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Effects of dietary fish oil on thyroid hormone signaling in the liver
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Abstract

n−3 polyunsaturated fatty acids (PUFAs) present in fish oil (FO) potently decrease serum lipids, which is also an effect of thyroid hormones. Both PUFAs and
thyroid hormones affect hepatic lipid metabolism, and here we hypothesized that a long-term diet rich in n−3 PUFAs would enhance thyroid hormone action in
the liver. Female rats received isocaloric and normolipid diets containing either soybean oil (SO) or FO during lactation. Male offspring received the same diet as
their dams since weaning until sacrifice when they were 11 weeks old. FO group, as compared to SO group, exhibited lower body weight since 5 weeks of age
until sacrifice, with no alterations in food ingestion, lower retroperitoneal white fat mass and elevated inguinal fat mass relative to body weight, with unchanged
water and lipid but reduced protein percentage in their carcasses. FO diet resulted in lower serum triglycerides and cholesterol. Serum total triiodothyronine,
total thyroxine and thyrotropin were similar between groups. However, liver thyroid hormone receptor (TR) β1 protein expression was higher in the FO group
and correlated negatively with serum lipids. Liver 5′-deiodinase activity, which converts thyroxine into triiodothyronine, was similar between groups. However,
the activity of hepatic mitochondrial glycerophosphate dehydrogenase, the enzyme involved in thermogenesis and a well-characterized target stimulated by T3
via TRβ1, was higher in the FO group, suggesting enhancement of thyroid hormone action. These findings suggest that the increase in thyroid hormone signaling
pathways in the liver may be one of the mechanisms by which n−3 PUFAs exert part of their effects on lipid metabolism.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Epidemiological data have provided clear evidence that fish
consumption is associated with a reduced risk of cardiovascular
diseases [1], atherosclerosis and hyperlipidemia [2,3]. Moreover, the
current trend of consuming diets deficient in n−3 polyunsaturated
fatty acids (PUFAs) with a high n−6:n−3 PUFA ratio may contribute
to many disease processes [4]. Fish oil (FO), which contains large
amounts of long-chain n−3 PUFAs, particularly eicosapentaenoic acid
[EPA; 20:5(n−3)] and docosahexaenoic acid [DHA; 22:6(n−3)], has
been successfully used in the treatment of hyperlipidemia [2,5,6] and
obesity [7]. These highly unsaturated n−3 PUFAs from FO have a
potent stimulatory effect on fatty acid oxidation and a strong
suppressive effect on hepatic lipogenesis and triglyceride synthesis,
leading to a decline in plasma triglycerides [8,9]. They also modulate
the hepatic metabolism of cholesterol, resulting in an important
hypocholesterolemic effect [10,11].
⁎ Corresponding author.
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The mechanisms by which long-chain n−3 PUFAs exert their
effects are only partially understood. It has become clear that these
fatty acids have the ability to control the transcriptional activity of
nuclear receptors and, thereby, the transcription rate of specific genes
related to lipid and carbohydrate metabolism [12]. n−3 long-chain
PUFAs bind to peroxisome proliferator-activated receptors (PPARs)α,
β, γ1 and γ2 [13], and it is accepted that the actions of PUFAs are, in
great part, mediated by PPARs [10]. However, PUFAs also bind to other
nuclear receptors involved in the control of hepatic lipid metabolism
such as liver X receptor α [14], hepatocyte nuclear factor-4 α and γ
[15,16], and retinoid X receptor [17]. Another mechanism involved in
the actions of PUFAs is control of the nuclear abundance of
transcription factors such as sterol receptor element binding protein
1, nuclear factor κB, carbohydrate regulatory element binding protein
andMax-like factor X [18–20], which are involved in the regulation of
genes of the hepatic metabolism of lipids.

Thyroid hormone receptors (TRs) are ligand-activated transcrip-
tion factors that regulate gene expression, including that involved in
lipidmetabolism. An important feature of thyroid hormone deficiency
is dyslipidemia, particularly hypercholesterolemia [21,22]. Thyroid
hormone acts to increase cholesterol metabolism [23–25] and
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Table 2
Fatty acid composition of diets based on SO or FO

Fatty acids (%) SO FO

C14:0 1.34 1.44
C16:0 14.45 6.90
C18:0 3.71 3.07
C18:1 n−9 trans ND ND
C18:1 n−9 cis 19.03 9.51
C18:1 other cis-isomersa ND 0.38
C20:1 0.52 1.70
C24:1 ND 0.60
C18:2 n−6 trans ND ND
C18:2 n−6 (linoleic) 55.87 10.85
C18:3 n−3 (α-linolenic) 3.59 1.13
C20:5 n−3 (eicosapentaenoic) ND 35.04
C22:6 n−3 (docosahexaenoic) ND 17.24
Total saturated fatty acid 19.50 11.41
Total monounsaturated fatty acid cis 19.55 12.19
Total PUFA cis 59.46 64.26
Total trans-fatty acid ND ND
PUFA:saturated fatty acid 3.04 5.63
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simultaneously stimulates lipogenesis and fatty acid oxidation, with
predominant action on oxidation [26]. In the liver, the β isoform of
TRβ is more abundant than the α isoform (TRα) [27]. In addition,
studies in TRβ knockout mice and others employing TRβ pharmaco-
logical analogs confirm the major importance of TRβ in hepatic lipid
metabolism [25,28,29].

Considering the hypolipidemic effect of thyroid hormones and
n−3 PUFA, together with a previous demonstration of interactions
between TR and PPAR pathways in the regulation of lipid
metabolism [30–32], we tested, in the present study, the hypothesis
that long-term consumption of n−3 PUFAs would enhance thyroid
hormone action in the liver, and this may be one mechanism
contributing to the cholesterol-lowering and triglyceride-lowering
effects of n−3 PUFAs. In order to test this hypothesis, we evaluated
the hepatic expression of TRβ, along with the activity of enzymes
that are well-known targets of thyroid hormone action, in a murine
model of early and prolonged intake of a diet containing n−3
PUFAs from FO.
ND, not determined.
a Includes all positional cis-isomers of 18:1, except for 18:1 ω-9.
2. Materials and methods

2.1. Animal care and experimental design

Wistar rats were kept in a room with controlled temperature and artificial dark–
light cycle (lights on from 0700 to 1900 h). Our protocol was approved by the
institutional animal care committee.

During the entire lactation period, female rats were fed an isoenergetic diet (4.1
kcal/g dry diet) and a normolipid diet containing either 9% soybean oil (SO; rich in n
−6 PUFA) or 8% FO (rich in n−3 PUFAs) plus 1% corn oil as the source of lipids.
Within 24 h of delivery, pups were counted and weighed. Postnatal litter size was
maintained at six pups per litter, all males if possible. Weaning occurred on Day 21 of
lactation; after weaning, pups were fed the same type of diet that was fed to their
dams, adjusting the SO to 7% and the FO to 6%. FO (ROPUFA −75; Roche/DSM
Nutritional, Indianapolis, IN) contained minima of 42% EPA and 22% DHA. The
composition of the diets is shown in Table 1, and the fatty acid composition is listed
in Table 2. The diet formulations complied with the general recommendations of the
American Institute of Nutrition [33].

After the dams had been weaned, they were excluded from the study, and male
pups continued on the diet until the end of the experiment when the animals were 11
weeks old. Four animals were kept in each cage. Body weight and chow ingestion were
measured once or twice a week, respectively. Rats were sacrificed by decapitation, and
Table 1
Composition of diets based on SO or FO for dams during lactation and for pups after
weaning

Ingredients (%) Dams Pups

SO FO SO FO

Cornstarch 59.95 59.95 68.07 68.07
Casein 21.0 21.0 15.0 15.0
Cellulose 5.0 5.0 5.0 5.0
Choline bitartrate 0.25 0.25 0.25 0.25
L-Cystine 0.3 0.3 0.18 0.18
Mineral mixa 3.5 3.5 3.5 3.5
Vitamin mixb 1.0 1.0 0.1 0.1
Butylhydroquinone 0.0014 0.0014 0.0014 0.0014
SOc 9.0 – 7.0 –

FOd – 8.0 – 6.0
Corn oilc – 1.0 – 1.0

a Mineral mix (g/kg): calcium, 357.0; phosphorus, 250.0; potassium, 74.6; sodium,
74.0; sulfur, 300; magnesium, 24.0; iron, 5.21; copper, 0.3; manganese, 0.63; zinc, 1.65;
chromium, 0.27; iodine, 0.01; selenium, 0.01; boron, 0.08; molybdenum, 0.01; silicon,
1.45; nickel, 0.03; lithium, 0.02; vanadium, 0.007 (AIN-93 mineral mix; DYETS 210025;
Dyets, Inc., , Bethlehem, PA, USA).

b Vitamin mix (g/kg diet): thiamine HCl, 0.6; riboflavin, 0.6; pyridoxine HCl, 0.7;
niacin, 3.0; calcium pantothenate, 1.60; folic acid, 0.20; biotin, 0.02; vitamin B12, 2.5;
vitamin A palmitate, 0.80 (500.00 IU/g); vitamin E acetate, 15.0 (500 IU/g); vitamin D3,
0.25 (400.00 IU/g); vitamin K1, 0.75 (AIN-93 vitamin mix; DYETS 310025; Dyets, Inc.).

c Rich in n−6 PUFA (Liza, Brazil).
d Rich in n−3 PUFA (contained minima of 42% EPA and 22% DHA; Roche/DSM

Nutritional).
liver, heart, interscapular brown adipose tissue, retroperitoneal white adipose tissue
and subcutaneous inguinal white adipose tissue (adhering to the skin in the inguinal
region) were excised and weighed. Adipose tissues were returned to the carcasses,
which were eviscerated for body composition analysis. Samples of liver tissue were
frozen in liquid nitrogen and stored at−70°C prior to extraction of total protein. Serum
was obtained from trunk blood and kept frozen at −20°C for measurements of
hormones and biochemical parameters.

2.2. Body composition analysis

The procedures followed previously established protocols [34,35], and all reagents
were of analytical grade. Eviscerated carcasses were weighed, autoclaved and
homogenized in distilled water (1:1). Aliquots of homogenate were used for the
measurement of water, protein and fat contents. Water content was determined in 1 g
of homogenate that was weighed before and after drying for 72 h at 90°C. Three grams
of homogenate was used to determine fat mass gravimetrically [34]. Samples were
hydrolyzed in a shaking water bath at 70°C for 2 h with 30% KOH and ethanol. After the
addition of 9 M sulfuric acid, total lipids were extracted by three successive washes
with petroleum ether (Vetec, Rio de Janeiro, RJ, Brazil). The samples were dried at room
temperature until constant weight had been obtained. Protein was extracted from 1 g
of homogenate using 0.6 N KOH at 37°C for 1 h. After that, the samples were
centrifuged at 800×g for 10 min, and the supernatant was collected to measure protein
concentration by employing Bradford reagent [35].

2.3. Biochemical parameters

Serum cholesterol, triglycerides and high-density lipoprotein (HDL) cholesterol
were measured using commercial kits (Applied BioSystems, Foster City, CA)
following the recommendations of the manufacturer.

2.4. Hormone assays

Serum T4 and T3 concentrations were determined by using a radioimmunoassay
kit (ICN Pharmaceuticals, Costa Mesa, CA) in accordance with the manufacturer's
instructions. Serum thyroid-stimulating hormone (TSH) was measured in 100-μl
serum samples in duplicate determination by a specific rat TSH radioimmunoassay
using reagents acquired from the National Hormone and Pituitary Program
(Torrance, CA), as detailed previously [36]. The within-assay variation was less
than 5.3% in all hormone assays. All samples that were compared were measured
within the same assay.

2.5. Analysis of TRβ1 liver expression

Liver samples were homogenized in lyses buffer (pH 6.4; 50 mM Hepes, 1 mM
MgCl2, 10 nM EDTA and 1% Triton X) with protease inhibitor cocktail complete (Roche/
DSM Nutritional). Forty micrograms of total protein per sample was resolved by SDS-
PAGE on a 10% gel and transferred onto a polyvinylidene difluoride membrane
(Westran; Whatman, Kent, UK). The membrane was blocked with 5% nonfat dry milk
(Molico; Nestle, São Paulo, SP, Brazil) and incubated overnight at room temperature
with anti-TRβ1 (1:1000 dilution; Upstate Biotechnology, Inc., Lakeplacid, NY) or with
internal control anti-cyclophilin B antibody (1:20,000 dilution; Affinity Bioreagents,



Table 3
Body composition and weight of tissues of animals fed diets based on SO or FO

Parameter SO FO

Weight of tissues
Heart (mg/mg body weight) 3.04±0.13 3.7±0.21 ⁎

Liver (mg/mg body weight) 35.99±0.57 38.94±1.20 ⁎

Retroperitoneal adipose tissue
(mg/mg body weight)

11.22±1.59 6.43±0.67 ⁎⁎

Inguinal adipose tissue (mg/mg body weight) 4.67±0.54 6.71±0.39 ⁎⁎

Brown adipose tissue (mg/mg body weight) 0.98±0.18 1.44±0.17

Body composition
Water (g/100 g carcass) 41.46±0.18 41.11±0.25
Protein (g/100 g carcass) 27.63±0.66 23.66±0.94 ⁎

Fat (g/100 g carcass) 10.42±0.87 9.79±0.82

Data are presented as mean±S.E.M. n=8 animals per group.
⁎ Pb.05.
⁎⁎ Pb.01.
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Golden, CO). Membranes were then washed and incubated with peroxidase-labeled
anti-rabbit IgG antibody (1:15,000 dilution; Amersham Biosciences, Inc., Piscataway,
NJ) for 3 h at room temperature. All blots were then washed and incubated with a
luminogen detection reagent (ECL; Amersham Biosciences, Inc.) for further exposure
on an autoradiograph film (Kodak). Protein bands were evaluated by densitometry
using the software Kodak 1D3.5. The membranes were stained with Rouge Ponceau to
evaluate the relative amounts of transferred proteins.

2.6. Liver mitochondrial α-glycerophosphate dehydrogenase
(mGPD) activity

The enzymatic activity of mGPD in the liver was measured in the mitochondrial
fraction by using phenazine methosulfate (PMS; Sigma, St. Louis, MO) as an electron
transporter between the reduced enzyme and iodonitrotetrazolium choride violet
(INT; Sigma). The assay was performed in the presence of 0.1 M DL-α-glyceropho-
sphate (Sigma) diluted in KCN/potassium phosphate buffer and a solution of 0.12 mM
PMS and 7.9 mM INT [37,38]. Samples were analyzed with a spectrophotometer at
500 nm, and the values were expressed as absorbance (OD) per minute per milligram
of mitochondrial protein.

2.7. Liver 5′-deiodinase type 1 (D1) activity measurements

D1 activity was measured in liver homogenates by the release of 125I from 125I
reverse T3 (rT3), as previously reported [39,40]. Liver homogenates were prepared in
Tris–HCl buffer (pH 6.8) containing 10 mM DTT and 1 mM EDTA. The assay was
performed in duplicate in phosphate buffer containing 1 mM EDTA (pH 6.9) in the
presence of 1.5 μM rT3 and 12.5 mM DTT. Equal volumes of 125I rT3 (1.07mCi/g specific
activity; Perkin Elmer Life Sciences, Boston, MA) purified by paper electrophoresis
before each set of assays were added to each assay tube. After 1 h of incubation at 37°C,
the reaction was stopped, and free 125I from enzymatic deiodination was eluted from
Dowex 50W-X2 columns with 10% acetic acid. Deiodination percentual in the presence
of the enzyme was approximately 20–30%, and the blank was less than 1–2% of total
radioactivity in the reaction mixture. Specific enzyme activity was expressed as
picomoles of rT3 deiodinated per hour per milligram of protein.

2.8. Statistical analysis

Data are reported as mean±S.E.M. Student's t test was used for comparisons
between groups (GraphPad Prism; GraphPad Software, Inc., San Diego, CA). For body
weight and chow ingestion, data were analyzed by two-way analysis of variance,
followed by Bonferroni posttest. Serum TSH was analyzed by Mann–Whitney test.
Fig. 1. Body weight (A) and chow ingestion (B) of rats fed diets rich in SO or FO since
weaning until 11 weeks of age and whose dams were fed the same diet during
lactation. n=8 animals per group. Data are presented as mean±S.E.M. *Pb.05.
Spearman test was used for correlation analysis. Differences were considered
significant at Pb.05.

3. Results

We compared animals fed normolipid diets enriched in either SO
(n−6 PUFA) or FO (n−3 PUFA) from 3 to 11 weeks of age and whose
mothers had received the same type of diet during lactation. The FO
group presented lower body weight than the SO group starting at 5
weeks of age until sacrifice when the animals were 11 weeks old (25%
lower in 11-week-old rats, Pb.001; Fig. 1A). The lower body weight of
the FO group was not due to reduced food intake, since both groups
showed similar chow ingestion from weaning until adulthood (Fig.
1B). As shown in Table 3, in the FO group, heart and liver mass
corrected to body weight was 1.2-fold and 1.1-fold higher (Pb.05),
respectively, although lower in absolute values (heart: SO: 0.96±0.04
g; FO: 0.85±0.03 g; liver: SO: 11.2±0.4 g; FO: 9.1±0.5 g), and the
relative mass of brown adipose tissue showed the trend to be higher
and showed no changes in absolute values. The mass of the
retroperitoneal white adipose depot of FO-fed animals was reduced
in absolute (SO: 3.5±0.5 g; FO: 1.5± 0.2 g) and relative (42.7%
reduction; Pb.01) values. However, the relative mass of inguinal
subcutaneous white fat was higher in the FO group (44%; Pb.01),
although there was no change in absolute values (SO: 1.7±0.3 g; FO:
1.6±0.4 g). Carcass analysis revealed that the FO group had no
significant alteration in the relative percentage of fat or water, but
exhibited a lower percentage of the protein compartment compared
with the SO group (Table 3).

As expected, the FO group exhibited 28.6% and 60.3% lower serum
cholesterol and triglycerides, respectively, compared with the SO
group (Table 4). HDL was reduced; however, the cholesterol/HDL
ratio remained similar between groups.

Serum T4, T3 and TSH concentrations were similar in animals fed
the FO diet and animals fed the SO diet (Table 4).

We analyzed next the protein expression of TRβ1 in the liver. As
depicted in Fig. 2, animals from the FO diet group presented a 24%
higher expression of TRβ1 protein in hepatic tissue as compared to
animals of the SO diet group (Pb.0001). In addition, there was a
negative significant correlation between serum triglycerides and the
level of TRβ1 expression (r=−.71, Pb.05), as well as between
serum cholesterol concentrations and the level of TRβ1 expression
(r=−.57, Pb.05).

In order to investigate whether the higher TRβ1 expression is
accompanied by increased TR activation, we evaluated two well-
known targets of TRβ1 in the liver: the enzymatic activity of mGPD
and the enzymatic activity of 5′-deiodinase (D1), and the results are
depicted in Fig. 3A and B, respectively. Although liver D1 activities
were similar between the groups, liver mGPD activity was



Table 4
Serum parameters of animals fed diets based on SO or FO

Parameters SO FO

Serum lipids
Triglycerides (mmol/L) 1.24±0.14 0.49±0.04 ⁎⁎⁎

Cholesterol (mmol/L) 1.73±0.09 1.24±0.04 ⁎⁎⁎

HDL (mmol/L) 0.65±0.05 0.48±0.03 ⁎

Total cholesterol:HDL 2.73±0.18 2.62±0.11

Serum hormones
T3 (nmol/L) 1.28±0.06 1.24±0.07
T4 (nmol/L) 57.5±5.1 52.2±5.2
TSH (nmol/L) 0.051±0.009 0.073±0.008

Data are presented as mean±S.E.M. n=8 animals per group.
⁎ Pb.05.
⁎⁎⁎ Pb.0001.
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significantly higher in the FO group than in the SO group (1.93-fold
increase; Pb.0001).
Fig. 3. Liver mGPD activity (A) and liver 5′-deiodinase (D1) activity (B) of animals fed
diets rich in SO or FO since weaning until 11 weeks of age andwhose damswere fed the
same diet during lactation. n=8 rats per group. Data are presented as mean±S.E.M.
*Pb.0001.
4. Discussion

Results of the present study show that the type of dietary fatty acid
chronically consumed, since early in life, in normolipid diets affects
body weight, serum lipids and thyroid hormone action pathways in
the liver of adult rats.

The animals fed the diet containing n−3 PUFA (FO) as the main
source of lipids, as compared to those receiving diets based on n−6
PUFA (SO), presented low blood cholesterol and triglycerides, as
expected [41]. In agreement with other reports [42–47], they
presented lower body mass and seemed to accumulate less visceral
adipose tissue mass, as evaluated by retroperitoneal depot (which
reflected alterations in the abdominal fat of these animals). However,
the relative mass of subcutaneous depot in the inguinal region was
increased. Other studies have shown regional differences in the
response of white adipose tissue to diets enriched in n−3 PUFA [48],
probably reflecting different characteristics of adipose tissue depend-
Fig. 2. Liver TRβ1 expression of animals fed diets rich in SO or FO since weaning until 11 wee
autoradiograph of liver TRβ1 (∼60 kDa) and cyclophilin (19 kDa; internal control) analyzed b
Densitometric values of the FO group relative to those of the SO group. (C) Negative correl
mean±S.E.M. of three independent measurements. n=8 animals per group. *Pb.0001.
ing on the anatomical site. These results raise the hypothesis that the
FO diet may induce a redistribution of fat from visceral depots to
subcutaneous depots, which may be metabolically beneficial [49,50].
This also may explain why the percentage of lipid in the eviscerated
carcass, which included both types of fat, showed a nonsignificant
ks of age and whose dams were fed the same diet during lactation. (A) Representative
y Western blot analysis. (B) Relative expression of TRβ1 (normalized by cyclophilin).
ations between hepatic TRβ1 expression and serum lipids. Data are presented as the
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trend to reduction. On the other hand, the lower percentage of protein
in the carcass of the FO group suggests that their reduced bodyweight
was also related to lower skeletal muscle mass. Other studies on the
influence of FO diets on body composition employing the carcass
method are scarce and controversial [51–53], probably due to many
differences in experimental conditions. Decreases [51], increases [53]
or no alterations [52,54] in the percentage of lipid and protein content
of carcass from animals fed FO diets have been reported.

Thyroid hormones and TSH serum levels remained the same
regardless of whether the diet chronically consumed is based on n−6
or n−3 PUFAs. However, there was a consistently higher abundance
of TRβ1 in the liver of the animals fed the FO diet, which potentially
may lead to enhancement of thyroid hormone action. The extreme
importance of TRβ1 in the ability of T3 to reduce serum cholesterol
was revealed by the demonstration that mice lacking TRβ are
insensitive to the cholesterol-lowering effect of T3, even when they
overexpress TRα in the liver [25]. In contrast to our finding, others
[55] did not find a significant increase in TRβ expression in the liver of
animals that received a high-carbohydrate diet with FO for 3 h/day for
5 days. The differences in experimental conditions may explain the
different findings.

In favor of the view that a higher liver TRβ1 expression was
accompanied by an enhancement of TR-mediated actions is the
finding of a higher activity of liver mGPD, which is a well-
characterized T3 target gene. T3 acts, via TRβ1, directly at the gene
promoter level in order to up-regulate the transcription rate of mGPD
[56]. Hypothyroidism is associated with reduced mGPD mRNA
expression and enzymatic activity, and the opposite is observed in
hyperthyroidism [57]. Therefore, we suggest that, although thyroid
hormone levels were not increased in rats fed the FO diet, the higher
expression of TRβ1 was responsible, at least in part, for the higher
enzyme expression. As far as we know, there has been no previous
report on the effect of FO ingestion on the activity of mGPD, although
recently, others [58] demonstrated an increase in cytosolic GPD
activity in fasted animals fed the FO diet in relation to those fed diets
containing saturated fats.

However, the participation of other mechanisms in the FO-
induced rise in mGPD activity cannot be excluded. The administration
of the PPARα agonist clofibrate has been shown to stimulate mGPD
activity in rats [59,60]. However, the magnitude of this response was
reduced in hypothyroid animals [60], suggesting a functional
interdependence between PPAR and TR signaling pathways in the
control of mGPD activity. PPAR and TR interactions in gene regulation,
including some genes involved in lipid oxidation and thermogenesis,
have been reported [30,31].

Even though the liver 5′-deiodinase is another well-established
target for TRβ1 [61], enzyme activities were similar in both groups,
suggesting that induction of TRβ1 expression by n−3 PUFAs from FO
did not result in an overall enhancement of thyroid hormone
signaling in the liver; rather, it may be target specific. This seems
functionally conceivable since T3 and PUFAs may act synergically in
regard to some effects such those related to oxidativemetabolism, but
have opposite effects with respect to lipid synthesis [62]. TRβ1 is the
major TR responsible for the up-regulation of liver D1 mRNA and
activity, even though TRα has also some contributions [63]. To date,
we have not verified the expression of TRα.

The higher hepatic mGPD activity in the FO diet group can
contribute to the stimulatory effect of n−3 PUFAs from FO on
oxidative metabolism. mGPD represents a rate-limiting component of
the glycerophosphate shuttle, an important metabolic pathway
connecting glycolysis with the mitochondrial respiratory chain
[56,64]. Mice lacking the mGPD gene exhibited a reduction in oxygen
consumption [64], showing the contribution of the enzyme to
increasing energy expenditure, which is also an action attributed to
long-chain n−3 PUFAs from FO. In the present study, in agreement
with others [45,53], the reduction in body weight seems to be due to
higher energy expenditure, since food ingestion was similar in both
diets groups.

In conclusion, the present study shows that normolipidic diets
rich in n−3 PUFAs from FO started early in life and maintained
until adulthood resulted in lower body weight and hypolipidemia
associated with a higher expression of TRβ1 in the liver,
accompanied by a higher activity of mGPD. These findings suggest
that the increase in thyroid hormone signaling in the liver may be
one of the mechanisms by which n−3 PUFAs exert part of their
effects on lipid metabolism.
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