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Basic nutritional investigation

Effect of nutritional vitamin A deficiency on lipid metabolism in the
rat heart: Its relation to PPAR gene expression
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bstract Objective: We studied the effect of dietary vitamin A deprivation on lipid composition and mRNA
expression of regulatory enzymes involved in rat heart energetic lipid metabolism and its relation to the
expression of peroxisome proliferator-activated receptor (PPAR) and retinoid X receptor (RXR) genes.
Methods: Male Wistar 21-d-old rats were fed for 3 mo with a vitamin A–free diet (vitamin
A–deficient group) and the same diet plus 8 mg of retinol palmitate per kilogram of diet (control
group). One group of deficient animals received the control diet 15 d before sacrifice (vitamin
A–refed group). Heart ventricular and mitochondrial lipid contents were determined. Lipid synthesis
was measured using radioactive precursors and acetyl-coenzyme A carboxylase and mitochondrial
carnitine palmitoyltransferase-I (CPT-I) activities using radioactive substrates. Fatty acid compo-
sition of mitochondrial phospholipids was analyzed by gas–liquid chromatography. Heart expres-
sion of acetyl-coenzyme A carboxylase, CPT-I, PPAR-�, PPAR-�, RXR-�, and RXR-� was
assessed by reverse transcriptase polymerase chain reaction, and CPT-I expression was also
measured by real-time polymerase chain reaction.
Results: Vitamin A deficiency induced changes in heart ventricular lipid content and synthesis.
Mitochondrial cardiolipin decreased and the proportion of phospholipids/saturated fatty acids increased.
Heart activity and mRNA levels of CPT-I and expression of PPAR-� and PPAR-� genes were enhanced,
whereas acetyl-coenzyme A carboxylase activity diminished. Furthermore, vitamin A deficiency de-
creased heart mRNA levels of RXRs. Vitamin A refeeding reverted most of the observed changes.
Conclusion: Lipid metabolism is significantly modified in hearts of vitamin A–deficient rats.
Alteration of mitochondrial energetic processes by modifying the activity and gene expressions of
the regulatory enzymes is associated with a high PPAR expression induced by vitamin A
deprivation. © 2009 Published by Elsevier Inc.
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Vitamin A plays a vital role in the development and ho-
eostasis of almost every vertebrate tissue by regulating em-
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ryogenesis, cell differentiation, proliferation, metabolism, and
poptosis [1,2]. Vitamin A (retinol) is obtained in the diet in
he form of retinyl esters or through the ingestion of �-caro-
ene, which is converted to two molecules of retinol. The
arboxylic acid form of vitamin A (all-trans-retinoic acid) has
mportant effects on the development of the cardiovascular
ystem [2].

Epidemiologic evidence has suggested that vitamin A is an
mportant dietary factor for decreasing the incidence of heart
isease [3]. It has been shown that even moderate maternal

itamin A deficiency in the rat changes the expression of key
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evelopmental genes in the fetal heart and affects perinatal
rgan growth and development [4]. In addition, vitamin A
eficiency increases resting heart rate [5] and induces a rapid
oss of mitochondrial membrane potential [6]. We previously
eported that vitamin A deficiency modifies antioxidant de-
enses and induces lipid peroxidation in the heart of adult rats
7] and alters the aorta lipid metabolism [8].

The molecular mechanism of retinoic acid action mainly
nvolves the binding and activation of specific nuclear recep-
ors, retinoid X receptors (RXR-�, RXR-�, and RXR-�) and
etinoic acid receptors (RAR-�, RAR-�, and RAR-�) that
odulate gene expression [9]. During vitamin A deficiency a

ecreased signaling through the RAR/RXR complex leading to
ecreased RAR-RXR/retinoic acid response element–directed
ranscription has been observed [10]. However, RXRs het-
rodimerize with several other receptors such as peroxisome
roliferator-activated receptor (PPAR)-�, PPAR-�/�, and
PAR-�, which mediate the expression of several genes in-
olved in the regulation of heart lipid metabolism [11].

The high-energy demand of the heart is primarily met by
he �-oxidation of fatty acids in the mitochondria. Defini-
ive evidence for PPAR-� as a key regulator of cardiac
nergy metabolism has been provided by the PPAR-�
knockout” (PPAR-��/�) mouse studies [12]. Also, the
PAR-�–selective ligands have been shown to induce ex-
ression of mitochondrial fatty acid oxidation enzymes in
eonatal and adult cardiac myocytes as effectively as
PAR-�–selective ligands [13]. We previously reported

hat vitamin A deficiency increases the activity of liver carni-
ine palmitoyltransferase-I (CPT-I) [14]. This enzyme cata-
yzes the initial reaction in the mitochondrial import of long-
hain fatty acids/coenzyme A (CoA). Its muscle-type (M-
PT-I or CPT-I�) is highly expressed in the heart and skeletal
uscle and seems to be inhibited by malonyl-CoA [15], whose

evels around heart mitochondria are controlled by acetyl-CoA
arboxylase-� (ACC-� or ACC-2). Two promotors, P-I and
-II, control the transcription of the AAC-� gene. The P-I
romoter has been found to be activated by RXRs and regu-
atory factors in a synergistic manner [16].

Considering that vitamin A deficiency is a major prob-
em in the developing world and that vitamin A seems to be
n important dietary factor for decreasing the incidence of
ardiovascular disease, we examined, in vivo, the effects of
utritional vitamin A deficiency on the lipid composition
nd mRNA expression of regulatory enzymes involved in
he energetic lipid metabolism of the rat heart and its rela-
ions to the expression of PPAR and RXR genes. In addi-
ion, the effect of vitamin A restitution to the diet of vitamin
–deficient rats on heart lipid metabolism was analyzed.

aterials and methods

hemicals

We purchased [14C]-NaHCO3
� (266.4 MBq/mmol), acetic
cid, sodium salt [1-14C] (2.00 mCi/mmol), choline chloride b
methyl-14C]choline (54.00 mCi/mmol), and [N-Me-14C]L-
arnitine from Dupont New England Company (Boston, MA,
SA). Retinyl-palmitate, all-trans-retinol, and lipid stan-
ards were acquired from Sigma Chemical Co. (St. Louis,
O, USA).

iet and experimental design

Male Wistar rats were bred in our animal facilities (Na-
ional University of San Luis, San Luis, Argentina) and
aintained in a 21–23°C controlled environment with a

2-h light/12-h dark cycle. They were weaned at 21 d of age
nd immediately assigned randomly to the experimental
iet, devoid of vitamin A (vitamin A–deficient group), or
he same diet with 4000 IU of vitamin A (8 mg of retinol as
etinyl palmitate) per kilogram of diet (control group). Feed-
ng the animals with a vitamin A–free diet for 3 mo guar-
ntees a subclinical plasma retinol concentration and de-
letes retinol stores in the liver [7]. At the end of the third
onth of treatment, half of the vitamin A–deficient rats
ere fed the complete diet for 15 d to induce repletion of
itamin A (vitamin A–refed group). Rats were given free
ccess to food and water throughout the entire 3 mo of the
xperimental period. All experiments were conducted in
ccordance with the National Institute of Health Guide for
he Care and Use of Laboratory Animals (NIH Publication
o. 80-23) and the experimental protocol was approved by

he committee for the use of experimental animal of the
ational University of San Luis. Diets were prepared ac-

ording to AIN-93 for laboratory rodents [17]. Vitamin
–deficient and control diets had the following composition

grams per kilogram): 397.5 cornstarch, 100 sucrose, 132
extrinized cornstarch, 200 vitamin-free casein, 70 soybean
il, 50 cellulose fiber, 35 AIN-93 mineral mix, 10 AIN-93
itamin mix (devoid of vitamin A for the vitamin A–
eficient diet), 3 L-cystine, 2.5 choline bitartrate, and 0.014
ert-butyl hydroquinone.

lasma and tissue retinol analyses

Rats were fasted overnight before sacrifice. Rats were killed
y cervical dislocation at 09:00 h. Blood samples were col-
ected in tubes coated with ethylene-diaminetetra-acetic acid.
he liver and heart were quickly excised, washed several times
ith ice-cold isotonic saline, and blotted on paper to remove

xcess blood. The hearts were trimmed from the surround-
ng tissue and atria on an ice-chilled plate and immediately
laced in liquid nitrogen. Analyses were carried out within
–3 wk of obtaining the samples. Plasma and tissue retinol
oncentrations were determined by high-performance liquid
hromatography as described previously [7]. As an internal
tandard, retinyl acetate was used. Chromatography was per-
ormed on a Nucleosil 125 C-18 high-performance liquid chro-
atographic column with methanol:water (95:5, v/v) as the
obile phase. Retinol was detected by ultraviolet absor-
ance at 325 nm (model 440, Waters Associates) and peak
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reas were calculated by integration (Spectra Physics Ana-
ytical, San Jose, CA, USA).

CC assay

The activity of ACC (EC 6.4.1.2) was measured in
he cytosolic fraction of heart ventricles by using [14C]-
aCO3H- (266.4 MBq/mmol) as described previously [14].
he ventricles were homogenized in an Ultra Turrax T25
achine with 1.5 vol of cold 0.3-mol/L of mannitol and

entrifuged at 100 000 � g for 1 h with a Beckman model
2 65B ultracentrifuge. Results were expressed in pico-
oles of [14C]-NaCO3H-fixed per milligram of protein per
inute.

ncorporation of [14C]-acetate and [1-14C]-choline into
eart lipids

Left ventricular slices, weighing 100 mg, were preincu-
ated in 0.5 mL of Krebs/Ringer/glucose solution, pH 7.2,
or 10 min at 37°C in a 95% air/5% CO2 atmosphere.
fterward, the medium was replaced by 1.0 mL of fresh
rebs/Ringer solution plus 1 �Ci of [14C]-acetate or

1-14C]-choline and the samples were incubated for 60 min.
he reaction was stopped by the addition of 0.2 mL of 6 N
ulfuric acid and tissues were thoroughly washed in ice-cold
rebs/Ringer solution. Afterward, lipids from samples in-

ubated with [14C]-acetate were saponified as described
reviously [14]. Micromoles of [14C]-acetate incorporated
nto cholesterol per hour per milligram of protein were
btained from the unsaponifiable lipid fraction. Phosphati-
ylcholine (PC) and sphingomyelin (SM) from samples
ncubated with [1-14C]-choline were separated by thin-layer
hromatography (see LIPID EXTRACTION AND MEASUREMENT),
ands were scraped off, and their radioactivity quantified.
he results are expressed as picomoles of [1-14C]-choline

ncorporated per hour per milligram of protein.

reparation of mitochondria and CPT assay

Cardiac mitochondria were prepared according to the
ethod of Saggerson [18], with some modifications.
riefly, heart ventricles were washed in ice-cold isotonic

aline and finely chopped with scissors in isolating medium
ontaining 20 mmol of ice-cold 2,4-hydroxyethyl-l-piperazine
thane sulfonate (HEPES), 250 mmol of sucrose, 1 mmol of
thylene glycol-bis[2-aminoethyl ether]-N,N,N=,N=-tetraacetic
cid (EGTA), and 10 mg/mL of bovine serum albumin. The
issue was resuspended in 10 vol of fresh medium and then
omogenized with four strokes of a motor-driven Teflon
estle in a 10-mL glass Potter-Elvehjem homogenizer main-
ained in ice throughout. The homogenate was centrifuged
t 1000 � g for 15 min. The supernatant was used as the
ource for mitochondria, and it was pelleted by centrifuga-
ion at 15 000 � g for 15 min. The mitochondrial pellet was

ashed twice with the isolating medium, resuspended in 4.5 v
ol of 20 mmol of HEPES, 300 mmol of sucrose, and 1
mol of EGTA (pH 7.4), and kept on ice until use (within

0 min). Preparations of mitochondria were practically de-
oid of peroxisomes, as judged from measurements of cata-
ase activity [19] (�4%) of the total homogenate catalase
ctivity.

The CPT-I activity was measured in mitochondria (300 �g of
rotein) in the direction palmitoyl-CoA � [14C]carnitine ¡
14C]palmitoylcarnitine � coenzyme A. Assays were performed
n a medium containing 220 mmol of sucrose, 40 mmol of
otassium chloride (KCl), 10 mmol/L of Tris-HCl, 1 mmol of
GTA, 0.13% bovine serum albumin, and 1 mmol/L of di-

hiothreitol (pH 7.2) as described previously (14). After 4 min
he reaction was stopped with 1 mL of ice-cold 1.2-mol/L HCl,
nd water-saturated 1-butanol was added to extract the product
almitoyl-[14C]carnitine. Aliquots were assayed for radioactiv-
ty in a Wallac 1409 DSA liquid scintillation counter. Assays
ere performed under conditions where product formation was

inear with respect to time of incubation and amount of protein.

ipid extraction and measurement

Lipids were extracted from the whole tissue and the
itochondrial preparation from heart ventricles using the
ethod of Folch et al. [20]. An aliquot of the lipid extracts
as taken to determine total cholesterol and another one to

eparate and quantify the different lipid fractions as previ-
usly reported [14]. Individual phospholipids (PLs) were
eparated by thin-layer chromatography using silica gel G
lates and chloroform:methanol:water (65:25:4, v/v) as a
olvent system. The spot corresponding to the PLs from
ach sample was excised, extracted with 2 mL of chloro-
orm:methanol (2:1, v/v), and quantified for phosphorus
ontent [21]. The results were expressed as percentage of
otal PL phosphorus content.

easurement of fatty acid composition of PLs
rom mitochondria

Mitochondrial PLs recovered from the thin-layer chro-
atographic plates were saponified by treatment with 10%

w/v) KOH in ethanol plus 500 �L of methanol. The fatty
cids were recovered after acidification with HCl and ex-
racted twice with petroleum ether (30–40 bp). Free fatty
cids were esterified 1 h at 64°C with boron trifluoride
olution (20% in methanol). The methyl esters were ex-
racted with hexane, dried down under nitrogen, and stored
t �70°C until gas–liquid chromatographic analysis. Fatty
cid methyl esters were analyzed in a Varian 3300 Chro-
atograph (Berkeley, CA, USA) equipped with a flame

onization detector (250°C and 10% SP-2330 columns), and
he outer diameter was 1/8 inch. The injection temperature
as 225°C and the oven temperature was 185°C. The chro-
atographic range was 10�11. Authentic standards of the

atty acid methyl ester mixture were used to identify cardiac

entricular fatty acid composition. The amount of fatty acid
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ethyl esters was expressed as a percentage of the total
dentified fatty acids. The unsaturation index was calculated
s the sum of the percentages of individual unsaturated fatty
cids multiplied by the number of double bonds divided by
00.

NA isolation and reverse transcriptase polymerase chain
eaction analysis of ACC-�, CPT-I�, PPARs, and RXRs

Total RNA was isolated from frozen heart ventricle by
sing TRIzol (Life Technologies) within 1–2 wk of obtain-
ng the samples. All RNA isolations were performed as
ndicated by the manufacturers. Electrophoresis on a 0.8%
garose gel and ethidium bromide staining confirmed the
ntegrity of the RNA samples. Quantification of RNA was
ased on spectrophotometric analysis at 260 nm. Ratios of
bsorbance at 260 and 280 nm of �1.9–2.0 confirmed the
urity of the RNA samples. Five �g of total RNA were
everse-transcribed with 200 U of MMLV reverse transcrip-
ase (RT; Promega Inc.) using random hexamers in a 25-�L
eaction mixture according to the manufacturer’s instruc-
ions. Fragments coding for �-actin, ACC-�, CPT-I�,
XR-�, RXR-�, PPAR-�, and PPAR-� were obtained by
olymerase chain reaction (PCR) using the specific primers.
rimers were designed using Primer Express 1.0 (Applied
iosystems, Foster City, CA, USA) from gene sequences
btained from GenBank. PCR was performed in 35 �L of
eaction solution containing 0.2 mmol/L of deoxyribonucle-
tide triphosphate, 1.5 mmol/L of MgCl2, 1.25 U of Taq
olymerase, 50 pmol of each rat-specific oligonucleotide
rimer, and RT-generated cDNA (1/5 of RT reaction). The
redicted sizes of the PCR-amplified products are listed in
able 1. The reaction samples were heated to 94°C for 2
in, followed by 40 cycles of 1) denaturation at 94°C for 1
in; 2) annealing at 58°C for ACC-�, CPT-I�, and �-actin,

9°C for PPARs, and 60°C for RXRs for 1 min; and 3)
xtension at 72°C for 1 min. After the 40 reaction cycles,
he extension reaction was continued for another 5 min
thermal cycler 2400, Perkin-Elmer).

The PCR products were then electrophoresed on a 2%
w/v) agarose gel with 0.01% (w/v) ethidium bromide. The

able 1
equences of primers used to amplify different genes by reverse transcrip

ene GenBank accession no. Forward primer

CC-� NM_053922 TGGTGGCTTTGAAAGAACT
PT-I� NM_0132001 CAGGCGAAAACACAATGT
PAR-� NM_013196.1 TAGCAACAATCCGCCTTTT
PAR-� NM_013141.1 GAGCCCAAGTTCGAGTTTG
XR-� NM_009024.2 CAGGGGATGCACAACGCT
XR-� NM_206899.2 TGTTTAACCCAGACGCCAA
-Actin NM_031144 CGTGGGCCGCCCTAGGCAC

ACC-�, acetyl-coenzyme A carboxylase-�; CPT-I�, carnitine palmitoyl
eroxisome proliferator-activated receptor-�; RXR-�, retinoid X receptor-
mplified fragments were visualized under ultraviolet tran-
illumination and photographed using a Cannon PowerShot
75 3.2MP digital camera. The mean of gray value for each
and was measured using ImageJ software (Image Process-
ng and Analysis in Java, available at: http://rsb.info.nih.
ov/ij/) and the relative abundance of each band was nor-
alized according to the housekeeping �-actin gene, calcu-

ated as the ratio of the mean of gray value of each product
o that of �-actin.

eal-time PCR of CPT-I�

Relative quantification of CPT-I� mRNA levels was
erformed by real-time PCR using the ABI Prism 7500
hermocycler (Applied Biosystems). Before real-time PCR
as performed, cDNA obtained by RT-PCR was diluted to
0 ng/�L with nuclease-free water. The diluted cDNA (5
L) was amplified in a 25-�L final volume reaction mix
ontaining 1� SYBR Green I fluorescent dye (Applied
iosystems) and 500 nmol/L of gene-specific primers

Table 1). Reactions were subjected to one step at 95°C for
min followed by 40 cycles of 95°C for 15 s and 60°C for
min. Relative expression of the real-time PCR products
as determined by the ��Ct method. This method calcu-

ates relative expression using the equation fold induction �
�[��Ct], where Ct is the threshold cycle, i.e., the cycle

able 2
ffect of vitamin A deficiency on lipid composition of the heart*

Dietary group

Control Vitamin A
deficient

Vitamin A
refed

otal cholesterol
(mg/g wt)

1.47 � 0.05 2.08 � 0.07† 1.58 � 0.04

ree cholesterol
(mg/g wt)

1.26 � 0.04 1.85 � 0.03‡ 1.37 � 0.05

sterified cholesterol
(mg/g wt)

0.21 � 0.02 0.23 � 0.06 0.25 � 0.04

hospholipids (mg/g wt) 16.41 � 0.83 21.75 � 0.92‡ 18.02 � 1.02

* Values are means � SEMs for eight rats per dietary group. Means
ifferences were determined by using one-way analysis of variance.

† Different from control and Vitamin A–refed rats (P � 0.05).

olymerase chain reaction and sizes of fragments generated

Reverse primer Amplicon size (bp)

T CCGTGTCGATATCATTGTTCTGTAA 108
CACCAGGTGGGACCAAAG 181
GCGATCAGCATCCCGTCTT 300
CAAGGTCTCACTCTCCGTCTTCTT 300
CCGACTGTCCGCTTAGAG 397
CCGACTGTCCGCTTAGAG 393
CGTGGGCCGCCCTAGGCACCA 243

rase-I�; PPAR-�, peroxisome proliferator-activated receptor-�; PPAR-�,
R-�, retinoid X receptor-�
tase p

GTC
TC
GT
C

GGC
G
CA

transfe
‡ Different from control (P � 0.01) and vitamin A–refed (P � 0.05) rats.

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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umber at which a sample’s relative fluorescence increases
bove the background fluorescence, and ��Ct � (Ct gene
f interest [unknown sample] � Ct housekeeping gene
unknown sample]) – (Ct gene of interest [calibrator sam-
le] � Ct housekeeping gene [calibrator sample]). In this
ase, �-actin was chosen as the housekeeping gene and one
f the control samples as a calibrator. Each sample was run
n triplicate, and the mean Ct was used in the ��Ct equa-
ion. Data for the normalized CPT-I� transcript levels are
resented as mean � standard error of the mean.

tatistical analyses

Data are presented as mean � standard error of the mean.
hey were analyzed by one-way analysis of variance and Tukey’s

est. Statistical significance was considered at P � 0.05.

able 3
ffect of vitamin A deficiency on phospholipid composition of the heart*

Diet

Cont

ardiolipin (%, w/w) 17.6
hosphatidylcholine (%, w/w) 40.4
hosphatidylethanolamine (%, w/w) 29.0
phingomyelin (%, w/w) 3.8
hosphatidylserine � phosphatidylinositol (%, w/w) 3.3
hosphatidylglycerol (%, w/w) 1.6
hosphatidic acid (%, w/w) 2.8
ysophosphatidylcholine (%, w/w) 1.1

* Values are percentages of total phospholipid phosphorus from cardiac v
etermined by using one-way analysis of variance.

† Different from control and vitamin A–refed rats (P � 0.001).
‡ Different from control and vitamin A–refed rats (P � 0.05).
§ Different from control (P � 0.001) and vitamin A–refed (P � 0.01)

able 4
ffect of diet on incorporation of [1-14C]-acetate into cholesterol and

methyl-14C]-choline into phosphatidylcholine and sphingomyelin of the
eft ventricle*

Dietary group

Control Vitamin A
deficient

Vitamin A
refed

ncorporation of
[1-14C]-acetate
(pmol · h�1 · g�1

tissue)
Cholesterol 61.28 � 2.60 91.24 � 3.18† 70.81 � 4.32

ncorporation of
[methyl-14C]-
choline (pmol ·
h�1 · g�1 tissue)

Phosphatidylcholine 27.70 � 1.05 68.55 � 1.66‡ 30.86 � 1.79
Sphingomyelin 12.82 � 1.17 8.64 � 0.52† 10.96 � 0.98

* Values are means � SEMs for two experiments with four rats per group.
ean differences were determined by using one-way analysis of variance.
† Different from control (P � 0.01) and vitamin A–refed (P � 0.05) rats.
A‡ Different from control and vitamin A–refed rats (P � 0.001).
esults

itamin A status

Vitamin A status was evaluated by the retinol concentration in
he plasma and liver. Plasma retinol concentrations (micromoles
er liter) of rats fed the vitamin A–deficient diet were significantly
ower than those of controls (0.61 � 0.04 versus 1.29 � 0.06,

� 0.001). Vitamin A refeeding considerably increased
he plasma vitamin A concentration compared with vitamin A–
eficient rats (1.38 � 0.05 versus 0.61 � 0.04, P � 0.001).
he liver retinol concentration (micromoles per gram) was
trongly decreased (P � 0.001) in animals receiving the vita-
in A–deficient diet compared with the control and vitamin
–refed groups (0.09 � 0.002 versus 1.72 � 0.07 and 1.55 �
.08, respectively). Heart retinol concentrations (micromoles
er gram) of rats fed the vitamin A–deficient diet were de-
reased to about 40% of control values (0.51 � 0.006 versus
.83 � 0.05, P � 0.001). In control diet–refed animals, heart
etinol levels returned to the control value (0.92 � 0.06).

ig. 1. ACC activity in the hearts of control, vitamin A–deficient, and
itamin A–refed rats. Values are means � SEs (vertical bars, eight rats per
ietary group). * Different from control group (P � 0.01) and vitamin

up

Vitamin A deficient Vitamin A refed

85 7.42 � 0.68† 17.91 � 0.78
22 48.91 � 2.06‡ 41.10 � 2.15
76 34.57 � 1.45‡ 29.27 � 1.84
12 1.71 � 0.09§ 2.75 � 0.16
25 2.20 � 0.32 3.56 � 0.36
19 1.21 � 0.12 1.88 � 0.09
18 3.45 � 0.09‡ 2.68 � 0.11
08 0.53 � 0.04§ 0.85 � 0.07

les (mean � SEM for eight rats per dietary group). Means differences were
ary gro

rol

1 � 0.
9 � 1.
5 � 1.
9 � 0.
5 � 0.
2 � 0.
2 � 0.
7 � 0.

entric
–refed group (P � 0.05). ACC, acetyl-coenzyme A carboxylase.
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itamin A deficiency on lipid composition of cardiac ventricles

As presented in Table 2, vitamin A deficiency increased the
ontent of heart ventricular total cholesterol, which was attributed
o the increase of free cholesterol. Esterified cholesterol content
id not change compared with the control group. The content of
otal PLs was increased in the vitamin A–deficient group. Fifteen
ays after restitution of vitamin A to the diet of vitamin A–
eficient rats, total and free cholesterol and PL levels returned to
he control values. On the percentage basis the PL composition
as modified in ventricles of rats fed the vitamin A–deficient
iet compared with those fed the control diet. In the vitamin A–
eficient group, PC, phosphatidylethanolamine (PE) and phospha-
idic acid (PA) increased, whereas cardiolipin (CL), SM, and
ysophosphatidylcholine (LPC) decreased compared with the
ontrol-fed group. Vitamin A refeeding partly restored the SM
nd LPC contents to control values, and the CL, PC, PE and PA
roportions were completely restored to control values (Table 3).

itamin A deficiency on lipid synthesis in left ventricular slices

As presented in Table 4, the [14C]-acetate incorporated into
he unsaponifiable lipid fraction, indicating de novo synthesis
f cholesterol, significantly increased in ventricles from vita-
in A–deficient rats compared with controls. This change was

artly reversed in hearts of vitamin A–refed rats. Incorporation

able 6
ffect of diet on phospholipid composition (percentage) of cardiac ventric

Diet

Cont

ardiolipin (%, w/w) 18.5
hosphatidylcholine (%, w/w) 39.3
hosphatidylethanolamine (%, w/w) 27.6
phingomyelin (%, w/w) 2.9
hosphatidylserine � phosphatidylinositol (%, w/w) 5.4
hosphatidic acid (%, w/w) 5.3
ysophosphatidylcholine (%, w/w) 0.6

* Values are percentages of total lipid phosphorus (mean � SEM for eig
nalysis of variance.

† Different from control and vitamin A–refed rats (P � 0.001).

able 5
ffect of vitamin A deficiency on lipid composition of cardiac ventricular

Dietary

Control

otal cholesterol (�g/mg protein) 2.44 �
ree cholesterol (�g/mg protein) 1.74 �
sterified cholesterol (�g/mg protein) 0.70 �
hospholipids (�g/mg protein) 142.01 �
otal cholesterol/phospholipids (�g/mg protein) 0.017 �

* Values are means � SEMs for eight rats per dietary group. Means di
† Different from control rats (P � 0.05).
‡ Different from control and vitamin A–refed rats (P � 0.001).
‡ Different from control and vitamin A–refed rats (P � 0.01).
f [14C]-choline into PC was increased by 40% and incorpo-
ation into SM was decreased by �30% in the vitamin A–
eficient rats compared with control, whereas they were re-
tored to control values with vitamin A refeeding (Table 4).

itamin A deficiency on activity of ACC

As shown in Figure 1, ACC activity was significantly
ower in hearts of vitamin A–deficient rats than in those of
ontrols. After vitamin A refeeding, the ACC activity of
itamin A–deficient rats was restored to control values.

itamin A deficiency on lipid profile of cardiac
entricular mitochondria

As presented in Table 5, vitamin A deficiency decreased the
itochondrial content of total and esterified cholesterols and

ncreased the content of total PLs compared with the control
roup. Consequently, the ratio of total cholesterol to PL de-
reased in the mitochondria of vitamin A–deficient rats. After
estitution of vitamin A to the diet of vitamin A–deficient rats,
hese lipid levels returned to control values.

The proportion of CL decreased and that of PC increased in
itochondria of hearts from rats fed the vitamin A–deficient diet

ompared with the control group.

itochondria*

up

Vitamin A deficient Vitamin A refed

09 7.20 � 0.45† 13.23 � 1.03
01 51.51 � 1.90‡ 41.67 � 2.34
54 28.01 � 1.82 30.38 � 2.02
08 2.34 � 0.13 2.87 � 0.09
43 4.51 � 0.41 5.39 � 0.62
29 5.55 � 0.35 5.71 � 0.19
06 0.88 � 0.09 0.75 � 0.07

per dietary group). Mean differences were determined by using one-way

hondria*

Vitamin A deficient Vitamin A refed

1.82 � 0.07† 2.34 � 0.06
1.38 � 0.07 1.60 � 0.09
0.44 � 0.02‡ 0.74 � 0.05

173.78 � 8.07† 150.02 � 7.17
2 0.010 � 0.001‡ 0.015 � 0.001

ces were determined by using one-way analysis of variance.
ular m

ary gro

rol

6 � 0.
3 � 2.
1 � 1.
5 � 0.
7 � 0.
1 � 0.
7 � 0.

ht rats
mitoc

group

0.10
0.09
0.04
9.95
0.00

fferen
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Vitamin A refeeding restored the C and PC contents to
ontrol values. The contents of PE, SM, PA and LPC did not
hange among the three dietary groups (Table 6).

itamin A deficiency on fatty acid composition of total
Ls from cardiac mitochondria

The fatty acid composition of the lipid fraction of
itochondria is presented in Table 7. Feeding the vitamin
– deficient diet resulted in an increase in the proportion of
almitic acid (16:0) and stearic acid (18:0), which leads to
n increase in the relative percentage of saturated fatty
cids. Vitamin A deficiency did not influence the proportions
f palmitoleic acid (16:1 �-7), oleic acid (18:1 �-9), and
inolenic acid (18:3 �-3) compared with control. The propor-
ion of arachidonic acid (20:4 �-6) increased, whereas that of
inoleic acid (18:2 �-6) decreased, resulting in no change in
he percentage of polyunsaturated fatty acids. Vitamin A
efeeding in deficient animals completely restored the fatty
cid proportions to control values. The unsaturation index
or total PLs did not change among groups.

ffect of vitamin A deficiency on activity of CPT-I

The activity of CPT-I in the heart mitochondria of rats fed
he vitamin A–deficient diet was found to be increased by 38%
bove control values. After vitamin A refeeding, the CPT-I
ctivity of vitamin A–deficient rats returned to control values

able 7
ffect of vitamin A deficiency on total phospholipid fatty acid
omposition of cardiac ventricular mitochondria*

atty acid†

mol%)
Dietary group

Control Vitamin A deficient Vitamin A refed

6:0 15.43 � 0.75 20.73 � 1.03‡ 16.01 � 0.52
6:1 �-7 5.76 � 0.68 4.80 � 0.53 5.17 � 0.71
8:0 22.05 � 1.18 27.95 � 1.08§ 23.01 � 1.20
8:1 �-9 10.83 � 1.11 8.17 � 0.85 10.78 � 0.92
8:2 �-6 25.66 � 1.29 12.73 � 1.18� 24.70 � 1.44
8:3 �-3 0.29 � 0.09 0.21 � 0.11 0.27 � 0.08
0:4 �-6 19.97 � 1.06 25.41 � 1.21‡ 20.06 � 1.34
SAT 37.48 � 2.06 48.68 � 3.01‡ 39.02 � 2.01
PUFA 45.92 � 1.35 38.35 � 1.78 45.03 � 2.06
I 1.48 � 0.06 1.41 � 0.09 1.46 � 0.10

	PUFA, sum of polyunsaturated fatty acids; 	SAT, sum of saturated
atty acids; UI, unsaturation index

* Values are means � SEMs for six rats per dietary group. Mean
ifferences were determined by using one-way analysis of variance.

† Number of carbon atoms/number of double bonds, followed by the
osition of the first double bond relative to the methyl end (�-) of the fatty
cid.

‡ Different from control and vitamin A–refed rats (P � 0.01).
§ Different from control and vitamin A–refed rats (P � 0.05).
� Different from control and vitamin A–refed rats (P � 0.001).
Fig. 2). t
itamin A deficiency on CPT-I�, ACC-�, RXRs, and
PAR mRNA expression levels in cardiac ventricle

As shown in Figure 3, the ACC-� mRNA levels in vitamin
–deficient and -refed rats did not change compared with the

ontrol. The mRNA expression of CTP-I�, the main regulator of
atty acid �-oxidation, was increased in the vitamin A–deficient
ats (P � 0.05) compared with controls. The restitution of vitamin

to the diet of vitamin A–deficient rats returned the CTP-I�
RNA levels to the control values.
To gain more insight into the control of fatty acid metabo-

ism by vitamin A deficiency, we examined the transcriptional
egulation of the PPAR-� and PPAR-� genes. An increase of
PAR-� and PPAR-� (P � 0.01) mRNA levels was observed
ompared with controls. The restitution of vitamin A to the diet
f vitamin A–deficient rats restored the PPAR mRNA levels to
ontrol values. The significant decrease of RXR-� (P � 0.01)
nd RXR-� (P � 0.001) mRNA expressions observed in
earts of vitamin A–deficient rats compared with controls was
estored by vitamin A refeeding (Fig. 3).

The increase of CPT-I� mRNA expression observed in
he vitamin A–deficient rats was verified by real-time PCR
P � 0.05; Fig. 4).

iscussion

Alterations in lipids and mitochondrial energy metabolism
ave been widely observed in human and animal models of heart
ailure and are hypothesized to play an important role in the
evelopment and/or progression of the disease [6,22]. In the
resent study, we report that the lipid metabolism of the adult rat
eart is affected by vitamin A deficiency, particularly by increas-
ng mitochondrial fatty acid oxidation.

ig. 2. CPT-I activity in the mitochondria from hearts of control, vitamin
–deficient, and vitamin A–refed rats. Values are means � SE (vertical
ars, eight rats per dietary group). * Different from control group (P �
.001) and vitamin A–refed group (P � 0.01). CPT-I, carnitine palmitoyl-

ransferase-I.
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The 3 mo of vitamin A deprivation after weaning produced
ubclinical plasma retinol concentrations and negligible total ret-
nol stores in the liver, confirming the vitamin A deficiency.

Cholesterol and PL changes may be particularly impor-
ant because they interact strongly in biological membranes

ig. 3. Expression of genes involved in heart fatty acid metabolism and
uantification of the intensity of the fragment bands compared with the int
ats per dietary group). Photographs are ethidium bromide–stained ag
almitoyltransferase-I� products, (c) peroxisome proliferator-activated rec
etinoid X receptor-� products, (f) retinoid X receptor-� products, and (g)
re typical of four independent observations. * P � 0.05, ** P � 0.01, an
�A), control rats; (�A), vitamin A–deficient rats; (R), vitamin A–refed
23]. The high concentration of free cholesterol that was A
ttributed to an increased synthesis in the hearts of vitamin
–deficient rats could lead to an enhanced activation of
TP:phosphocholine cytidylyltransferase, an enzyme that
atalyzes the rate-limiting step for PC synthesis [24]. We
ound that PL content in the heart ventricles of vitamin

s of retinoid X receptor-� and retinoid X receptor-�. Bars indicate the
of the internal control bands. Values are means � SEs (vertical bars, four
gels of (a) acetyl-coenzyme A carboxylase � products, (b) carnitine
� products, (d) peroxisome proliferator-activated receptor-� products, (e)
n polymerase chain reaction products, used as an internal control. Results
� 0.001 indicate differences between (�A) rats and (�A) and (R) rats.
W, molecular weight marker.
gene
ensity
arose
eptor-
�-acti
d *** P
–deficient rats was enhanced. Furthermore, the increased
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elative percentage of PC in the heart ventricle was ex-
lained by the increased endogenous synthesis of PC, mea-
ured by the incorporation of [methyl-14C]-choline. In con-
rast, it has been shown that the administration of 33 mg of
itamin A for 2 d results in a decrease of total PL and PC
ontents in hearts of rats, and this has been attributed to the
mpaired synthesis of PLs by the diphosphocholine-ethanol-
mine pathway [25]. In addition, vitamin A deficiency de-
reased the SM content, which was explained by a lower SM
ynthesis in the heart tissue. It is known that the maintenance
f a constant ratio of SM to cholesterol in membranes is
mportant to support the critical function carried out in rafts
nd related membrane structures [23]. In addition, we observed
hanges in the contents of LPC, which is known to stimulate
he efflux of 45Ca2� from freshly adult rat cardiomyocytes
26], and CL, which is essential for energy metabolism and in
aintaining mitochondrial structure in the heart [27].
The significant decrease of CL content and the increase

f its precursor, PA, in the heart tissue could indicate an
nhibition of CL synthesis. This can be supported by the
ecrease of mitochondrial linoleic acid, which is the main
atty acid of cardiolipins [28]. Also, vitamin A deficiency
nduced a high level of saturated long-chain fatty acids, 16:0
nd 18:0, in mitochondrial PLs. In particular, palmitate has
een shown to decrease the content of mitochondrial CL in
at neonatal cardiomyocytes [29]. Furthermore, mitochon-
rial dysfunction by CL oxidative damage has been mainly
scribed to a specific loss in mitochondrial content of CL
30]. In a previous report we reported that vitamin A depri-
ation for 3 mo induces lipid peroxidation in the sera and
earts of rats [7]. These results and the fact that oxidized
Ls formed by lipid peroxidation in membranes are biolog-

cally active in vivo, inducing a pattern of inflammatory

ig. 4. Transcription levels of CPT-I� in the hearts of control, vitamin
–deficient, and vitamin A–refed rats. The mRNA levels were determined
y real-time polymerase chain reaction and normalized to �-actin. Each bar
epresents mean � SE of four samples in triplicate. * Different from
ontrol group (P � 0.05) and vitamin A–refed group (P � 0.05). CPT-I�,
arnitine palmitoyltransferase-I�.
enes in the heart [31], may indicate that the PL increased m
ass observed in the hearts of vitamin A–deficient rats
onstitutes a potential source of lipid peroxides.

Although desaturase activity was not measured in this
tudy, it is conceivable that the increase of mitochondrial
rachidonic acid content and the decrease of its precursor,
inoleic acid, may be a consequence of an activation of
-6-desaturase in the hearts of vitamin A– deficient rats
32]. It has been shown that the mRNA levels of �-5-
esaturase, an enzyme that is involved in the desaturation
athway of dietary essential fatty acids for the production
f polyunsaturated fatty acids, is more abundant in livers
rom vitamin A– deficient rats than in livers from vitamin
–sufficient rats [33].
The fatty acid utilization through the mitochondrial

-oxidation pathway was clearly affected by vitamin A
eficiency. The high CPT-I activity in the heart mitochon-
ria of vitamin A–deficient rats was explained by the low
CC activity, which catalyzes the formation of malonyl-
oA, a strong inhibitor of synthesis and activation of CPT-I

15]. Furthermore, the gene expression of CPT-I was en-
anced in the hearts of vitamin A–deficient rats. This finding
as associated with the increased mRNA levels of PPARs. It
as been shown that constitutive expression of CPT-I and
PT-II genes are decreased in the hearts of PPAR-��/�

ice [12]. In addition, pretreatment of cardiomyocytes with
pecific ligands for PPAR-� (Wy-14,643) or PPAR-�/�
L-165041, GW501516) dose-dependently has been shown
o induce M-CPT-I promoter activity and to increase 14CO2

roduction from palmitate [13].
From our results, it cannot be claimed that the high expression

f PPAR-� mRNA in hearts of the vitamin A–deficient rats is
lso associated to an increased expression and activity of malonyl-
oA decarboxylase, which is significantly decreased in the
PAR-��/� compared with PPAR-��/� hearts [34].

The incorporation of vitamin A into the diet of vitamin
–deficient rats considerably improved ACC and CPT-I

ctivities and gene expressions of CPT-I, PPAR-�, and
PAR-�, indicating that all are involved in the effects of
itamin A deficiency on heart fatty acid metabolism.

Considering all these observations, it is also conceivable
hat modified mitochondria lipid composition can alter the
nput of fatty acids and consequently their oxidation in the
earts of vitamin A–deficient rats.

Vitamin A deficiency caused a decrease in the mRNA
evels of RXR-� and RXR-� in the heart. Although the
-cis-isomer of retinoic acid can bind to RXRs, it has been
ery difficult to detect this isomer in the body and increas-
ng evidence has suggested that RXRs function mostly as
nliganded partners for nuclear receptors [35]. However, in
he case of the PPAR:RXR heterodimer it seems that tran-
cription activation is achieved in response to either ligand
artner [36]. It has been shown in adipose tissue that low
oses of retinoic acid stimulate adipogenesis through acti-
ation of RXR-� and enhancement of the overall transcrip-
ion factor cascade [37]. It is possible that in our experi-

ental model the low vitamin A status could have been
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nough for PPAR:RXR heterodimer activation in the heart.
he net effect of retinoids on heart lipid metabolism is the

esult of a complex balance between ligand levels and
elative PPAR and RXR availability in the cardiac cell.

Our observations establish an explanation for vitamin A
ction on lipid metabolism in the heart and extend the impor-
ance of this dietary micronutrient in the public health fields.

onclusion

Lipid metabolism is significantly altered in the hearts of
itamin A–deficient rats. In particular, the mitochondria be-
omes more important as a metabolic site and increases its
bility to oxidize free fatty acids due to a modification of the
ctivity and gene expression of regulatory enzymes involved in
atty acid �-oxidation. These changes are associated with a
igh PPAR expression induced by vitamin A deprivation.
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