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Cold temperature blocks thyroid @
hormone-induced changes in lipid and energy
metabolism in the liver of Lithobates
catesbeianus tadpoles

Shunsuke Suzuki', Koichiro Awai', Akinori Ishihara'? and Kiyoshi Yamauchi'?*

Abstract

Background: Exposure of the American bullfrog Lithobates catesbeianus tadpoles to low temperature affects many
biological processes including lipid metabolism and the thyroid hormone (TH) signaling pathway, resulting in arrest
of TH-induced metamorphosis. To clarify what molecular events occur in this phenomenon, we investigated the glyc-
erophospholipid and fatty acid (FA) compositions, the activities of mitochondrial enzymes and the transcript levels of
related genes in the liver of control (26 °C) and cold-treated (4 °C) tadpoles with or without 5 nM 3,3’ 5-triiodothyro-
nine (T3).

Results: Exposure to T3 decreased the tail height and polyunsaturation of FAs in the glycerophospholipids, and
increased plasma glucose levels and transcript levels of primary TH-response genes including TH receptor, and some
energy metabolic (cox4, srebp1 and fas) and FA chain elongase genes (elovl3 and elovl5). However, these T3-induced
responses were abolished at 4 °C. Exposure to cold temperature enhanced plasma glucose, triglyceride and free FA
levels, monounsaturation of FAs, mitochondrial enzymes activities (cytochrome c oxidase and carnitine palmitoyl-
transferase; U/g liver), with the upregulation of the genes involved in glycogenolysis (pygl), gluconeogenesis (pck1
and g6pc2), FA B-oxidation (acadl), and cholesterol uptake and synthesis (hmgcr, srebp2 and IdIr1), glycerophospho-
lipids synthesis (pcyt1, pcyt2, pemt, and pparg), and FA monounsaturation (scd1) and chain elongation (elovl1 and
elovl2). T3 had little effect on the cold-induced changes.

Conclusions: Our study demonstrated that exposures to T3 and cold temperature exert different effects on lipid
metabolism, resulting in changes in the FA composition in glycerophospholipids, and suggests that a cold-induced
signal may block TH-signaling pathway around primary TH-response genes.

Keywords: Tadpole, Cold exposure, Thyroid hormone, Glycerophospholipid, Fatty acid, Desaturase, Lithobates
catesbeianus

Background

Low temperatures profoundly affect physiological
responses in animals, especially ectothermic animals,
primarily due to the slowing of biochemical reaction
rates. Amphibian metamorphosis is highly sensitive to
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temperature [1], even though it is obligatorily controlled
by thyroid hormone (TH). In cold areas, such as higher
latitudes or mountain ranges, the American bullfrog,
Lithobates catesbeianus (formerly known as Rana cates-
beiana), can grow as tadpoles for 1-3 years before they
start to metamorphose [2].

Amphibian metamorphosis can be experimentally
arrested at 4 or 5 °C even if tadpoles are treated with the
active form of TH, 3,3',5-triiodothyronine (T3) [1, 3].
Major T3 actions are mediated by nuclear TH receptors
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(TRs) [4], which up- or down-regulate primary and sec-
ondary TH-response genes. Tissue-specific activation or
suppression of these TH-response genes may affect gene
regulation cascades responsible for tissue-specific trans-
formation during metamorphosis. Findings from recent
in vivo and in vitro studies revealed that transcription
of the TH-response genes TRp (a primary TH-response
gene) and ornithine transcarbamylase (a secondary TH-
response gene) remains at basal levels when L. catesbe-
ianus tadpoles and cells are exposed to cold temperature
(4 °C) in the presence of T3 for 3-6 days [3, 5]. However,
in zebrafish, TH signal may still be active at low tempera-
ture. Findings from a recent report demonstrated that T3
and its metabolite 3,5-diiodothyronine affected swim-
ming performance, metabolic rate, and tissue-specific
regulatory enzyme activities, depending on the actual
temperature and thermal history of the zebrafish [6].
Whether TH signaling is completely blocked when tad-
pole metamorphosis is arrested by exposure to cold tem-
perature is not known.

Temperature affects the integrity and fluidity of bio-
logical membranes, which are determined by the glycer-
ophospholipid composition of membranes and the fatty
acid (FA) composition of the membrane glycerophospho-
lipids [7]. Ectothermic organisms are able to adapt to cold
temperature by changes in lipid metabolism. The most
well-known and consistent response to cold temperature
is an increase in the unsaturation of FAs in glycerophos-
pholipids. Acyl-CoA A® desaturase (stearoyl-CoA desatu-
rase), which introduces a double bond in the A® position
of acyl-CoA, is the enzyme that is responsible for this
response to cold temperatures and has been studied in
detail in yeast [8] and in fish [9-11]. In addition, signifi-
cant changes in the gylcerophospholipid composition
and the FA composition of glycerophospholipids have
been reported in several species of fish with exposure to
cold temperature for 2-7 days [9, 11, 12]. These changes
in lipid composition at cold temperatures may optimize
the fluidity of the membranes and influence the activity
of membrane proteins.

This study was conducted to clarify what effect(s) TH
has on the composition of membrane glycerophospholip-
ids and FAs and transcript levels of genes involved with
energy and lipid metabolism in L. catesbeianus tadpoles,
what effect(s) cold temperature (4 °C) has on any changes
induced by TH, and what effect(s) cold temperature has
independent of TH. In addition, we assessed whether TH
counters or enhances the response to cold temperature.
Animals were reared in the presence or absence of T3 at 4
or 26 °C (control temperature). The glycerophospholipid
composition of hepatic membranes and the FA composi-
tion of glycerophospholipids were analyzed by thin-layer
chromatography (TLC) followed by gas chromatography
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(GC), and transcription levels of genes involved with
energy and lipid metabolism were quantified by reverse
transcription-quantitative polymerase chain reaction
(RT-qPCR). As possible effective sites, activities of the
enzymes in mitochondrial membrane were also assayed.

Results

Morphological and plasma biochemical parameters

Tail height was the most sensitive of the morphologi-
cal parameters tested to T3 (Additional file 1: Table S1).
Exposure to T3 at 26 °C significantly reduced the tail
height at day 3, and body weight and length, and tail
length and height at day 7. However, the reductions in
morphological parameters observed at 26 °C following
exposure to T3 were absent at 4 °C. In tadpoles that were
not exposed to T3, exposure to cold temperature did
not affect these morphological parameters at day 3 or 7
(Additional file 1: Table S1).

Exposure to T3 and/or cold temperature had variable
effects on plasma biochemical parameters in tadpoles
(Fig. 1). By day 7 at 26 °C, exposure to T3 increased the
plasma concentration of glucose (p < 0.05). This effect
of T3 on the glucose concentration disappeared at 4 °C
on day 7. Glucose and triglyceride (TG) concentrations
were 2.0-fold to 2.5-fold higher at 4 °C than at 26 °C
on day 3 (p < 0.05); however, these increases in con-
centrations were not statistically significant on day 7,
and were not affected by T3. On both days 3 and 7, the
plasma concentration of cholesterol did not differ sig-
nificantly among the four groups. Exposure to cold tem-
perature, but not to T3, greatly affected the ratio of TG/
cholesterol(3-fold) in plasma. Neither exposure to T3
nor cold temperature (4 °C) altered the concentration of
free FAs in plasma, except in the cold-treated tadpoles
on day 7.

Hepatic glycerophospholipid composition and the FA
composition of glycerophospholipids

Of the glycerophospholipids investigated in tadpole
liver, more than 50 % were phosphatidylcholine (PC)
and approximately 20 % were phosphatidylethanolamine
(PE). Both phosphatidylserine (PS), phosphatidylinositol
(PI) comprised about 10 % of the glycerophospholipids,
whereas phosphatidylglycerol (PG) comprised 3 % and
cardiolipin (CL) less than 1 %. The glycerophospholipid
composition did not differ significantly among the four
groups on both days 3 (Fig. 2A) and 7 (Fig. 2B).

For total glycerophospholipids (Table 1), exposure to
T3 decreased the relative abundance of 20:5n-3 at day 7,
however, this T3-induced decrease was not observed at
4 °C. Exposure to cold temperature decreased the rela-
tive abundance of 20:4n-6 at day 7. T3 did not affect this
cold-induced reduction. For each glycerophospholipid
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Fig. 1 Plasma biochemical parameters in the liver of tadpoles. Tadpoles (n = 8/group) were reared in dechlorinated tap water at 26 °C with or
without 5 nM 3,3',5-triiodothyronine (T3; 26C and 26T, respectively) or 4 °C with or without 5 nM T3 (4C and 4T, respectively) for 3 days (left) or 7 days
(right). The concentrations of glucose (A), triglyceride (B), cholesterol (C) and free fatty acid (E) in plasma were quantified, and the ratio of triglycer-
ide/cholesterol (D) was calculated. Values are mean £ SEM (n = 8). Different letters indicate significantly different means and were determined by
one-way analysis of variance with Fisher’s test for multiple comparisons (p < 0.05). These experiments were repeated two times, with similar results

(Additional file 2: Tables S2-1 to S2-6), exposures to T3
and cold temperature had only a modest effect on the FA
composition at both days 3 and 7, except for PG (Addi-
tional file 2: Table S2-5), in which exposure to cold tem-
perature enhanced the proportion of 18:1n-9 by 10-fold
at day 3 and 4-fold at day 7. T3 did not affect this cold-
induced reduction.

Exposure to T3 decreased the unsaturation index (U],
the average number of double bonds per 100 FA mol-
ecules) in total glycerophospholipids on days 3 and 7
(Fig. 3A). The T3-induced decrease was not detected
at 4 °C. The Ul value of FAs did not significantly differ
between the control and cold-treated tadpoles in the
absence of T3.

The ratio of monounsaturated FA (MUFA)/saturated
FA (SFA), which partially reflects A° desaturase activ-
ity, was not changed in total glycerophospholipids with
exposure to T3 (Fig. 3B), whereas it increased signifi-
cantly on day 3 with exposure to cold temperature. The
cold-induced response was not observed on day 7, and
was not affected by T3.

The ratio of 20:4n-6/18:2n-6 and/or the ratio of
20:5n-3/18:3n-3, both of which partially reflect the
sequential reactions consisting of the A® desaturase and
very long chain FA elongase activity of the w-6 and w-3
polyunsaturated FAs (PUFAs), respectively (see Addi-
tional file 3: Figure S1B), decreased in total glycerophos-
pholipids with exposures to T3 and cold temperature on
day 3 or 7 (Fig. 3C, D). These T3-induced or cold-induced

responses were not enhanced additively or synergistically
at 4 °C and with T3.

The ratio of Xw-3 FA/Xw-6 FA, which indicates a
preference of the w-3 and w-6 FA utilization in glycer-
ophospholipids, increased in total glycerophospholipids
(Fig. 3E) at day 7 with exposure to cold temperature but
not with exposure to T3. Exposure to T3 did not affect
this cold-induced response.

Hepatic mitochondrial membrane enzymes activity
Cytochrome ¢ oxidase (COX) and carnitine palmitoyl-
transferase (CPT) activities, when estimated as U/mg
membrane protein, did not differ significantly among the
four treatment groups (Fig. 4). However, when estimated
as U/g wet weight of the liver used, although COX and
CPT activities did not significantly increase with expo-
sure to T3, these activities increased 2.8-fold to 3.4-fold
with exposure to cold temperature at day 3 (Fig. 4A, B),
indicating that the amount of mitochondrial protein per
liver wet weight was increased by exposure to cold tem-
perature. This increase in enzyme activities was signifi-
cantly greater than that in the ratio of membrane protein
(mg) to liver (g), 1.9, at least on day 3. Exposure to T3 did
not affect the cold-induced response.

Transcript amounts of hepatic genes
Primary TH-response gene transcripts
Five TH-response genes that are known to respond
directly to TH through TH response elements in X. laevis
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Fig. 2 Glycerophospholipid composition in the liver of tadpoles. Tadpoles (n = 6/group) were reared in dechlorinated tap water at 26 °C with or
without 5 nM 3,3',5-triiodothyronine (T3; 26C and 26T, respectively) or 4 °C with or without 5 nM T3 (4C and 4T, respectively) for 3 days (A) or 7 days
(B). Glycerophospholipids analyzed were phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol
(P1), phosphatidylglycerol (PG), and cardiolipin (CL). Each glycerophospholipid sample was extracted from the livers of two animals. Glycerophos-
pholipid composition is expressed as a percentage of the total moles of glycerophospholipids investigated in each sample. Values are mean £ SEM

Table 1 Changes in compositions of fatty acids in total glycerophospholipids from the tadpole liver

FA 3-day treatment 7-day treatment
26°C 4°C 26°C 4°C
T3(-) T3 (+) T3(-) T3 (+) T3(-) T3 (+) T3(-) T3 (+)
SFA
16:0 334405 329404 316402 320£01 341407 335403 296406 316418
180 179412 173406 1594 0.1 154405 166 + 04 184413 168402 186+ 17
MUFA
16:1n-7 58+ 04 6.0+03 78+0.1 72401 55404 59407 57401 54403
18:1n-9 104408 116 +06°° 117 +0.12P 1314020 82404 110+13 100406 97+08
C18 PUFA
182n-6 6302 75404 70403 69402 72406 69+ 04 77404 68+07
18:3n-3 46403 57403 54405 53403 6.7 +£09 65+16 107 £ 05 91+£10
C20 PUFA
20:4n-6 98+ 08 86+ 04 82401 76403 1054032 87 £ 06> 84+03° 81+03°
20:5n-3 70402 54401 69402 6.5+03 55403 3.7+£01° 58+0.2° 57+407°
C22 PUFA
22:5n-3 21401 23401 25402 25401 24402 26+0.1 25401 24+01
22:6n-3 29403 28401 30402 37401 32403 28403 28401 26402

18:1n-9 contains18:1n-9t (elaidic acid) and 18:1n-9c (oleic acid). Each value is the mean + SEM (n = 3). Different letters indicate significantly different means and were
determined by one-way analysis of variance with Fisher’s test for multiple comparisons (p < 0.05)

FA fatty acid, T3 3,3',5-triiodothyronie, SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUSA polyunsaturated fatty acid

or L. catesbeianus (thrb, nfic, thibz, dio3 and mmpl1)
[3, 5, 13], except for the dio3 on day 7, were upregulated
with exposure to T3. However, the T3-induced responses
were not observed at 4 °C (Fig. 5).

Energy metabolism gene transcripts
The effect of exposure to T3 or cold temperature was
variable on transcript amounts of energy metabolism

genes. We detected 6 TH-response genes (cox4, srebpl,
fas, ppara, acaa2 and sc4mol) and 11 cold-response genes
(pygl, gbpc2, mdh, pckl, ppara, acadl, hmgcr, srebp2,
1dlr1, cyp7al and soatl) at day 3 or 7 in the tadpole liver
(Additional file 4: Figure S2). The T3-induced responses
were not observed at 4 °C, whereas most of the cold-
induced responses were not affected by exposure to T3
(Fig. 6).
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Fig. 3 Unsaturation and utilization of the fatty acids of glycerophospholipids in the liver of tadpoles. Tadpoles (n = 6/group) were reared in dechlo-
rinated tap water at 26 °C with or without 5 nM 3,3/,5-triiodothyronine (T3; 26C and 26T, respectively) or 4 °C with or without 5 nM T3 (4C and 4T,
respectively) for 3 days (left) or 7 days (right). Each glycerophospholipid sample was extracted from the livers of two animals. The unsaturation index
(Ul, A), the ratios of monounsatureated fatty acid (MUFA)/saturated fatty acid (SFA) (B), 20:4n-6/18:2n-6 (C), 20:5n-3/18:3n-3 (D) and Yw-3 FA/>w-6
FA (E) were calculated from the fatty acid composition of glycerophospholipids (Table 1). Values are mean £ SEM (n = 3). Different letters indicate
significantly different means and were determined by one-way analysis of variance with Fisher’s test for multiple comparisons (p < 0.05)
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There was no change in the transcript amount of the
glycogen phosphorylase gene (pygl) with exposure to T3,
however, it increased with exposure to cold on days 3
and 7, suggesting the enhancement of glycogenolysis in
the liver by cold stimuli. No effects of cold and T3 expo-
sures on days 3 and 7 were detected on the transcript
amounts of four genes in the glycolysis pathway (hk, aldb,
pgkl and ldhb). Exposure to T3 at 26 °C but not at 4 °C
increased the amounts of the cox4 transcript on days 3
and 7 without significant effects on the pgcla expression,
whereas cold exposure increased the transcript amounts
of three genes involved in gluconeogenesis (g6pc2, mdh
and pckl) on at least day 3 regardless of whether tadpoles
were exposed to T3 or not.

Neither exposure to T3 nor cold temperature affected
the transcript amount of the gene that is involved in TG
synthesis (dgatl). Of the three genes that are involved in
FA synthesis (accb, srebpl and fas), the srebpl and fas
transcript levels were high on at least day 7 of exposure
to T3 at 26 °C but not at 4 °C, although the accb tran-
script levels were affected by neither exposure to T3 nor
cold temperature.

There was a reduction in the transcript amounts of the
transcription factor ppara gene, which plays an impor-
tant role in P-oxidation, and the acaa2 gene at 26 °C on
day 3 with exposure to T3. However, there was no change
in the transcript amounts of the other f-oxidation genes

(acadl and cptla) and ceramide synthase gene (cers).
Exposure of cold temperature reduced significantly the
transcript amount of ppara and enhanced the transcript
amount of acadl on day 3. The cold-induced responses
were not affected by exposure to T3.

Of the genes involved in cholesterol synthesis and
uptake (hmgcr, sc4mol, srebp2 and 1dIrl), the amount of
the sc4mol transcript decreased with exposure to T3 on
day 3 at 26 °C, but this T3 effect was not detected at 4 °C,
whereas the amounts of the hmgcr, srebp2 and 1dIr1 gene
transcripts increased with exposure to cold temperature
on at least day 3. Exposure to T3 did not affected most of
the cold-induced increases.

At 26 °C, exposure to T3 did not have a significant
effect on the transcript levels of three genes involved in
bile synthesis (cyp7al, cyp8bl and hsd3b7), two genes
involved in the synthesis of cholesterol ester to accumu-
late it as cytoplasmic lipid droplets (soatl) or to trans-
port it via blood lipoproteins into the liver (Icat), or one
gene involved in estradiol and arachidonic acid synthesis
(hsd17b12) [14]. The cyp7al transcript amount decreased
on days 3 and 7 with exposure to cold temperature. In
contrast, the cyp8bl, hsd3b7, Icat and hsd17b12 tran-
script amounts were hardly affected by cold exposures on
days 3 and 7. The soatl transcript amount increased on
day 7 of cold exposure. These cold-induced changes were
not affected by exposure to T3.
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Fig. 4 Mitochondrial enzyme activity in the liver of tadpoles. Tadpoles (n = 8/group) were reared in dechlorinated tap water at 26 °C with or
without 5 nM 3,3’,5-triiodothyronine (T3; 26C and 26T, respectively) or at 4 °C with or without 5 nM T3 (4C and 4T, respectively) for 3 days (A, C)
or 7 days (B, D). A, B Cytochrome c oxidase (COX) activity and the membrane protein amount. C, D Carnitine palmitoyltransferase (CPT) activity
and membrane protein amount. Each assay was carried out using mitochondria-rich fractions obtained from the livers of two animals. Values are
mean =+ SEM (n = 4). The activities are presented as either units per mg of membrane protein (U or mU/mg protein, blue) or units per g of liver (U or
mU/g liver, red). Membrane protein amounts are presented as mg per g of liver [protein (mg)/liver (g), yellow]. Different letters indicate significantly
different means among the four groups and were determined by one-way analysis of variance with Fisher’s test for multiple comparisons (p < 0.05).
Significant difference between the enzyme activities (U or mU/g liver) and membrane protein amounts were detected on day 3 (A, p < 0.01;
C, p <0.05) but not on day 7 (B and D) by two-way analysis of variance with Fisher’s test for multiple comparisons. These experiments were
repeated two times, with similar results

Glycerophospholipid metabolism gene transcripts

The effect of exposure to T3 was not observed, however
the effect of exposure to cold temperature was variable
on transcript amounts of glycerophospholipid metabo-
lism genes (Additional file 3: Figure S1A). We detected
four cold-induced or -suppressed genes (pcytl, pcyt2,
psdl and pemt) at day 3 and one cold-induced gene
(pparg) at day 7. Exposure to T3 did not alter these cold-
induced responses (Fig. 7A).

In the de novo glycerophospholipids synthesis path-
way, the pcytl, pcyt2 and pemt transcript amounts were
significantly up-regulated whereas the psdl transcript
amount was down-regulated on day 3 of cold exposure.
However, these effects were lost on day 7. Cold exposure
on day 7 enhanced the amount of the pparg transcript
that encodes a receptor for 20:4n-6 metabolites. There
were no effects of exposure to cold temperature on the
expression of the other genes tested: those involved in
phosphatidic acid synthesis (gk and lpaata), the de novo
gylcerophospholipid synthesis (pldl, cdsl and cds2),
the remodeling pathway (reacylation of membrane

glycerophospholipids from glycerolysophospholipids)

(cpla2 and agpat3).

Very long chain FA desaturation and elongation gene
transcripts

The effect of exposure to T3 or cold temperature was
variable on transcript amounts of very long chain FA
desaturase and elongase genes (Additional file 3: Figure
S1B), in which 2 TH-response genes (elovl3 and elovl5)
and 3 cold-response genes (scdl, elovll and elovl2) were
detected in the tadpole liver. The T3-induced responses
at 26 °C were not observed at 4 °C whereas the cold-
induced responses were not affected by exposure to T3
(Fig. 7B).

Among the three desaturase genes tested, the effect
of exposure to T3 was not detected in these transcript
amounts. The amounts of A® desaturase (scdl) tran-
script, but not the A® (fads2) and A® (fadsl) desaturase
transcripts, increased on at least day 3 of cold exposure.
Among the five elovl genes tested, the elovl3 and elovl5
transcript amounts increased on at least day 3 with
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Fig. 5 Effects of 3,3',5-triiodothyronine and cold exposures on primary thyroid hormone-response gene transcripts. Reverse transcription-quanti-
tative polymerase chain reaction analyses were conducted with RNAs from the liver of the tadpoles (n = 6/group) that were reared with or without
5nM 3,3/ 5-triiodothyronine (T3) at 26 °C (26C and 26T) or 4 °C (4C and 4T) for 3 days (left) or 7 days (right). The genes tested are: thyroid hormone
receptor TRP (thrb), nuclear factor I/C (nfic), thyroid hormone induced bZip protein (thibz), deiodinase 3 (dio3), and matrix metallopeptidase 11 or
stromelysin-3 (mmp11). The data are mean =+ SEM (n = 6). Different letters indicate significantly different means (p < 0.05). These experiments were

exposure to T3 at 26 °C, whereas the elovll and elovl2
transcript amounts increased on day 3 and day 7, respec-
tively, with exposure to cold temperature. Neither expo-
sure to T3 nor cold temperature affected significantly the
amount of the elovl6 transcript.

Discussion

The present study demonstrates that exposures to T3
and cold temperature for up to 7 days have different
effects on components of membrane lipids with dynamic
changes in transcript levels for energy/carbohydrate/
lipid metabolism (Table 2). Exposure of tadpoles to T3
at 26 °C induced primary and secondary TH-response
genes, resulting in tail regression. In the liver, remod-
eling of membrane lipids, FA synthesis and mitochon-
drial activity were activated with elevated plasma glucose
level, while lipolysis and sterol synthesis were suppressed.
Exposure to cold temperature and exposures to both cold
temperature and T3 induced similar changes in the liver:
remodeling of membrane lipids, lipogenesis (sterol and/
or ceramide synthesis), lipolysis, mitochondrial activ-
ity, glycogenolysis, probably glyceroneogenesis/TG/FA
cycle, with transient elevation of plasma glucose and TG.
We detected 13 TH-response genes including at least 5
primary TH-response genes and 19 cold-response genes.

Under our experimental conditions, morphological, bio-
chemical and transcriptional changes induced by T3 in
the tadpoles reared at 26 °C were not observed at 4 °C,
although the majority of the changes induced by cold
temperature were not affected by exposure to T3.

Effects of exposures to T3 and cold temperature on the FA
composition of glycerophospholipids

In contrast to the glycerophospholipid composition
which was hardly affected by exposure to T3 or cold
temperature, the FA compositions of the total glycer-
ophospholipids and specific classes of the glycerophos-
pholipids were variously changed in response to these
stimuli. At least three different steps may contribute to
these changes: (1) the monounsaturation of FAs, which
is deduced from the ratio of MUFA/SFA, predominantly
depending on the A® desaturase activity, (2) the polyun-
saturation of FAs, which are deduced from the ratios of
20:4n-6/18:2n-6 and 20:5n-3/18:3n-3, probably reflect-
ing sequential reactions consisting of A® desaturase,
very long chain FA elongase ELOVL5 and A® desatu-
rase (Additional file 3: Figure S1B), and (3) the acylation
and deacylation that determine the preference for FA
classes in the glycerophospholipids, which the ratio of
Y®-3 FA/Zw-6 FA presumably reflected, in the de novo
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(See figure on previous page.)

Fig. 6 Effects of 3,3',5-triiodothyronine and cold exposures on energy metabolic gene transcripts. Reverse transcription-quantitative polymerase
chain reaction analyses were carried out with RNAs from the liver of the tadpoles (n = 6/group), as described in Fig. 5. The genes tested are: phos-
phorylase, glycogen, liver (pygl), hexokinase (hk), aldolase B (aldb), phosphoglycerate kinase 1 (pgk1), lactate dehydrogenase B (Idhb), cytochrome

c oxidase subunit IV (cox4), glucose-6-phosphatase, catalytic, 2 (g6pc2), malate dehydrogenase (mdh), phosphoenolpyruvate carboxykinase 1

(pck1) and fructose-1,6-bisphosphatase 2 (fbp2), belonging to the pathways of the glycolysis, TCA, electron transport system, and glyconeogenesis;
diacylglycerol O-acyltransferase 1 (dgat1), acetyl-CoA carboxylase (3 (accb), FA synthase (fas), acetyl-CoA acyltransferase 2 (acaa2), long chain-acyl-
CoA dehydrogenase, (acadl), carnitine palmitoyltransferase 1 (cpt1a) and ceramide synthase (cers), belonging to the pathways of the biosynthesis
and metabolism of FAs, TGs and ceramides; 3-hydroxy-3-methyl-glutaryl-CoA reductase (hmgcr), sterol-C4-methyl oxidase-like (sc4mol), low density
lipoprotein receptor 1 (Idlr1), cytochrome P450 7A1 (cyp7al), cytochrome P450 881 (cyp8b1), 3B-hydroxy-A5-C27-steroid dehydrogenase type 7
(hsd3b?), sterol O-acyltransferase 1 (soat1), lecithin-cholesterol acyltransferase (Icat), hydroxysteroid (17-f) dehydrogenase 12 (hsd17b12), belonging
to the pathways of the biosynthesis, metabolism and transport of cholesterols, steroids and bile acids; and the transcription regulatory proteins, which
are peroxisome proliferator-activated receptor y coactivator 1a (pgc1a), sterol regulatory element-binding transcription factor 1 (serbp1), sterol requ-

latory element-binding transcription factor 2 (serbp2) and 