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Apolipoproteins play important roles in lipid transport and uptake in vertebrates, and they are associated
with pathogenesis of many cardiovascular diseases. However, the diverse apolipoproteins in individual fish
species have not been extensively characterized. Partial cDNA sequences encoding ApoA-IV, ApoE, ApoM,
ApoL, and ApoO, and full-length cDNA sequences encoding ApoA-I were cloned from rare minnow
(Gobiocypris rarus). Sequence analysis showed that these genes, as well as fragments of other known
apolipoprotein genes (ApoC-I, ApoC-II, ApoB) of rare minnow had a high similarity (91–96%) to their
orthologues in the spotted barbel Hemibarbus mylodon (Teleostei:Cypriniformes). The expression of these
nine genes and their possible upstream genes, PPARα, PPARγ, and HNF4α, were investigated in rare minnow
after subacute exposure to perfluorooctanoic acid (PFOA) for 14 days. Results showed that the expression of
mRNA for ApoA-I, ApoC-II, and ApoM was significantly downregulated in all PFOA-treated animals. Only fish
receiving the highest dose of PFOA showed downregulation of the expression of ApoA-IV and ApoC-I, while
fish treated with 10 mg PFOA/L showed upregulation of expression of ApoE. Expression of ApoB, ApoO, and
ApoL was unchanged between control and treated groups. In addition, the expression of PPARα was
increased in all dosed fish, while the mRNAs for PPARγ and HNF4α were significantly altered with 30 and
3 mg PFOA/L doses, respectively. Therefore, subacute exposure to PFOA resulted in alteration of expression of
apolipoproteins and related genes. These changes in gene expression may further influence lipid metabolism
or other physiological functions in fish.
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E1. Introduction

Apolipoproteins, the protein component of various plasma
lipoproteins, are synthesized in the liver, intestine, adipose tissues,
and other tissues. The specific functions of apolipoproteins are to
transport and redistribute lipids among various tissues, to act as
cofactors for enzymes involved in lipid metabolism, and to maintain
lipoprotein structure (Mahley et al., 1984). Aberrant apolipoprotein
levels have been shown to lead to some diseases, such as
atherosclerosis, stroke, and coronary heart disease (Kawakami and
Yoshida, 2009). Thus, apolipoproteins and their mimetic peptides
have been used in therapy for atherosclerotic lesions (Van Craeyveld
et al., 2009), Alzheimer's disease (Handattu et al., 2009), and diabetes
(Patel et al., 2009).

Fish use lipids rather than carbohydrates as their main energy
source, and therefore lipid metabolism and lipoprotein physiology
may be more important for their homeostasis (Kondo et al., 2005). In
addition to thewell-known roles in lipid transport and uptake, several
79

80

81

82
fish apolipoproteins are also required for normal embryonic and
ontogenic development, tissue regeneration (Lange et al., 2005; Zhou
et al., 2005; Harel et al., 1990), and innate immunomodulation
(Concha et al., 2004). Although gene sequences for different members
of the apolipoprotein family have been isolated from several fish
species (Kondo et al., 2005), the diverse apolipoproteins in individual
fish species have not been extensively characterized. In addition, little
information about the involvement of apolipoproteins during envi-
ronmental stress, such as exposure to various pollutants, has been
obtained in this lower vertebrate.

Exposure to some persistent organic pollutants, such as poly-
chlorinated biphenyl (PCB), organochlorine, and perfluoroalkyl acids
(PFAAs) affects the level of apolipoproteins and disrupts the balance
of lipid metabolism in many organisms (Boon et al., 1984; Sakr et al.,
2007; Lee et al., 2008). Perfluorooctanoic acid (PFOA), which is used to
synthesize fluoropolymers during the manufacture of a variety of
products, is a prominent PFAA detected in abiotic and biotic matrices
worldwide (Lau et al., 2007). In humans, a positive relationship
between serum PFOA and total cholesterol, low-density lipoprotein
(LDL), and very low-density lipoprotein (VLDL) was seen in
occupationally exposed workers (Sakr et al., 2007). In mice, exposure
to PFOA reduces the total level of A-I apolipoprotein in whole serum
e minnow (Gobiocypris rarus) and their expression
0.1016/j.cbpc.2009.09.008
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and in the high-density lipoprotein (HDL) and LDL subfractions (Xie
et al., 2003). PFOA dissociates apolipoprotein B48 from lipoprotein
particles and decreases secretion of VLDL from cultured rat hepato-
cytes (Okochi et al., 1999). These physiological functions of PFOAmay
be related to the activation of peroxisome proliferator-activated
receptor (PPAR) because PFOA is a PPARs agonist, and PPARs play
important roles in regulating a number of genes that encode enzymes
involved in lipidmetabolism. In addition, inmammals, PPARα, PPARγ,
and hepatocyte nuclear factor 4α (HNF4α) are known to regulate
genes involved in lipid transport, especially those encoding apolipo-
proteins (Mandard et al., 2004; Gonzalez 2008; Xie et al., 2009; Yue
and Mazzone 2009).

Administration of PFOA to fish has been shown to alter the ex-
pression of the function of proteins involved in intracellular fatty acid
transport (Wei et al., 2008). However, the effect of subacute PFOA
exposure on the expression of fish apolipoproteins and their upstream
genes is still unknown. Rare minnow (Gobiocypris rarus), which is
small in size, has a high fertilization rate, a short embryonic develop-
ment period, and a sensitivity to aquatic pollutants, has been used as a
good native Chinese test species in toxicological tests by the
Environmental Protection Agency of China since 2000 (Zhou et al.,
1995). This study focused on the cloning and sequencing of the gene
products coding for rare minnow apolipoproteins, and investigated
the effect of PFOA exposure on the expression of apolipoproteins. In
addition, the expression of PPARα, PPARγ, and HNF4α, genes upstream
of apolipoproteins in mammals, was also examined after PFOA
exposure to determine whether these genes play the same role in
the regulation of apolipoprotein expression in fish.

2. Materials and methods

2.1. Fish, exposure, and sampling procedure

Nine-month-old male rare minnowswith an average body mass of
1.3±0.3 g were obtained from a laboratory hatchery. Fish were kept
in an indoor aquaria systemwith flowing dechlorinated water at 25±
2 °C and a photoperiod of 16 h:8 h (light:dark). After acclimation for
one week to ensure the absence of disease, fish were randomly
assigned to 20 L glass tanks (10 individuals per tank) and exposed
under flow-through conditions to various concentrations (0, 3, 10, or
30 mg/L) of PFOA (98% purity, Acros Organics, Geel, Belgium) for
14 days. Each treatment was in duplicate tanks. The flow rate of the
test solution (8 L/h), dissolved oxygen (N80%), water temperature
(25±2 °C) and the functioning of the delivery system were
monitored throughout the study. Commercial granule food (Tetra,
Germany) was supplied at a rate of 0.1% body weight per day during
the experiment. Waste and uneaten food were removed daily. No
decrease in food consumption or other adverse effects was observed
during the experiment. At the end of the exposure, ten fish per group
were anesthetized on ice. The livers were removed, and six livers from
each group were immediately frozen in liquid nitrogen and stored at
−80 °C until analysis. Hepatic tissues of the other four individuals per
group were quickly dissected and fixed in 10% formalin for
histological examination.
UNTable 1
Primers used for amplification of apolipoproteins and HNF4α fragments.

Gene GenBank accession no. Forward primer (from 5′ to

ApoA-IV NM_001079861 CTCAAGAAACAGGTGGAT
ApoE NM_131098 ATCCGCAACACCGTAG
ApoM XR_045224.1 CGTGTCTTCCTCCAGC
ApoL NM_001030138.1 GCCTCATCTTGGCTCCTT
ApoO NM_001005777 AGCAATGCCAAAGAA
HNF4α NM_194368 GCAGCTTACCCTCCATA

Please cite this article as: Fang, X., et al., The identification of apolipopro
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2.2. Total RNA isolation and reverse transcriptase reactions

Total RNAs were extracted from the individual liver samples
using an RNeasy Mini kit (Qiagen, Hilden, Germany) and treated with
RNase-free DNase I (Qiagen) to remove any remaining genomic DNA.
Isolated RNA was quantified based on the A260 value. The purity of the
RNA was determined from the 28S:18S rRNA ratio on a MOPS/
formaldehyde gel. Approximately 1 µg of total RNA from each sample
was reverse transcribed using an oligo-(dT) 15 primer (Promega,
Madison,WI, USA) andM-MuLV reverse transcriptase, as described by
the manufacturer (New England Biolabs, Ipswich, MA, USA).

2.3. Amplification of rare minnow apolipoprotein fragments

Because there was no sequence information about rare minnow
ApoA-IV, ApoE, ApoM, ApoL, ApoO, or HNF4α, oligonucleotides for
PCR were mainly designed using the previously known sequences of
the apolipoprotein and HNF4α genes of zebrafish (Danio rerio) and
spotted barbel (Hemibarbus mylodon; Teleostei:Cypriniformes). Con-
served regions were identified, and primers for ApoA-IV, ApoE, ApoM,
ApoL, ApoO, and HNF4α were subsequently designed (Table 1). The
amplification products from the PCR reactions were cloned into a
pGEM®-T Easy Vector (Promega) and sequenced.

2.4. Cloning of the full-length cDNA of ApoA-I

The 5′- and 3′-ends of the ApoA-I cDNA were amplified using
5′-RACE and 3′-RACE reactions with a BD SMART™ RACE cDNA
Amplification kit (BD Biosciences Clontech, San Jose, CA, USA).
The gene-specific primers (GSPs) were designed and synthesized
according to the partial sequences of ApoA-I ESTs (GenBank accession
numbers EE392715.1) from our rare minnow adult liver cDNA library.
The GSPs for ApoA-I are as follows: GSP1, 5′-CATGGCTCCCTTCTC
CATCTGTTCCTT-3′ and GSP2, 5′- GCCCATTAGAGAGAATGTGAGTCCTG-
3′. For 5′-RACE, the first strand cDNA was synthesized from total RNA
using the 5′-CDS Primer and SMARTIIATM oligonucleotide and am-
plified by PCR using GSP1 and 10× universal primer A mix. For 3′-
RACE, the first strand cDNA was synthesized from total RNA using the
3′-CDS Primer A. The cDNA was amplified by PCR using GSP2 and 10×
universal primer A mix. Amplification of cDNA ends was performed for
35 cycles with the following conditions: 94 °C for 30 s, 65 °C for 30 s,
and 72 °C for 3 min. The amplified products were cloned into a pGEM-
T vector and sequenced.

2.5. Sequence alignment and analysis

The full-length cDNA sequence of rare minnow ApoA-I was
obtained based on the assembled sequence information from the
RACE reactions. The predicted amino acid sequence was determined
using the open reading frame finder programs in NCBI (http://www.
ncbi.nlm.nih.gov/gorf/gorf.html). A database search using the BLASTN
and BLASTP programs was carried out to test the degree of nucleotide
and amino acid sequence homology with ApoA-I sequences from
other vertebrates. The predicted molecular mass and theoretical pI
3′) Reverse primer (from 5′ to 3′) Amplicon size (bp)

AGTGGCCTTCAGGGT 225
GCCTGGACCTCCAACT 191
CTTGCCGTCCCAGAT 299
GGCACCGTCCTCATAG 311
AACTCAGATGGAGGGTC 287
AGGCGTATTCATTGTCATC 420

tein genes in rare minnow (Gobiocypris rarus) and their expression
rt C (2009), doi:10.1016/j.cbpc.2009.09.008
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Table 3 t3:1

Fragments of rare minnow apolipoproteins.
t3:2
t3:3Gene GenBank

accession
number

Sequence homology

t3:4Hemibarbus mylodon Danio rerio

t3:5ApoA-IV GQ303439 97% to ApoA-IV 90% to ApoA-IV
t3:6ApoE GQ303440 96% to ApoE-2 88% to ApoEb
t3:7ApoM GQ303441 90% to ApoM 78% to ApoM
t3:8ApoL GQ303443 – 92% to ApoL-1
t3:9ApoO GQ303442 – 85% to ApoOb
t3:10ApoC-I EE392760 84% to ApoC-I 68% to ApoC-I like
t3:11ApoC-II EE395805.1 92% to ApoC-II 75% to ApoC-II
t3:12ApoB EE396877.1 – 80% to ApoB
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value were estimated using ProtParam (http://www.expasy.org/
tools/protparam.html). The cleavage site of the signal peptide was
predicted by the SignalP 3.0 program (http://www.cbs.dtu. dk/
services/SignalP). Amino acid sequence data of rare minnow ApoA-I
was alignedwith the known fish homologues using ClustalWmultiple
alignment software in EBI. The Box Shade software (http://www.ch.
embnet.org/software/BOX_form.html) was used to display the align-
ment results. The secondary structure of the protein from the amino
acid sequence was predicted by the APSSP2: Advanced Protein
Secondary Structure Prediction Server (Raghava, 2002). Conserved
domains of ApoA-I were predicted using A Conserved Domain
Database and Search Service, v2.17 (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml).

2.6. Histopathological analysis

Liver tissues were fixed in 10% neutral buffered formalin and
embedded in paraffin according to standard histological procedures.
Paraffin-embedded tissue samples were sectioned (4–5 μm), depar-
affinized, rehydrated, and subjected to hematoxylin–eosin staining.
Histopathological changes were observed under a light microscope.

2.7. Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) reactions were performed
with the Stratagene Mx3000P qPCR system (Stratagene, La Jolla, CA,
USA), and the SYBR Green PCR Master Mix reagent kit (Takala, Dalian,
China) was used for quantification of gene expression. Gene names,
accession numbers, and forward and reverse primer sequences are
listed in Table 2. Primers for PPARs were designed according to Liu
et al. (2009). Based on our previous microarray study, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was chosen as an inter-
nal control for normalization (Wei et al., 2008). The amplification
protocol was as follows: 95 °C for 10 s, followed by 40 cycles of 94 °C
for 5 s, 55 °C for 15 s, and 72 °C for 10 s. All the samples were analyzed
in triplicate. After PCR, a melting curve analysis was performed to
demonstrate the specificity of the PCR product, as displayed by a
single peak (data not shown). The amplification efficiencies between
target genes and GAPDH were verified to differ less than 5%. Quan-
tification of the transcripts was performed using the 2−ΔΔCt method
(Livak and Schmittgen, 2001).

2.8. Statistical analyses

Data were expressed as the means±SE and analyzed using one-
way analysis of variance (ANOVA). A Duncan multiple range test was
used to identify means that differed significantly (p≤0.05) from one
another. All analyses were carried out using SPSS for Windows13.0
Software (SPSS, Inc., Chicago, IL, USA).
UN
COTable 2

Primers used in quantitative real-time PCR.

Gene GenBank accession no. Forward primer (from 5′ to

GAPDH EE397198 CGTGCTGCTGTCCAGTCCAA
ApoA-I EU237775 CTCCAGGTTTACGCAGAT
ApoA-IV NM_001079861 CTCAAGAAACAGGTGGAT
ApoB EE396877.1 GACATCACCAGCCCAACATT
ApoC-I EE392760 GGAGGGTCACATATCAGGAA
ApoC-II EE395805.1 CATCCCGCAAGAAGA
ApoE NM_131098 ATCCGCAACACCGTAG
ApoM XR_045224.1 CGTGTCTTCCTCCAGC
ApoL NM_001030138.1 ACTGCGGTTGGTCTG
ApoO NM_001005777 AGCAATGCCAAAGAA
PPARα – CTGTGTGGGAGAGAGAAGTG
PPARγ – GCCGCAACAAGTGCCAAT
HNF4α NM_194368 CATTCTGCGACCTCCC

Please cite this article as: Fang, X., et al., The identification of apolipopro
following perfluorooctanoic acid exposure, Comp. Biochem. Physiol. Pa
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3. Results

3.1. The cDNA sequences of apolipoproteins and HNF4α in rare minnow

Fragments of nucleotide sequences of ApoA-IV, ApoE, ApoM, ApoL,
and ApoO were determined and deposited in GenBank. These five
sequences, as well as the fragments for ApoC-I, ApoC-II, and ApoB from
our rare minnow expressed sequence tag (EST) database (Wei et al.,
2008) were analyzed and compared to their orthologs from two other
cyprinids, H. mylodon and D. rerio. Results are shown in Table 3. In
addition, the 378 bp fragment of HNF4α was acquired and deposited
in GenBank (accession numbers: GQ331028). It has 91% similarity to
that of zebrafish, and 80% identity to mouse HNF4α.

3.2. Sequence analyses

The full cDNA sequence of rare minnow ApoA-I was obtained by
RACE-PCR and deposited in GenBank with accession no. EU327775. It
contained 1144 bp including 45 bp of 5′-untranslated region, 768 bp
of open reading frame, and 329 bp of 3′-untranslated region. The
coding region of the sequence was translated into 256 amino acids,
with a MW of 29.86 kDa and a pI of 5.77. A signal peptide was
predicted to be cleaved between A17 and R18, followed by a six amino
acid propeptide (Fig. 1). The alignment of rareminnow ApoA-I and the
known full-length ApoA-I from other fish indicated that both the
sequence of the propeptide and the propeptide of the rare minnow
ApoA-I are completely identical to ApoA-I-1 of H. mylodon, but
somewhat different from other fish (Fig. 1). Rare minnow ApoA-I
had 87.5% and 44% amino acid identity with H. mylodon (Teleostei:
Cypriniformes) ApoA-I-1 and ApoA-I-2, respectively. Additionally, rare
minnow ApoA-I had 41–71% identity with ApoA-I in other fish, and
23–29% identity with that of birds and mammals.

The secondary structures of rare minnow ApoA-I were conserved
with a predicted 94.1% α-helical content, forming several 22 and
11-residue amphipathic α-helical tandem repeat units punctuated
by proline residues (Fig. 1). Conserved domain analysis showed that
3′) Reverse primer (from 5′ to 3′) Amplicon size (bp)

GCCGCCTTCTGCCTTAACCT 138
CCTTGGTCCACTTGTCG 208
AGTGGCCTTCAGGGT 225
TGGAGCAGCATAGCGAAAGA 51
TTGCCACTAAAACCAAGAGC 147
ATGTTAGAGGGCACCAG 232
GCCTGGACCTCCAACT 191
CTTGCCGTCCCAGAT 299
CCCACAATGCGTTCC 113
AACTCAGATGGAGGGTC 287

G GCAGAGTCACCTGGTCGTTG 141
GGCTTTGGTCAGAGGGAAGT 221
AGGCGTATTCATTGTCATC 240

tein genes in rare minnow (Gobiocypris rarus) and their expression
rt C (2009), doi:10.1016/j.cbpc.2009.09.008
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Fig. 1. Alignment of the deduced amino acid sequence of ApoA-I with other full-length fish ApoA-I sequences. Residues conserved in all sequences are enclosed in dark boxes.
Identical amino acids are denoted with a star, and similar amino acids are indicated with a dot. Dashes represent gaps introduced to optimize alignment. The pre- and pro-segments
are the areas of the sequence preceding the rectangled arrows. The area in the rectangle comprises the first conserved α helix with 11 aa. The eight bold arrows indicate highly
conserved proline residues. The underlined region with an arrow at each end shows the area corresponding to mammalian ApoA-1 LCAT binding regions (Frank and Marcel, 2000).
The number behind the specific name indicates the different sequences from the same species deposited in Genbank.
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Fig. 2. Liver histopathology in male rare minnows following PFOA exposure. Normal tissue structure was observed in 0 and 3 mg/L PFOA-exposed fish livers (A and B). Several
swollen hepatocytes (arrows) were found in 10 and 30 mg/L PFOA-exposed fish (C and D).
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a conserved apolipoprotein A1/A4/E domain was located in the
section of amino acids 63–247.

3.3. Hepatic histopathology

Histopathological examination of rare minnow liver revealed that
there was no difference between control and 3 mg/L PFOA-treated
fish (Fig. 2A, B). Exposure to 10 mg/L PFOA elicited obvious hepatic
cell swelling and even hepatocellular vacuolar degeneration (Fig. 2C).
This phenomenon became much more severe in fish exposed to
30 mg/L PFOA (Fig. 2D).
UN
CO

R

Fig. 3. Quantitative real-time PCR analysis of rare minnow liver mRNA expression levels of A
Gene expression levels are reflected by the relative mRNA expression compared to the contr
⁎⁎pb0.01.

Please cite this article as: Fang, X., et al., The identification of apolipopro
following perfluorooctanoic acid exposure, Comp. Biochem. Physiol. Pa
TE3.4. Expression of apolipoproteins and related genes following exposure
to PFOA

Real-time quantitative PCR was performed on rare minnow
hepatic samples. The results indicated that the mRNA expression of
ApoA-I, ApoC-II, and ApoM was downregulated by about 2.5- to
three-fold in all fish after PFOA exposure (Fig. 3A). Only fish in the
highest dose group showed decreased expression of ApoA-IV (two-
fold) and ApoC-I (three-fold) mRNA (Fig. 3B), while the fish exposed
to 10 mg PFOA/L showed upregulation of expression of ApoE (Fig. 3C).
ApoB, ApoL, and ApoO expression was unchanged between control
poA-I, ApoC-II, and ApoM (A); ApoA-IV and ApoC-I (B); ApoE, ApoB, ApoL, and ApoO (C).
ol gene expression levels. Values indicate the mean±SE for six fish per group. ⁎pb0.05;

tein genes in rare minnow (Gobiocypris rarus) and their expression
rt C (2009), doi:10.1016/j.cbpc.2009.09.008
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and the dosed groups (Fig. 3C). Expression of PPARα mRNA was
increased more than two-fold in all dosed fish, while PPARγ was
upregulated four-fold in the highest dose group. HNF4α mRNA was
only significantly increased following the 3 mg PFOA/L dose (Fig. 4).

4. Discussion

Gene sequences for different members of the apolipoprotein
family have been isolated from several fish species, such as D. rerio,
Oncorhynchus mykiss, and H. mylodon (Babin et al., 1997; Kim et al.,
2009). Little information about the apolipoproteins in rare minnow, a
sensitive test fish material, was available. In this study, partial cDNA
sequences encoding ApoA-IV, ApoE, ApoM, ApoL, and ApoO were
cloned from rare minnow. Sequence comparisons showed that these
fragments, along with ApoB, ApoC-I, and ApoC-II were most closely
related to their orthologs from H. mylodon. Because most fish have
HDL in their plasma as the main component of lipoprotein, and
because ApoA-I protein is one of the most abundant plasma proteins
in fish (Chapman 1980; Amthauer et al., 1989), a full-length cDNA
sequence encoding ApoA-Iwas isolated. Both the amino acid sequence
and the secondary structure of rare minnow ApoA-I showed high
similarity to the ApoA-I-1 of H. mylodon, a threatened fresh-water fish
species found in the Korean Peninsula (Jang et al., 2003). Rare
minnow and H. mylodon are fish species of the largest family
Cyprinidae. The former are found mostly in upstream waters in the
Yangtze River, Sichuan Province, China (Zhou et al., 1995). The latter is
a vulnerable Korean endemic species that has been found only in the
upper region of the Han River in recent years (Jang et al., 2003). It has
been reported that the current fish fauna of the Korean Peninsula are
biogeographically related to those in China and Japan, and were
strongly influenced by the Palaeo-Hwang Ho River and Palaeo-Amur
River two to five million years ago (Jang et al., 2003). Thus, the high
identity in nucleotide sequences of all the known apolipoprotein
genes indicates this close relationship between rare minnow and H.
mylodon. Therefore, it is important to explore more conserved genes
and to collect other information to investigate the phylogeny and
evolution of these two species.

PFOA is a peroxisome proliferator that exerts a wide range of
biological effects by activating PPARs in organisms (Permadi et al.,
1992; Klaunig et al., 2003). In humans, activation of PPARα increases
the expression of ApoA-I, ApoA-II, and ApoA-IV by binding to
peroxisome proliferator response elements (PPREs) in their promo-
ters (Vu-Dac et al., 1994,1995; Nagasawa et al., 2009). In contrast,
previous studies using rodent livers demonstrated that a PPARα
agonist tends to decrease ApoA-I, ApoA-II, and ApoA-IV mRNA
expression (Staels et al., 1992; Anderson et al., 2004). Recently,
PFOA has been reported to upregulate the expression of both PPARα
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and PPARγ in fish tissues (Liu et al., 2009). The expression of ApoC-I
and ApoB was altered in different genders of fish administered PFOA
for 28 days (Wei et al., 2008). In this study, subacute exposure of male
rare minnows to PFOA produced a dramatic decrease in ApoC-I, ApoC-
II, ApoA-I, and ApoA-IV expression, while ApoB mRNA was unchanged
in liver. Interestingly, the expression of PPARα and PPARγ, genes that
are upstream of apolipoproteins, showed opposite trends. This was
similar to what was seen in a previous study showing that
administration of several fibrate (clofibrate, fenofibrate, and gemfi-
brozil), agonists of PPARα, decreased the expression of ApoA-I, ApoA-
IV, and to a lesser extent, ApoA-II in rat liver (Staels et al., 1992). In
mammals, HNF4α regulates genes involved in glycolysis, xenobiotic
and drug metabolism, as well as lipid transport, including ApoA-I,
ApoA-IV, ApoB, ApoC-II, and others (Xie et al., 2009). In this study,
HNF4α expression was upregulated at the lowest dose of PFOA in
the livers of rare minnows, while ApoA-I and ApoC-II were down-
regulated with the same dose. Thus, the differential regulation of
PPARα, PPARγ, HNF4α, and apolipoproteins suggests that transcrip-
tional regulation of fish apolipoprotein is quite complex, and is more
similar to rodent than to human. ApoA-I, the major component of
HDL, promotes cholesterol efflux from cells, stimulates the enzyme
lecithin-cholesterol acyltransferase (LCAT) to esterify cholesterol for
reverse transport to the liver, and allows HDL uptake by hepatocytes
(Temel et al., 1997; Xu et al., 1997). ApoC-I can modulate LCAT
activity, and ApoC-II is an activator of lipoprotein lipase (LPL), a key
enzyme in triglyceride hydrolysis (Mahley et al., 1984). ApoA-IV
mediates both LCAT and LPL activity and plays a role in reverse
cholesterol transport and in the catabolism of triglyceride-rich
lipoproteins (Tso et al., 1995; Sato et al., 2002). Thus, decreased
expression of these genes in liver may affect the essential enzymes of
lipid metabolism and disrupt the balance of lipid transport and lipid
accumulation in peripheral tissues.

Another water-soluble apolipoprotein, ApoE, is mainly produced
and secreted by the liver (Mahley, 1988) and plays a central role in
lipid metabolism due to its ability to interact with lipoprotein
receptors (St Clair and Beisiegel, 1997; Schneider et al., 1997). PFOA
(10 mg/L) significantly increased the ApoE mRNA level in rare
minnow liver, and the expression of PPARα was upregulated with
this dose as well. This is similar to effects of the PPARα agonist
gemfibrozil, which has been demonstrated to increase hepatic ApoE
synthesis and secretion in rat (Krause et al., 1984). Fish ApoE has been
proposed to be important in lipid uptake and for redistribution in
rapidly growing structures, such as during fin and scale development,
and during fin regeneration (Monnot et al., 1999; Tingaud-Sequeira
et al., 2006), as well as in supplying yolk nutrients to the developing
embryo (Babin et al., 1997). Thus, exposure to the PFOA doseswe used
may cause little disruption of the physiological function of ApoE.

Apolipoprotein M (ApoM) is a recent addition to the long list of
lipoprotein-associated proteins. Recent data suggest that ApoM
affects HDLmetabolism and that ApoMhas anti-atherogenic functions
by protecting LDL from oxidation and improving the efficiency of
cholesterol efflux (Christoffersen et al., 2006). Thus, decreased ApoM
may suppress the transport of lipid from liver to the peripheral tissues
and may lead to accumulation of lipid in hepatic cells. Recently, our
laboratory has found that perfluorododecanoic acid treatment of rats
leads to hepatocellular hypertrophy, lipid droplet accumulation, and
decreased expression of ApoMmRNA in liver (Ding et al., 2009). As in
rat, downregulation of ApoM expression and hepatocellular hyper-
trophy simultaneously occurred in rare minnow liver after PFOA
administration, further suggesting a similarity in the regulation of
apolipoproteins in fish and rodents.

In addition, ApoO and ApoL expression were unchanged between
control and dosed groups. Until now, no information of the specific
function of fish ApoO and ApoL was available. In humans, ApoO
promotes cholesterol efflux from macrophage cells (Lamant et al.,
2006), and ApoL, which is upregulated by multiple pro-inflammatory
tein genes in rare minnow (Gobiocypris rarus) and their expression
rt C (2009), doi:10.1016/j.cbpc.2009.09.008
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signaling molecules (Monajemi et al., 2002; Sana et al., 2005),
participates in the immune system, and is involved in functions
such as killing parasites (Smith and Malik, 2009).

In addition to ApoL, other apolipoproteins such as ApoA-I, ApoA-
IV, ApoC-I, and ApoE have been reported to participate in the
regulation of innate immunity such as during infection and chronic
inflammation, to display antimicrobial activity, and even to affect the
complement system (Magnadottir, 2006; Schippers et al., 2008).
Alteration of the expression of these apolipoproteins following PFOA
exposure may potentially affect the fish innate immune system.
Innate immunity is critical in fish, because their acquired immunity is
less developed than in mammals (Plouffe et al., 2005). Moreover,
many other functions of fish apolipoproteins have been proposed
based on previous studies. For example, ApoE plays an important role
in the development of the fish neural system (Babin et al., 1997).
ApoA-I and ApoC-I are also indispensable to fish during early
embryonic development (Babin et al., 1997; Wang et al., 2008).
Thus, changes in apolipoprotein expression after PFOA exposure may
affect the physiological function of multiple systems in fish.

In conclusion, the rare minnow apolipoproteins we examined
show similarity to those of H. mylodon. PFOA exposure to rare min-
nows altered the expression of various apolipoprotein mRNAs and
their possible upstream genes in liver. The trends of these alterations
were more identical to rodents than to humans administrated PPAR
agonists. Considering the multiple functions of these apolipoproteins
in fish, PFOA exposure likely not only interfered with fish lipid me-
tabolism, but also potentially affected other physiological processes.
Much more work should be performed to further examine the po-
tential risk of this chemical and its homologs on the various physi-
ological functions of chemically sensitive fish, the indicators of aquatic
ecosystem pollutants.
495
496
497
498
499
500
501
502
503
Acknowledgements

This work was funded by the National Natural Science Foundation
of China (20837004) and the National Basic Research Program of
China (2006CB403306).
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
UN
CO

RR
ECReferences

Amthauer, R., Villanueva, J., Vera, M.I., Concha, M.I., Krauskopf, M., 1989. Character-
ization of the major plasma apolipoproteins of the high density lipoprotein in the
carp (Cyprinus carpio). Comp. Biochem. Physiol. B 92, 787–793.

Anderson, S.P., Dunn, C., Laughter, A., Yoon, L., Swanson, C., Stulnig, T.M., Steffensen, R.K.,
Chandraratna, R.A.S., Gustafsson, J.A., Corton, J.C., 2004. Overlapping transcriptional
programs regulated by the nuclear receptors peroxisome proliferator-activated
receptor alpha, retinoid X receptor, and liver X receptor in mouse liver. Mol.
Pharmacol. 66, 1440–1452.

Babin, P.J., Thisse, C., Durliat, M., André, M., Akimenko, M.A., Thisse, B., 1997. Both
apolipoprotein E and A-I genes are present in a nonmammalian vertebrate and are
highly expressed during embryonic development. Proc. Natl. Acad. Sci. USA 94,
8622–8627.

Boon, J.P., Oudejans, R.C., Duinker, J.C., 1984. Kinetics of individual polychlorinated
biphenyl (PCB) components in juvenile sole (Solea solea) in relation to their
concentrations in food and to lipid metabolism. Comp. Biochem. Physiol. C. 79,
131–142.

Chapman, M.J., 1980. Animal lipoproteins: chemistry, structure, and comparative
aspects. J. Lipid Res. 21, 789–853.

Christoffersen, C., Dahlbäck, B., Nielsen, L.B., 2006. Apolipoprotein M: progress in
understanding its regulation and metabolic functions. Scand. J. Clin. Lab. Invest. 66,
631–637.

Ding, L., Hao, F., Shi, Z., Wang, Y., Zhang, H., Tang, H., Dai, J., 2009. Systems biological
responses to chronic perfluorododecanoic acid exposure by integrated metabo-
nomic and transcriptomic studies. J. Proteome Res. 8, 2882–2891.

Frank, P.G., Marcel, Y.L., 2000. Apolipoprotein A-I: structure–function relationships.
J. Lipid Res. 41, 853–872.

Gonzalez, F.J., 2008. Regulation of hepatocyte nuclear factor 4 alpha-mediated
transcription. Drug Metab. Pharmacokinet. 23, 2–7.

Handattu, S.P., Garber, D.W., Monroe, C.E., van Groen, T., Kadish, I., Nayyar, G., Cao, D.,
Palgunachari, M.N., Li, L., Anantharamaiah, G.M., 2009. Oral apolipoprotein A-I
mimetic peptide improves cognitive function and reduces amyloid burden in a
mouse model of Alzheimer's disease. Neurobiol. Dis. 34, 525–534.
Please cite this article as: Fang, X., et al., The identification of apolipopro
following perfluorooctanoic acid exposure, Comp. Biochem. Physiol. Pa
TE
D P

RO
OF

Harel, A., Fainaru, M., Rubinstein, M., Tal, N., Schwartz, M., 1990. Fish apolipoprotein-A-I
has heparin binding activity: implication for nerve regeneration. J. Neurochem. 55,
1237–1243.

Jang, M.H., Lucas, M.C., Joo, G.J., 2003. The fish fauna of mountain streams in South
Korean national parks and its significance to conservation of regional freshwater
fish biodiversity. Biol. Conserv. 114, 115–126.

Kawakami, A., Yoshida, M., 2009. Apolipoprotein CIII links dyslipidemia with
atherosclerosis. J. Atheroscler. Thromb. 16, 6–11.

Kim, K.Y., Cho, Y.S., Bang, I.C., Nam, Y.K., 2009. Isolation and characterization of the
apolipoprotein multigene family in Hemibarbus mylodon (Teleostei:Cyprini-
formes). Comp. Biochem. Physiol. B 152, 38–46.

Klaunig, J.E., Babich, M.A., Baetcke, K.P., Cook, J.C., Corton, J.C., David, R.M., DeLuca, J.G.,
Lai, D.Y., McKee, R.H., Peters, J.M., Roberts, R.A., Fenner-Crisp, P.A., 2003. PPARalpha
agonist-induced rodent tumors: modes of action and human relevance. Crit. Rev.
Toxicol. 33, 655–780.

Kondo, H., Morinaga, K., Misaki, R., Nakaya, M., Watabe, S., 2005. Characterization of the
pufferfish Takifugu rubripes apolipoprotein multigene family. Gene 346, 257–266.

Krause, B.R., Newton, R.S., Cutter, C.S., Nawrocki, J.W., Sandford, E.H., Bressler, C.E.,
1984. Alterations in plasma ApoE and ApoE biosynthesis in gemfibrozil-treated
rats. Arteriosclerosis 4, 521a.

Lamant, M., Smih, F., Harmancey, R., Philip-Couderc, P., Pathak, A., Roncalli, J., Galinier,
M., Collet, X., Massabuau, P., Senard, J.M., Rouet, P., 2006. ApoO, a novel
apolipoprotein, is an original glycoprotein up-regulated by diabetes in human
heart. J. Biol. Chem. 281, 36289–36302.

Lange, S., Dodds, A.W., Gudmundsdóttir, S., Bambir, S.H., Magnadóttir, B., 2005. The
ontogenic transcription of complement component C3 and apolipoprotein A-I tRNA
in Atlantic cod (Gadus morhua L.)—a role in development and homeostasis? Dev.
Comp. Immunol. 29, 1065–1077.

Lau, C., Anitole, K., Hodes, C., Lai, D., Pfahles-Hutchens, A., Seed, J., 2007. Perfluoroalkyl
acids: a review of monitoring and toxicological findings. Toxicol. Sci. 99, 366–394.

Lee, J., Scheri, R.C., Zhang, Y., Curtis, L.R., 2008. Chlordecone, amixed pregnaneX receptor
(PXR) and estrogen receptor alpha (ERalpha) agonist, alters cholesterol homeosta-
sis and lipoprotein metabolism in C57BL/6 mice. Toxicol. Appl. Pharmacol. 233,
193–202.

Liu, Y., Wang, J., Liu, Y., Zhang, H., Xu, M., Dai, J., 2009. Expression of a novel cytochrome
P450 4 T gene in rare minnow (Gobiocypris rarus) following perfluorooctanoic acid
exposure. Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 150, 57–64.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the2−ΔΔCt method. Methods 25, 402–408.

Mandard, S., Müller, M., Kersten, S., 2004. Peroxisome proliferator-activated receptor
alpha target genes. Cell. Mol. Life Sci. 61, 393–416.

Magnadottir, B., 2006. Innate immunity of fish. Fish Shellfish Immunol. 20, 137–151.
Mahley, R.W., 1988. Apolipoprotein E: cholesterol transport protein with expanding

role in cell biology. Science 240, 622–630.
Mahley, R.W., Innerarity, T.L., Rall Jr., S.C., Weisgraber, K.H., 1984. Plasma lipoproteins:

apolipoprotein structure and function. J. Lipid Res. 25, 1277–1294.
Monajemi, H., Fontijn, R.D., Pannekoek, H., Horrevoets, A.J., 2002. The apolipoprotein L

gene cluster has emerged recently in evolution and is expressed in human vascular
tissue. Genomics. 79, 539–546.

Monnot, M.J., Babin, P.J., Poleo, G., Andre, M., Laforest, L., Ballagny, C., Akimenko, M.A.,
1999. Epidermal expression of apolipoprotein E gene during fin and scale
development and fin regeneration in zebrafish. Dev. Dyn. 214, 207–215.

Nagasawa, M., Hara, T., Kashino, A., Akasaka, Y., Ide, T., Murakami, K., 2009.
Identification of a functional peroxisome proliferator-activated receptor (PPAR)
response element (PPRE) in the human apolipoprotein A-IV gene. Biochem.
Pharmacol. doi:10.1016/j.bcp.

Okochi, E., Nishimaki-Mogami, T., Suzuki, K., Takahashi, A., 1999. Perfluorooctanoic
acid, a peroxisome-proliferating hypolipidemic agent, dissociates apolipoprotein
B48 from lipoprotein particles and decreases secretion of very low density
lipoproteins by cultured rat hepatocytes. Biochim. Biophys. Acta 1437, 393–401.

Patel, S., Drew, B.G., Nakhla, S., Duffy, S.J., Murphy, A.J., Barter, P.J., Rye, K.A., Chin-
Dusting, J., Hoang, A., Sviridov, D., Celermajer, D.S., Kingwell, B.A., 2009.
Reconstituted high-density lipoprotein increases plasma high-density lipoprotein
anti-inflammatory properties and cholesterol efflux capacity in patients with type
2 diabetes. J. Am. Coll. Cardiol. 53, 962–971.

Permadi, H., Lundgren, B., Andersson, K., DePierre, J.W., 1992. Effects of perfluoro fatty
acids on xenobiotic-metabolizing enzymes, enzymeswhich detoxify reactive forms of
oxygen and lipid peroxidation in mouse liver. Biochem. Pharmacol. 44, 1183–1191.

Plouffe, D.A., Hanington, P.C., Walsh, J.G., Wilson, E.C., Belosevic, M., 2005. Comparison
of select innate immune mechanisms of fish and mammals. Xenotransplantation.
12, 266–277.

Raghava, G.P.S. 2002. APSSP2: A combination method for protein secondary structure
prediction based on neural network and example based learning. CASP5. A-132.

Sakr, C.J., Kreckmann, K.H., Green, J.W., Gillies, P.J., Reynolds, J.L., Leonard, R.C.J., 2007.
Cross-sectional study of lipids and liver enzymes related to a serum biomarker of
exposure (ammonium perfluorooctanoate or APFO) as part of a general health
survey in a cohort of occupationally exposed workers. Occup. Environ. Med. 49,
1086–1096.

Sana, T.R., Janatpour, M.J., Sathe, M., McEvoy, L.M., McClanahan, T.K., 2005. Microarray
analysis of primary endothelial cells challenged with different inflammatory and
immune cytokines. Cytokine 29, 256–269.

Sato, K., Takahashi, Y., Takahashi, T., Katoh, N., Akiba, Y., 2002. Identification of factors
regulating lipoprotein lipase catalyzed hydrolysis in rats with the aid of monoacid
rich lipoprotein preparations. J. Nutr. Ciochem. 13, 528–538.

Schippers, E.F., Berbée, J.F., van Disseldorp, I.M., Versteegh, M.I., Havekes, L.M., Rensen,
P.C., van Dissel, J.T., 2008. Preoperative apolipoprotein CI levels correlate positively
tein genes in rare minnow (Gobiocypris rarus) and their expression
rt C (2009), doi:10.1016/j.cbpc.2009.09.008

http://dx.doi.org/10.1016/j.cbpc.2009.09.008


O

540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567

568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

595

8 X. Fang et al. / Comparative Biochemistry and Physiology, Part C xxx (2009) xxx–xxx

ARTICLE IN PRESS
with the proinflammatory response in patients experiencing endotoxemia
following elective cardiac surgery. Intensive Care Med. 34, 1492–1497.

Schneider, W.J., Nimpf, J., Bujo, H., 1997. Novel members of the low density lipoprotein
receptor superfamily and their potential roles in lipid metabolism. Curr. Opin.
Lipidol. 8, 315–319.

Smith, E.E., Malik, H.S., 2009. The apolipoprotein L family of programmed cell death and
immunity genes rapidly evolved in primates at discrete sites of host–pathogen
interactions. Genome Res. 19, 850–858.

Staels, B., Van Tol, A., Andreu, T., Auwerx, J., 1992. Fibrates influence the expression of
genes involved in lipoprotein metabolism in a tissue-selective manner in the rat.
Arterioscler Thromb. 12, 286–294.

St Clair, R.W., Beisiegel, U., 1997. What do all the apolipoprotein E receptors do? Curr.
Opin. Lipidol. 8, 243–245.

Temel, R.E., Trigatti, B., DeMattos, R.B., Azhar, S., Krieger, M., Williams, D.L., 1997.
Scavenger receptor class B, type I (SR-BI) is the major route for the delivery of high
density lipoprotein cholesterol to the steroidogenic pathway in cultured mouse
adrenocortical cells. Proc. Natl. Acad. Sci. USA 94, 13600–13605.

Tingaud-Sequeira, A., Forgue, J., André, M., Babin, P.J., 2006. Epidermal transient down-
regulation of retinol-binding protein 4 and mirror expression of apolipoprotein Eb
and estrogen receptor 2a during zebrafish fin and scale development. Dev. Dyn. 235,
3071–3079.

Tso, P., Chen, Q., Fujimoto, K., Fukagawa, K., Sakata, T., 1995. Apolipoprotein A-IV: a
circulating satiety signal produced by the small intestine. Obes. Res. 3, 689–695.

Van Craeyveld, E., Lievens, J., Jacobs, F., Feng, Y., Snoeys, J., De Geest, B., 2009.
Apolipoprotein A-I and lecithin: cholesterol acyltransferase transfer induce choles-
terol unloading in complex atherosclerotic lesions. Gene Ther. doi:10.1038/gt. 2009.8.

Vu-Dac, N., Schoonjans, K., Laine, B., Fruchart, J.C., Auwerx, J., Staels, B., 1994. Negative
regulation of the human apolipoprotein A-I promoter by fibrates can be attenuated
UN
CO

RR
EC

Please cite this article as: Fang, X., et al., The identification of apolipopro
following perfluorooctanoic acid exposure, Comp. Biochem. Physiol. Pa
F

by the interaction of the peroxisome proliferator-activated receptor with its
response element. J. Biol. Chem. 269, 31012–31018.

Vu-Dac, N., Schoonjans, K., Kosykh, V., Dallongeville, J., Fruchart, J.C., Staels, B., Auwerx,
J., 1995. Fibrates increase human apolipoprotein A-II expression through activation
of the peroxisome proliferator-activated receptor. J. Clin. Invest. 96, 741–750.

Wang, Y., Zhou, L., Li, Z., Gui, J.F., 2008. Molecular cloning and expression characterization
of ApoC-I in the orange-spotted grouper. Fish Physiol. Biochem. 34, 339–348.

Wei, Y., Liu, Y., Wang, J., Tao, Y., Dai, J., 2008. Toxicogenomic analysis of the hepatic
effects of perfluorooctanoic acid on rare minnows (Gobiocypris rarus). Toxicol.
Appl. Pharmacol. 226, 285–297.

Xie, Y., Yang, Q., Nelson, B.D., DePierre, J.W., 2003. The relationship between liver
peroxisome proliferation and adipose tissue atrophy induced by peroxisome
proliferator exposure and withdrawal in mice. Biochem. Pharmacol. 66, 749–756.

Xie, X.F., Liao, H.L., Dang, H.X., Pang, W., Guan, Y.F., Wang, X., Shyy, J.Y.J., Zhu, Y., Sladek,
F.M., 2009. Down-regulation of hepatic HNF4 gene expression during hyperinsu-
linemia via SREBPs. Mol. Endocrinol. 23, 434–443.

Xu, S., Laccotripe,M., Huang, X., Rigott, A., Zannis, V.I., Krieger,M., 1997. Apolipoproteins
of HDL can directly mediate binding to the scavenger receptor SR-BI, an HDL
receptor that mediates selective lipid uptake. J. Lipid Res. 38, 1289–1298.

Yue, L., Mazzone, T., 2009. Peroxisome proliferator-activated receptor gamma
stimulation of adipocyte ApoE gene transcription mediated by the liver receptor
X pathway. J. Biol. Chem. 284, 10453–10461.

Zhou, Y., Cheng, S., Hu, W., Sun, M., 1995. A new toxicity test organism—Gobiocypris rarus.
Zool. Res. 16, 59–63.

Zhou, L., Wang, Y., Yao, B., Li, C.J., Ji, G.D., Gui, J.F., 2005. Molecular cloning and
expression pattern of 14 kDa apolipoprotein in orange-spotted grouper, Epine-
phelus coioides. Comp. Biochem. Physiol. B 142, 432–437.
TE
D P

RO

tein genes in rare minnow (Gobiocypris rarus) and their expression
rt C (2009), doi:10.1016/j.cbpc.2009.09.008

http://dx.doi.org/10.1016/j.cbpc.2009.09.008

	The identification of apolipoprotein genes in rare minnow (Gobiocypris rarus) andtheir expression following perfluorooctanoic acid exposure
	Introduction
	Materials and methods
	Fish, exposure, and sampling procedure
	Total RNA isolation and reverse transcriptase reactions
	Amplification of rare minnow apolipoprotein fragments
	Cloning of the full-length cDNA of ApoA-I
	Sequence alignment and analysis
	Histopathological analysis
	Quantitative real-time PCR
	Statistical analyses

	Results
	The cDNA sequences of apolipoproteins and HNF4α in rare minnow
	Sequence analyses
	Hepatic histopathology
	Expression of apolipoproteins and related genes following exposure to PFOA

	Discussion
	Acknowledgements
	References




