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Abstract

Carnitine has been reported to improve growth performance and reduce body lipid content in fish. Thus, we hypothesised that carnitine
supplementation can improve growth performance and reduce lipid content in the liver and muscle of yellow catfish (Pelteobagrus
Sulvidraco), a commonly cultured freshwater fish in inland China, and tested this hypothesis in the present study. Diets containing
L-carnitine at three different concentrations of 47 mg/kg (control, without extra carnitine addition), 331 mg/kg (low carnitine) and
3495 mg/kg (high carnitine) diet were fed to yellow catfish for 8 weeks. The low-carnitine diet significantly improved weight gain
(WG) and reduced the feed conversion ratio (FCR). In contrast, the high-carnitine diet did not aftect WG and FCR. Compared with the
control diet, the low-carnitine and high-carnitine diets increased lipid and carnitine contents in the liver and muscle. The increased lipid
content in the liver could be attributed to the up-regulation of the mRNA levels of SREBP, PPARYy, fatty acid synthase (FAS) and ACCa and
the increased activities of lipogenic enzymes (such as FAS, glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase and
malic enzyme) and to the down-regulation of the mRNA levels of the lipolytic gene CPT1A. The increased lipid content in muscle could be
attributed to the down-regulation of the mRNA levels of the lipolytic genes CPT7A4 and ATGL and the increased activity of lipoprotein
lipase. In conclusion, in contrast to our hypothesis, dietary carnitine supplementation increased body lipid content in yellow catfish.
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L-Carnitine  (B-OH-y-N-(trimethylammonio)butyrate) is a
water-soluble quaternary amine that occurs naturally in
micro-organisms, plants and animals‘®. It plays an important
role in lipid metabolism and energy production by
chaperoning activated fatty acids (acyl coenzyme A) into the
mitochondrial matrix and transporting intermediate com-
pounds out of the matrix to prevent their accumulation®. In
all animals including fish, 1-carnitine can be biosynthesised
from lysine®. However, in fast-growing juvenile animals,
endogenous carnitine synthesis is insufficient to meet the
energy supple-
mentation is essential. During the last two decades, many
studies have been conducted to determine the effects of
dietary carnitine concentrations on growth performance and

requirement'®. Thus, dietary L-carnitine

lipid deposition in fish. In several studies, L-carnitine has

been found to be beneficial for growth performance
and to reduce body lipid content®1%1,

In general, fat accumulation results from the balance
between dietary absorbed fat, de novo synthesis of fatty
acids (lipogenesis) and fat catabolism via B-oxidation (lipo-
lysis), and many key enzymes and transcription factors are
involved in this process. These enzymes include lipogenic
enzymes (such as 6-phosphogluconate dehydrogenase
(6PGD), glucose-6-phosphate dehydrogenase (G6PD), malic
enzyme (ME), isocitrate dehydrogenase (ICDH), fatty acid
synthase (FAS) and acetyl-CoA carboxylase (ACC)) and lipo-
lytic enzymes (such as carnitine palmitoyltransferase 1 (CPT1),
hormone-sensitive lipase (HSL) and adipose TAG lipase
(ATGL)*?, Lipoprotein lipase (LPL) hydrolyses TAG present
in plasma lipoproteins and supplies NEFA for storage in the

Abbreviations: 6PGD, 6-phosphogluconate dehydrogenase; ACC, acetyl-CoA carboxylase; ATGL, adipose TAG lipase; cDNA, complementary DNA; CPT,
carnitine palmitoyltransferase; FAS, fatty acid synthase; G6PD, glucose-6-phosphate dehydrogenase; HSL, hormone-sensitive lipase; ICDH, isocitrate
dehydrogenase; LPL, lipoprotein lipase; ME, malic enzyme; SREBP-1, sterol regulatory element-binding protein-1.

*Corresponding author: Dr Z. Luo, fax +86 27 8728 2114, email luozhi99@mail.hzau.edu.cn, luozhi99@aliyun.com, luozhi99@yahoo.com.cn

ssa.d Ansseniun abpriquie) Aq auljuo paysiiqnd 8££1001 LSt L LL000S/ZLOL 0L/BIo 10p//:sdny


https://doi.org/10.1017/S0007114514001378

o

British Journal of Nutrition

Effects of dietary L-carnitine in yellow catfish 699

adipose tissue, or for oxidation in other tissues, and plays
a pivotal role in the regulation of lipid content in fish"?. On
the other hand, several transcription factors, such as PPARaq,
PPARy and sterol regulatory element-binding protein-1
(SREBP-1), play an intermediary role in lipid homeostasis,
by orchestrating the gene transcription of enzymes involved
in this pathway"®. Although many studies have investigated
the effects of dietary carnitine concentrations on lipid depo-
sition in fish, the underlying molecular processes involved
in the alteration of lipid deposition as a response to dietary
L-carnitine are not yet known.

Yellow catfish (Pelteobagrus fulvidraco), an omnivorous
freshwater fish, is considered to be a good candidate for
freshwater culture in China due to its delicious meat and
high market value. However, excessive lipid deposition,
which may affect the quality of harvest, in yellow catfish has
been reported to be a problem in some fish farms. Recently,
we cloned and characterised the complementary DNA
(cDNA) sequences and structures of genes involved in lipid
metabolism in this fish species""?, facilitating further studies
to be carried out on the regulation of lipid metabolism at
the molecular level. We hypothesised that dietary carnitine
supplementation can improve growth performance and
reduce lipid deposition in yellow catfish and tested this
hypothesis in the present study. The effects of dietary
L-carnitine were evaluated by determining growth perform-
ance and lipid deposition and by investigating the activities
and expression of genes involved in lipid metabolism.
The mRNA levels of twelve pivotal genes involved in lipid
metabolism, including CPT1A, LPL, ACCa, ACCbH, FAS,
G6PD, GPGD, ATGL, HSL, PPARa, PPARy and SREBP-1,
were determined by quantitative real-time PCR using a set
of gene-specific primers. The activities of six enzymes
involved in lipogenesis, including LPL, FAS, G6PD, 6PGD,
ME and ICDH, were also determined. The liver and muscle
were sampled to determine whether dietary L-carnitine
supplementation affects lipid metabolism in a tissue-specific
manner. To our knowledge, the present study is the first to
determine the effects of dietary r-carnitine concentrations on
lipid deposition and metabolism at both the enzymatic and
molecular levels, and in two tissues (the liver and muscle)
and gain new insights into carnitine nutrition in fish.

Materials and methods
Diet preparation

A commercial feed was used as a basal diet. The basal diet
without extra carnitine supplementation was used as the
control diet; two other diets were supplemented with pure
L-carnitine inner salt (Sigma—Aldrich) at concentrations of
500 and 3500mg/kg, respectively (Table 1). The highest
concentration of carnitine used in the present study was
similar to that used in a study on African catfish®. Carnitine
concentrations in the three experimental diets used in the
present study were 47mg/kg (control), 331mg/kg (low)
and 3495 mg/kg (high) diet, respectively. The feed was pro-
duced according to the method used in our recent study>.

Table 1. Proximate analysis (percentage of DM basis) of the experi-
mental diets

Diets
Control Low carnitine High carnitine

Moisture 5.01 4.94 4.97
Crude protein 42.45 42.78 42.64
Crude lipid 9.37 9-74 9-37
Ash 11-48 11-87 11-45
Lys 3-46 3:55 3.52
Carnitine (mg/kg) 47 331 3495

All pellets were dried at 40°C using an air blower until the
moisture was reduced to <10%. The dried pellets were
placed in plastic bags and stored at — 20°C until fed to the fish.

Animals and experimental procedure

Yellow catfish larvae (mean initial weight: 80mg) were
obtained from a local fish farm (Wuhan, China) and trans-
ferred into 300-litre circular fibreglass tanks for 3-week
acclimatisation. During acclimatisation, fish were fed a live
diet (rotifera) mixed with the control diet for 4 weeks three
times daily. The amount of rotifera was greater than that of
the control diet before acclimatisation, but the amount of
the diet was progressively increased until the fish readily
consumed the diet. At the start of the experiment, thirty-five
uniformly sized fish (mean initial weight: 0-15 (s 0-02) g) in
good condition were stocked in each of the fibreglass tanks.
Each diet was assigned to three tanks in a completely random-
ised manner, resulting in nine tanks in the experiment.
The diets were fed to the fish by hand to apparent satiation
twice daily (09.00 and 16.00 hours). Care was taken to
ensure that no uneaten feed remained in the tanks during
feeding. The amount of feed consumed by the fish in each
tank was recorded daily. Faecal matter was also quickly
removed during the experiment. Water in each tank was
replenished 100% daily. The tanks were aerated to maintain
the dissolved oxygen levels at saturation. Mortality was
monitored daily. The experiment was carried out for 8 weeks.

The experiment was conducted at ambient temperature
under natural photoperiod conditions (approximately 14h
light—10h dark). Water quality parameters were moni-
tored once daily in the morning. Water temperature, pH,
and dissolved oxygen, ammonia and nitrite levels were
30-5 * 2:5°C, 74 * 0-1, 6:0 (s 0-2)mg/l, 0-17 (s 0-08) mg/l
and 0-04 (se 0-01) mg/1, respectively.

Sampling and sample analysis

At the end of the experiment, 24 h after the last feeding, fish
were killed (tricaine methanesulfonate at a dose of 10 mg/D.
All fish were counted and weighed in batches to determine
the survival rate and weight gain. Then, fish were dissected
on ice to obtain livers and muscle. The livers were also
weighed to calculate the hepatosomatic index. Crude lipid
content in the liver and muscle was determined by diethyl
ether extraction, and it is expressed as g crude lipid/100g
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live weight'®. For histochemical observation, the left lobe of
the liver (sliced into 3 mm-thick slabs) was collected, fixed in
10% neutral buffered formalin and frozen at —80°C. For the
analysis of enzyme activities and determination of carnitine
content, liver and muscle samples were quickly removed
from ice using sterile forceps and immediately frozen at
—80°C. For RNA extraction, the livers and muscle of four
fish from each replicate tank were dissected and immediately
frozen in liquid N,. All analyses were conducted in duplicate.

Histochemical observation and total carnitine content
determination

For histochemical observation, frozen livers were cut on a
cryostat microtome. Sections measuring 9 um in thickness
were fixed in 4% formaldehyde for 10 min and stained with
Oil Red O and then prepared for light microscopy, according
to the method of Lillie & Fullmer®.

For the determination of total carnitine content, total carnitine
was isolated according to the method of Alhomida et al. """, with
slight modifications proposed by Zheng et al."®. First, samples
(0-5 g) were homogenised in 1 ml of ice-cold 1-2 M-HCIO, using
a PowGen polytron (Fisher Scientific). After centrifugation at
8000 g for 10 min, the pellet was washed twice by suspending
in 0-5 ml of 0-6 M-HClO, and centrifuged again. Then, 0-3 ml of
tissue homogenate were mixed with 0-2ml of 5M-KOH and
heated at 80°C for 1h. After cooling, the extract was adjusted
to a pH of 7:0 with ice-cold 1-2M-HCIO4. Carnitine content
was measured using the enzymatic radioisotope method'.

Enzyme activity determination

For the determination of LPL activity, samples were homo-
genised in physiological saline on ice to obtain a 10% (w/v)
homogenate, and then the homogenate was centrifuged at
9500 g for 15min at 4°C. The supernatant was used for the
determination of LPL activity. The activity of LPL was
measured using labelled triolein->H as a substrate, according
to the modified methods of Ballart ef al.®”, and it is expressed
as U/mg of soluble protein.

Table 2. Primers used in real-time PCR analysis

For lipogenic enzyme assays, liver and muscle samples
were homogenised in three volumes of ice-cold buffer (0-02 m-
Tris—HCI, 0-25M-sucrose, 2mM-EDTA, 0-1M-sodium fluoride,
0-5 mM-phenylmethyl sulphonyl fluoride, and 0-01 M-B-mercap-
toethanol; pH 7:4) and centrifuged at 20000g at 4°C for
30min. The supernatant was collected separately and imme-
diately used for the enzyme assays. The activities of all the
five lipogenic enzymes were assayed spectrophotometrically.
The reaction was initiated by the addition of the tissue extract.
The changes in absorbance at 340nm were monitored at
intervals of 15s for 3min. The activities of 6PGD and G6PD
were determined using the method of Barroso et al.*V, the
activity of ME using the method of Wise & Ball'*®, that of
ICDH according to the method of Bernt & Bergmeyer®®, and
that of FAS according to the method of Chakrabarty &
Leveille®”. One unit of enzyme activity (IU), defined as the
amount of enzyme that converts 1umol of substrate to
product/min at 30°C, is expressed as units per mg of soluble
protein. The soluble protein concentration of the homogenates
was determined by the method of Bradford® using bovine
serum albumin as a standard.

Quantitative RT-PCR

The extraction of total RNA and synthesis of first-strand cDNA
were carried out according to the methods used in our recent
study with slight modifications®”. The ¢cDNA synthesis reac-
tion mixtures were diluted to 200 ul in water. Quantitative
PCR (20D was carried out in ninety-six-well plates in a
Bio-Rad iCycler iQ™ real-time PCR system (MyiQ, iCycler)
with GoTaq® qPCR Master (Promega), containing 10l of
GoTaq® gqPCR Master Mix, 2l of ¢DNA and 0-2 umol/l of
each primer. The primer sequences of each gene used in
this analysis are given in Table 2. The thermal programme
included 1min at 95°C and forty-five cycles at 95°C for 5,
57°C for 10s, and 72°C for 30s. All reactions were carried
out in duplicate, and each reaction mixture was checked to
ensure that it contained a single product of the correct size
by agarose gel electrophoresis. A no-template control test
and a dissociation curve analysis were carried out to ensure

Genes Forward primer (5'-3') Reverse primer (5'-3) Size (bp) Accession no.
CPT1A ATTTGAAGAAGCACCCAGAGTATGT CCCTTTTATGGACGGAGACAGA 254 JQ074177
PPAR« CGAGGATGGGATGCTGGTG CGTCTGGGTGGTTCGTCTGC 323 JX992740
PPARy ACGCCCCGTTCGTTATCC TGAGCAGAGTCACCTGGTCATTG 260 JX992741
SREBP-1 CTGGGTCATCGCTTCTTTGTG TCCTTCGTTGGAGCTTTTGTCT 188 JX992742
G6PD CAGGAATGAACGCTGGGATG TCTGCTACGGTAGGTCAGGTCC 249 JX992744
6PGD GCTCTGATGTGGCGAGGTGG CGTAGAAGGACAGTGCAGTGG 216 JX992745
FAS AACTAAAGGCTGCTGGTTGCTA CACCTTCCCGTCACAAACCTC 141 JN579124
ACCa GGGGTTTTCACGCTGCTTC GGTTCTGATTGGGTCGTCCTG 165 JX992746
ACCb GTTCCATCAGCCCGTGTTAGTC CCTGCACTCCCTGTCAGCATA 123 JX992747
LPL AGCGATTGGTGGGAGGATTAT TGAGCACGGTCCAGTTTCCT 173 JX992743
ATGL TTGCGGAAATGTGATTGAGGT CACGGAAGGCAGGAGGGA 291 KF614123
HSL GAAGGACAGGACAATGAGAAGC TGTACCACCAGCCAAGGAGA 110

B-Actin GCACAGTAAAGGCGTTGTGA ACATCTGCTGGAAGGTGGAC 136 EU161066

CPT1A, carnitine palmitoyltransferase 1A; SREBP-1, sterol regulatory element-binding protein-1; G6PD, glucose-6-phosphate dehydrogenase; 6PGD,
6-phosphogluconate dehydrogenase; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; LPL, lipoprotein lipase; ATGL, adipose TAG lipase;

HSL, hormone-sensitive lipase.
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Table 3. Effects of dietary carnitine concentrations on the growth
performance and morphometrical parameters of juvenile Pelteobagrus
fulvidraco*

(Mean values of three replicates with their standard errors)

Diets

Control Low carnitine High carnitine
Mean SEM Mean SEM Mean SEM
IBW (g/fish) 0-15 0-02 0-15 0-02 0-15 0-02
FBW (g/fish) 4.38°% 0-14 4.77° 0-11 4.222 0-18
WGt (%) 23212 79 2552° 58 22432 103
FI (g/fish) 6-88 0-14 6-86 0-12 6-79 0-08
FCR% 1.64° 006  149* 005 1.70° 011
HSI§ 1.68% 0-03 2.21° 0-24 1.812 0-12

SR 100 100 100

IBW, initial mean body weight; FBW, final mean body weight; WG, weight gain; FI,
feed intake; FCR, feed conversion ratio; HSI, hepatosomatic index; SR, survival
rate.

abMean values within a row with unlike superscript letters were significantly
different (P<0-05).

* Sample size for analysing IBW, FBW, WG, FI, FCR and SR: total sample size =
three replicate tanks; for analysing HSI, four fish per replicate and three replicate
tanks were used and total sample size = 12 fish.

1 WG = (FBW — IBW)/IBW X 100 %.

1 FCR = FI/(FBW — IBW).

§ HSI = 100 x (liver weight)/(body weight).

|l SR = 100 x final fish number/initial fish number.

that only one PCR product was amplified and that the stock
solutions were not contaminated. Standard curves were
constructed for each gene using serial dilutions of the stock
¢DNA to account for any differences in amplification efficien-
cies. A melting curve was generated for every PCR product
to confirm the specificity of the assays. The relative expre-
ssion of genes was calculated using the ‘AAC; method®”.
B-Actin was chosen as an internal reference for the norma-
lisation of RT-PCR products according to the method of
Zheng et al.®®.

Statistical analysis

Results are presented as with their standard

errors. Before statistical analysis, all data were tested for the

means

normality of distribution using the Kolmogorov—Smirnov
test. The homogeneity of variances among the different
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treatment groups was tested using Bartlett’s test. Then, the
data were subjected to one-way ANOVA and Tukey’s mul-
tiple test. The analysis was carried out using SPSS 10.0 for
Windows (SPSS, Inc.), and the minimum significant level
was set at 0-05.

Results
Growth performance and body lipid content

During the experiment, fish were in good health and no
mortality was observed (Table 3). There were no significant
differences in feed intake among the treatment groups. Com-
pared with the control group, the low-carnitine diet-fed group
exhibited higher weight gain and hepatosomatic index, but
a lower feed conversion ratio. However, there were no sig-
nificant differences in weight gain, feed conversion ratio
and hepatosomatic index between the control and the high-
carnitine diet-fed groups.

Total carnitine content in the liver and muscle was signifi-
cantly higher in the two carnitine-supplemented groups than
in the control group (Fig. 1). Compared with the control
diet, the low-carnitine and high-carnitine diets significantly
increased lipid content in the liver (Fig. 1). The high-carnitine
diet also improved lipid accumulation in muscle (P<0:05).
However, there were no significant differences in muscle
lipid content between the control and the low-carnitine diet-
fed groups. Increased lipid accumulation in the liver as a
response to dietary carnitine supplementation was further
confirmed by Oil Red O staining (Fig. 2).

Gene expression involved in lipolysis

The effects of dietary L-carnitine supplementation on the
mRNA levels of lipolytic genes in the liver and muscle of
yellow catfish are shown in Fig. 3. Dietary L-carnitine sup-
plementation significantly down-regulated the mRNA levels
of CPT1A and PPARa in the The low-carnitine
diet also significantly down-regulated the expression of HSL
but did not markedly affect that of ATGL mRNA. The high-
carnitine diet significantly up-regulated the mRNA levels of
both ATGL and HSL.

liver.

600
c
400 | b
b
b a
200
a
0
Liver Muscle

Fig. 1. Effects of dietary caritine concentrations on (A) lipid content and (B) total carnitine (TC) content in the liver and muscle of juvenile yellow catfish
(Pelteobagrus fulvidraco). O, Control diet; m, low-carnitine diet; m, high-carnitine diet. Values are means, with their standard errors represented by vertical bars
(three replicate tanks and twelve fish were used). #°°Mean values within a tissue with unlike letters were significantly different (P<0-05).
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High carnitine

Fig. 2. (A) Oil Red O staining of the liver tissue sections of yellow catfish (Pelteobagrus fulvidraco) fed the control (0I), low-carnitine (@) and high-carnitine (m)
diets. (B) Relative areas stained by Oil Red O were analysed by Image-Pro Plus 6.0 (Media Cybernetics). Values are means (n 4), with their standard errors
represented by vertical bars. °° Mean values with unlike letters were significantly different (P<0-05).

Dietary L-carnitine supplementation reduced the mRNA
levels of CPT1A and ATGL in muscle (Fig. 3). The expression
of HSL was down-regulated by the high-carnitine diet, but it
was not significantly influenced by the low-carnitine diet.
Dietary L-carnitine concentrations did not markedly affect

the expression of PPAR.
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Gene expression involved in lipogenesis

The effects of dietary 1-carnitine supplementation on the
mRNA levels of LPL and lipogenic genes in the liver and
muscle of yellow catfish are shown in Fig. 4. Compared with
the control diet, the low-carnitine and high-carnitine diets up-
regulated the mRNA levels of SREBP-1, PPAR7y, FAS and ACCa.
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Fig. 3. Results of quantitative real-time PCR analysis carried out for genes involved in lipolysis ((A) PPARea, (B) carnitine palmitoyltransferase 1A (CPT1A),
(C) hormone-sensitive lipase (HSL) and (D) adipose TAG lipase (ATGL)) in the liver and muscle of yellow catfish (Pelteobagrus fulvidraco) after dietary L-carnitine
supplementation for 8 weeks. [J, Control diet; @, low-carnitine diet; m, high-carnitine diet. Values are means, with their standard errors represented by vertical bars
(three replicate tanks and twelve fish were used), normalised to B-actin expressed as a ratio of the control (control = 1). #°°Mean values within a tissue with

unlike letters were significantly different (P<0-05).
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Fig. 4. Results of quantitative real-time PCR analysis carried out for (C) lipoprotein lipase (LPL) gene and genes involved in lipogenesis ((A) sterol-regulator
element-binding protein-1 (SREBP-1), (B) PPARYy, (D) fatty acid synthase (FAS), (E) acetyl-CoA carboxylase a (ACCa), (F) ACCb, (G) glucose-6-phosphate dehy-
drogenase (G6PD) and (H) 6-phosphogluconate dehydrogenase (6GPD)) in the liver and muscle of yellow catfish (Pelteobagrus fulvidraco) after dietary L-carnitine
supplementation for 8 weeks. 1, Control diet; @, low-carnitine diet; m, high-carnitine diet. Values are means, with their standard errors represented by vertical bars
(three replicate tanks and twelve fish were used), normalised to B-actin expressed as a ratio of the control (control = 1). #®°Mean values within a tissue with

unlike letters were significantly different (P<0-05).

In contrast, the expression of G6PD and ACCh remained
relatively constant after dietary r-carnitine supplementation.
The low-carnitine diet did not significantly affect the expression
of LPL and 6PGD. However, the high-carnitine diet signifi-
cantly up-regulated the mRNA levels of LPL and 6PGD.
Compared with the control diet, the low-carnitine and
high-carnitine diets did not significantly affect the mRNA

levels of PPARy and FAS. The low-carnitine diet did not
affect the mRNA levels of SREBP-1, LPL and ACCa. In contrast,
the high-carnitine diet down-regulated the mRNA levels of
SREBP-1 and ACCa and up-regulated the mRNA levels of
LPL. Compared with the control diet, the low-carnitine and
high-carnitine diets significantly up-regulated the mRNA
levels of G6PD and 6PGD.
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Enzyme activity

The effects of dietary L-carnitine supplementation on the
activities of LPL and lipogenic enzymes (FAS, G6PD, 6PGD,
ME and ICDH) in the liver and muscle of yellow catfish are
shown in Fig. 5. Dietary L-carnitine supplementation increased
the activities of FAS, G6PD, 6PGD and ME in the liver.
The activity of LPL was also enhanced by the low-carnitine
diet, but it was not affected by the high-carnitine diet. There
were no significant differences in the activity of ICDH between
the control and the two carnitine-supplemented groups.

The low-carnitine diet inhibited the activities of GOPD and
ICDH in muscle, but did not significantly affect the activities
of the other enzymes, such as FAS, LPL, 6PGD and ME
(Fig. 5). The high-carnitine diet reduced the activities of
almost all the analysed enzymes, except LPL. The activity of
LPL was significantly enhanced by the high-carnitine diet.
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Analysis of Pearson’s correlations among several
parameters

Pearson’s correlations among mRNA levels, lipid content and
enzyme activity in the liver and muscle of yellow catfish fed
diets containing different concentrations of L-carnitine for 8
weeks are summarised in Tables 4 and 5. In the liver, lipid
content was positively correlated with the mRNA levels of
SREBP-1, PPARYy, FAS and ACCa and the activities of FAS,
LPL, G6PD and 6PGD (Table 4). In contrast, it was negatively
correlated with the expression of PPAR«, CPT1A and HSL. The
mRNA levels of SREBP-1 and PPARy were positively corre-
lated with the expression of FAS and ACCa and the activities
of FAS, LPL, GO6PD and 6PGD. A positive correlation was
also found between the mRNA levels of SREBP-1 and
PPAR7y. The mRNA levels of PPARa were positively correlated
with the expression of CPT1A.
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Fig. 5. Effects of dietary carnitine concentrations on the activities of enzymes ((A) fatty acid synthase (FAS), (B) lipoprotein lipase (LPL), (C) glucose-6-phosphate
dehydrogenase (G6PD), (D) 6-phosphogluconate dehydrogenase (6PGD), (E) malic enzyme (ME) and (F) isocitrate dehydrogenase (ICDH)) involved in lipid
metabolism in the liver and muscle of yellow catfish (Pelteobagrus fulvidraco) after dietary L-carnitine supplementation for 8 weeks. 01, Control diet; @, low-carnitine
diet; m, high-carnitine diet. Values are means, with their standard errors represented by vertical bars (three replicate tanks and twelve fish were used). ®°°Mean

values within a tissue with unlike letters were significantly different (P<0-05).
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Table 4. Correlations* among lipid content, mMRNA levels of genes involved in lipid metabolism and activities of
several enzymes in the liver of yellow catfish fed diets containing different L-carnitine concentrations for 8 weeks
Lipid content SREBP-1 PPARy PPARo
R P R P R P R P

Gene expression

SREBP-1 0-936 0-000

PPARy 0.797 0-01 0-868 0-002

PPARa —0-693 0-038 —0-769 0-016 —0-899 0-001

CPT1A —0-756 0-018 —0-839 0-005 —0-931 0 0-968 0-000

HSL —0-798 0-01 —0-676 0.045 —0-394 0-294 0-242 0-53

ATGL —0-264 0-493 —0-108 0-783 0-223 0-564 —0-36 0-342

LPL —-0-312 0-413 —0-221 0-567 —0-034 0-931 —0-221 0-568

FAS 0.762 0-017 0-855 0-003 0-978 0-000 —0-853 0-003

ACCa 0-964 0-000 0-956 0-000 0-755 0-019 —0-684 0-042

ACCb —0-453 0-221 —0-467 0-205 —0-156 0-688 0-103 0-793

G6PD —0-46 0-213 —0-162 0-677 0-044 0-91 —0-203 0-601

6PGD —0-167 0-667 0.014 0.972 0-264 0-493 —0-397 0-290
Enzyme activity

LPL 0-864 0-003 0-765 0-016 0-608 0-082 —0-382 0-31

FAS 0-810 0-008 0.784 0.012 0-828 0-006 —0-827 0-006

G6PD 0-840 0-005 0-943 0-000 0-926 0-000 —0-901 0-001

6PGD 0-818 0-007 0-921 0-000 0-845 0-004 —0-867 0-002

ME 0-442 0-234 0-584 0-099 0-796 0.01 —0-875 0.002

ICDH —0-378 0-315 —0-347 0-360 —0-541 0-132 0-351 0-354
SREBP-1, sterol regulatory element-binding protein-1; CPT1A, carnitine palmitoyltransferase 1A; HSL, hormone-sensitive lipase;

ATGL, adipose TAG lipase; LPL, lipoprotein lipase; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; G6PD, glucose-6-

phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; ME, malic enzyme; ICDH, isocitrate dehydrogenase.
*Positive R and P<0-05 indicate the positive correlation between the two variables; negative R and P<0-05 indicate the negative

correlation between the two variables, and P>0-05 indicates the absence of a significant relationship between the two variables.

In muscle, lipid content was positively related to the mRNA activities were also detected. The expression of SREBP-1
levels of ZPL and ACCb and the activities of LPL and 6PGD and was positively related to the activities of G6PD and ICDH,
negatively related to the expression of ATGL (Table 5). Nega- while the expression of PPARy was positively related to that
tive correlations between lipid content and SREBP-1 of FAS. A positive relationship was also detected between

expression and between lipid content and G6PD and ICDH PPAR« and HSL expression.

Table 5. Correlations* among lipid content, mRNA levels of genes involved in lipid metabolism and activities of
several enzymes in the muscle of yellow catfish fed diets containing different L-carnitine concentrations for 8 weeks

Lipid content SREBP-1 PPARy PPAR«
R P R P R P R P

Gene expression

SREBP-1 —0-924 0-000

PPARy -0-131 0-737 0-164 0-673

PPAR« —0-665 0-050 0-656 0-055 0-243 0-528

CPT1A —-0-291 0-447 0-464 0-208 -0-227 0-557 0-054 0-891

HSL —0-643 0-062 0-554 0-122 0-696 0-037 0-692 0-039

ATGL —-0-820 0-007 0-861 0-003 0-093 0-813 0-512 0-159

LPL 0-848 0-004 -0-739 0-023 —0-495 0-175 -0-737 0-024

FAS —0-256 0-506 0-310 0-416 0-969 0-000 0-318 0-405

ACCa —0-521 0-151 0-319 0-403 0-443 0-233 0-662 0-052

ACCb 0-785 0-012 -0-879 0-002 -0-153 0-694 -0-514 0-157

G6PD 0-501 0-170 —0-546 0-129 0-476 0-195 -0-192 0-620

6PGD 0-455 0-219 -0-513 0-158 0-188 0-628 —0-265 0-491
Enzyme activity

LPL 0-807 0-009 -0-773 0-015 -0-614 0-078 —0-659 0-053

FAS —-0-620 0-075 0-509 0-161 0-486 0-185 0-235 0-542

G6PD —0-933 0-000 0-891 0-001 0-294 0-442 0-646 0-060

6PGD 0-834 0-005 -0-717 0-030 —0-436 0-241 —0-740 0-023

ME -0-616 0-077 0-532 0-140 0-646 0-06 0-566 0-112

ICDH -0-671 0-048 0-762 0-017 —0-064 0-871 0-343 0-367

SREBP-1, sterol regulatory element-binding protein-1; CPT1A, carnitine palmitoyltransferase 1A; HSL, hormone-sensitive lipase;
ATGL, adipose TAG lipase; LPL, lipoprotein lipase; FAS, fatty acid synthase; ACC, acetyl-CoA carboxylase; G6PD, glucose-
6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; ME, malic enzyme; ICDH, isocitrate dehydrogenase.

*Positive R and P<0-05 indicate a positive correlation between the two variables; negative R and P<0-05 indicate a negative corre-
lation between the two variables, and P> 0-05 indicates the absence of a significant relationship between the two variables.


https://doi.org/10.1017/S0007114514001378

o

British Journal of Nutrition

706 J.-L. Zheng et al.

Discussion

In the present study, a growth-promoting effect of the reason-
able levels of L-carnitine supplementation was found in yellow
catfish, in agreement with many other reports®~7112%2 1t
was also found that high dietary carnitine concentrations
(3395 mg/kg diet) did not promote growth performance. Simi-
larly, Keshavanath & Renuka” reported that 0-5 g/kg carnitine
supplementation resulted in the highest growth, while higher
levels of supplementation were less effective in rohu. The
reduction in weight gain owing to higher concentrations of
carnitine could be attributed to energy loss through the
7 The positive effect of
L-carnitine on growth was not due to increased feed intake,

excretion of excess acylcarnitine

indicating an improvement in feed utilisation similar to that
reported in other species(6'29’50). It should be pointed out
that the amounts of dietary lysine in the present study were
3-52%, in comparison with the optimal amount of 3-31g/kg
diet for the fish speciesm)A Thus, commercial diets are not
limiting in lysine, the precursor for L-carnitine synthesis,
indicating that the endogenous synthesis of L-carnitine is
insufficient for rapid growth phase in yellow catfish.

In the present study, dietary r-carnitine supplementation
was found to increase lipid content in the liver (both low
and high L-carnitine concentrations) and muscle (high L-carni-
tine concentration), similar to that observed in several studies
in black sea bream™® | rainbow trout®® and red sea bream.
In contrast, other studies have suggested that diets sup-
plemented with 1-carnitine reduce lipid content in
muscle®”#%” and the liver'”. Ma er al.® reported that diet-
ary L-carnitine administration reduces lipid content in muscle,
but increases it in the liver. Besides differences in various
experimental conditions'®, the variation is probably due to
both diet composition and species differences. In the present
study, dietary 1-carnitine supplementation was also found to
elevate the accumulation of carnitine in yellow catfish, similar
to many other reports(10’24’30'33>, indicating that yellow catfish
could effectively take up dietary L-carnitine.

Although the crucial role of carnitine in cellular metabolism
is to control the influx of long-chain fatty acids into the mito-
chondria for B-oxidation, the underlying mechanism respon-
sible for the effects of dietary carnitine on lipid deposition is
still poorly defined in fish. In the present study, dietary carni-
tine supplementation was found to up-regulate the mRNA
levels of most lipogenic enzymes, such as FAS, ACCa and
6PGD, and also the activities of FAS, G6PD, ME and 6PGD
in the liver, which correlated well with the reported increase
in lipid content in the liver. The mRNA levels of FAS and
OPGD paralleled their activities, indicating that these enzymes
are mainly regulated by carnitine at the transcriptional level.
The increase in LPL activity and mRNA levels might indicate
an increase in the import of lipids into the liver for storage,
while the reduced expression of CPT1A and HSL might indi-
cate a decline in lipid consumption in yellow catfish fed the
low-carnitine diet, which, again, correlated well with the
increased lipid content in the liver in this group. However,
in yellow catfish fed the high-carnitine diet, the expression
of HSL and ATGL increased, perhaps indicating an increase

in lipid depletion in the liver. Thus, considering the increased
lipid content in the liver, we speculated that up-regulated lipo-
genesis in fish fed the high-carnitine diet might be sufficient to
compensate for increased lipid consumption.

In the present study, the expression levels and activities
of most genes involved in lipid metabolism and lipid content
maintenance in muscle were found to be not affected
by low concentrations of carnitine. Thus, compared with the
liver, the present study demonstrated that dietary carnitine
concentrations influenced lipid metabolism in a tissue-specific
manner. The high-carnitine diet down-regulated the mRNA
levels of several lipolytic genes (CPT1A, ATGL and HSL), in
agreement with the increased lipid content in muscle. The pre-
sent study also demonstrated that carnitine supplementation
up-regulated the mRNA levels of 6PGD and G6PD. However,
the activities of 6PGD and G6PD declined with carnitine sup-
plementation. Similarly, enzyme activities were not found to
be always accompanied by parallel changes in mRNA levels
in several studies®**>. Studies have indicated that gene
expression is affected by mRNA stability(?’(’) and also that it is
time course dependent®”. The increase in LPL activity and
mRNA levels might indicate an increase in the import of
lipids into muscle for storage. In addition, the increase in
ACCbH expression might, in turn, inhibit CPT1 activity through
its malonyl-CoA product®3”. These findings could, to some
extent, explain the increase in lipid accumulation in the
muscle of yellow catfish fed the high-carnitine diet. The posi-
tive relationships between lipid content and the parameters
mentioned above further confirm this concept.

PPARa and PPARy are two key transcription factors that are
involved in lipid metabolism“**Y. PPARa plays key roles in
the catabolism of fatty acids by up-regulating the expression
of several key enzymes involved in fatty acid oxidation**%%,
while PPARy is critical for the regulation of lipogenesis and
promotes lipid storage™®*®. In the present study, dietary car-
nitine supplementation was found to down-regulate PPAR«
mRNA levels but to up-regulate PPARy mRNA levels in the
liver, which again correlated well with the reported increase
in lipid content in the liver. Furthermore, the mRNA levels
of PPARy in the liver were positively correlated with those
of FAS and ACCa and with the activities of several lipogenic
enzymes (such as FAS, G6PD, 6PGD and ME) and were nega-
tively correlated with the mRNA levels of CPT1A4. The mRNA
levels of PPARa were positively correlated with those of
CPT1IA and negatively correlated with those of FAS and
ACCa and with the activities of lipogenic enzymes (such as
FAS, G6PD, 6PGD and ME). All these findings support the
importance of PPARa and PPARYy in the regulation of lipid
metabolism, in those of the other
studies®> 119 studies have also suggested that PPARa is
stimulated through a PPAR response element in the first and
second introns of the human and rat CPT1A4 genes, respect-
ively”®  SREBP-1 is a membrane-bound transcription
factor that regulates the gene expression of enzymes involved
in fatty acid synthesis®”. In the present study, increased
mRNA levels of SREBP-1 were observed in the liver of fish
fed the carnitine-supplemented diets, in agreement with the

agreement with

increase in lipid content in the liver. However, a negative
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correlation was observed between lipid content and SREBP-1
mRNA levels in muscle. The reason for this is not known;
however, it might be due to the tissue-specific role of
SREBP-1 in the regulation of lipid metabolism.

In conclusion, in contrast to our hypothesis, dietary carni-
tine supplementation was found to increase lipid content in
both the liver and muscle in the present study. The increased
lipid content in the liver could be attributed to the up-regu-
lation of the mRNA levels of lipogenic genes (such as
SREBP, PPAR7y, FAS and ACCa) and to the increased activities
of lipogenic enzymes (such as FAS, G6PD, 6PGD and ME) and
to the down-regulation of the mRNA levels of the lipolytic
gene CPT1A. The increased lipid content in muscle could be
attributed to the down-regulation of the mRNA levels of lipo-
lytic genes (CPT1A and ATGL) and to the increased activity of
LPL. Thus, dietary carnitine influenced lipid deposition by a
tissue-specific mechanism, probably through different lipid
metabolic strategies occurring as a result of competitions
between lipolysis and lipogenesis and between export and
import of lipids from different tissues. To our knowledge,
the present study is the first to explore the effect of dietary
carnitine level on lipid metabolism at both the enzymatic
and molecular levels, which provided new insights into
carnitine nutrition in fish.
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