies
on HepG2 cells [54]. When ‘steatotic’ cells were treated with T, the level of extracellular
TAGs decreased as a consequence of the reduced lipid content. However, T, per se did not
affect the extracellular TAG levels (not shown). This suggest that the T,-induced reduction
in the excess fat stored within LDs mainly occurs via stimulation of their hydrolysis and
subsequent mitochondrial NEFA oxidation [16, 21], rather than of TAG secretion into the
medium. Taken together our data indicate that T, as well as T, play similar effects on lipid
metabolism and trafficking by acting mainly through TR-independent mechanisms [21]
these could involve specific membrane-associated binding sites coupled with activation
of rapid signaling pathways, such as those involving mitogen-activated protein kinases
(MAPKSs), phosphoinositol-3-kinase (PI3K), or Ca** mobilization [55]. However, the use of T,
as potential drug to treat obesity has collateral dangerous effects.

The lipid-lowering effect of T, was confirmed by the gas chromatography analyses that
showed a decrease in the total nmoles of esterified fatty acids purified from LDs upon T,
treatment. Moreover, T, modified the acyl composition of LDs of ‘steatotic’ cells. Although
we used a dose of oleate twice as high as that of palmitate, the LDs from ‘steatotic’ cells
showed a lower incorporation of OA than PA, in line with previous reports [53]. Therefore,
in 'steatotic’ hepatocytes, OA is mainly oxidized, whereas PA is preferentially incorporated
into TAGs and stored in LDs [56].0n the other hand, in T,-treated cells, OA became the
most abundant NEFA of LDs, whereas the PA content decreased, indicating that T, would
selectively stimulate PA oxidation. T, also lead to a general decrease in the saturated fatty
acid content of LDs, resulting in an inversion of the SFA/MUFA ratio. A higher lipotoxicity
of SFAs than MUFAs was described in a variety of cells [57-59]. It is noteworthy that the
endogenous biosynthesis of cholesterol preferentially starts from SFAs, and an inverse
correlation was found between adipose tissue MUFAs and the cholesterol serum levels in
healthy and diabetic subjects [60]. Moreover, a reduction in cholesterol serum level has
been previously observed in HFD-fed rat treated with T, [16]. Therefore, the effect of T, in
reducing the SFA content in LDs could contribute to the hypocholesterolemic effect of this
iodothyronine.

In conclusion, our data indicate that T, may stimulate oxidative metabolism of fatty
acids, in particular of SFAs, and thus may enrich of MUFAs the TAGs stored in LDs. This
action may protect the hepatic cell from an excessive accumulation of SFAs that have a
higher toxicity with respect to unsaturated NEFAs. The lack for T, of the thyrotoxic effects
associated with long-term administration of T, [61] makes T, of great interest in the light of
its possible utilization as a pharmacological tool in the treatment of dysmetabolic syndromes
such as NAFLD and obesity.
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