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Abstract Water pollution of heavy metals such as
cadmium is a serious problem in China. Cadmium is toxic
to cellular processes such as the transport and metabolism
of iron. The nucleotide sequences of serum transferring
(c-sTf) and hepcidin (c-Hep) genes from croceine croaker
(Pseudosciaena crocea) were determined. The full-length
cDNAs of c-sTf and c-Hep were 2,486 and 850 nt, respec-
tively. After cadmium exposure (CdE), Wsh serum iron
increased signiWcantly and reached a high level at 24 h,
after which it decreased and reached normal levels after
72 h. TIBC increased to a high level at 24 h and maintained
that to the end of the experiment. Tf saturation increased to
a high level at 24 h, then decreased and returned to normal
after 72 h. Higher erythrocyte numbers in the blood were
found after 24 h. c-sTf mRNA in Wsh liver signiWcantly
increased at 24 h and maintained to the end of the experi-
ment. c-Hep mRNA expression signiWcantly increased at
24 h and reached a high level at 48 h, then decreased to nor-
mal by 72 h. Therefore, it suggests that iron status was the
signal for mRNA expression of hepcidin in liver, while
erythrocytes changes in blood were the signals for that of
sTf.
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Introduction

Cadmium (Cd) is a heavy metal toxic to cellular pro-
cesses by disrupting mitochondrial function (Miccadei
and Floridi 1993; Koizumi et al. 1994) and interfering
with the transport and metabolism of many essential met-
als, such as iron, copper and zinc (Chang 1992; Davies
and Campbell 1977). It has long been known that
cadmium can decrease the intestinal absorption of iron,
with many studies showing the reduction of iron levels in
the liver and other organs, when animals are subjected to
dietary cadmium loading (Hamilton and Valberg 1974).
It was found that iron levels in fetuses are reduced when
pregnant rats are exposed to cadmium (Petering et al.
1979; Whelton et al. 1993). Several studies have been
made on the eVect of cadmium on the hematological
functions in Wsh such as Tilapia (Wu and Deng 2006) and
common carp (Drastichová et al. 2004). Being aVected
by cadmium exposure, changes in the erythrocyte proWle
and oxyhemoglobin aYnity suggested a compensation of
oxygen deWcit in the body. However, little work has been
done to examine the interactions between iron loading
and cadmium exposure and the molecular eVects of
cadmium on iron metabolism.

After the 1980s, water-based farming became popu-
larized in southeast China. Croceine croaker (Pseudos-
ciaena crocea) has the largest yield of any species in
Chinese marine net-cage farming and Xiangshan harbor,
Ningbo city is an important production center. On the
other hand, with the development of industry and
increasing populations around Xiangshan harbor, water
pollution by heavy metals increased severely year by
year and caused serious damage to Wsh yields and qual-
ity. Studies were therefore initiated to clarify and
resolve these problems.
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Serum transferrin (sTf), which is a member of the Tf
family, is synthesized by cells in the liver and secreted into
the blood. sTf exists in three diVerent forms: diferric Tf,
monoferric Tf and apoTf (Leibman and Aisen 1979). The
three forms of Tf have diVerent aYnities for TfR1 and
diferric Tf have the greatest aYnity (Young et al. 1984). A
high level of Tf saturation results in a high level of diferric
Tf. As the major circulating serum iron-binding protein, sTf
appears to be a signal for iron body status and the level of
Tf saturation could act as a signal for mechanisms that
maintain iron balance. Similar sequences have also been
identiWed in the serum of mammals, birds, a marsupial,
amphibians and Wsh (Long and Yu 2007; Yang et al. 1984;
Kvingedal et al. 1993).

Hepcidin is structurally similar to cysteine rich, cat-
ionic, antimicrobial peptides, including the defensins and
some cathelicidins. Expression of hepcidin mRNA is
mostly conWned to the liver with low levels being found in
the muscle, intestine, stomach, colon, lungs and heart
(Park et al. 2001; Pigeon et al. 2001). The involvement of
hepcidin in iron metabolism was determined by evalua-
tion of the eVects of its deWciency or excess in transgenic
mouse models (Lou et al. 2004; Lesbordes-Brion et al.
2006). It was suggested that that hepcidin might inhibit
intestinal iron absorption, block iron transport across the
placenta and induce iron sequestration in macrophages.
Obviously, hepcidin is small peptide with a central posi-
tion in the regulation of iron recycling and balance, and
iron levels, oxygen concentration, and inXammation regu-
late its expression. Hepcidin is relatively conserved in
diVerent vertebrate species.

In this study, we report the molecular cloning of full-
length cDNAs encoding sTf and hepcidin from the liver of
croceine croaker. Changes in serum iron, total iron binding
capacity, Tf saturation, erythrocyte numbers and in the
mRNA expression of sTf and hepcidin in the liver of croce-
ine croaker aVected by cadmium exposure were also deter-
mined.

Materials and methods

Animals and regents

Male adult and juvenile croceine croaker Wsh were kindly
provided by Ningbo Hai-wan Marine Breeding Center,
Xiangshan city, Zhejiang province, People’s Republic of
China. Croceine croaker Wsh were reared for 48 h in a 200-l
pool with fresh sea water before use. All the primers were
synthesized by Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd, Shanghai, China. All
other reagents used were of analytical grade.

RNA isolation and the Wrst-strand cDNA synthesized

Total RNAs were extracted from the liver of male adult
croceine croaker using RNAiso regents (TaKaRa Ltd,
Kyoto, Japan). The Wrst-strand cDNA was then synthesized
using avian myeloblastosis virus (AMV) reverse transcrip-
tase (TaKaRa Ltd, Kyoto, Japan) according to the manufac-
turers’ instructions and with CDSIII as the initial primer
(Table 1).

Cloning of the complete sTf and hepcidin genes

Degenerate primers were designed based on conserved
regions of known sTf and hepcidin amino acid sequences
from diVerent Wsh, Tfd1a(+) for sTf and Hepd1a(+) for
hepcidin. Tfd1a (+) [or Hepd1a(+)] and CDSIII-A were
used in PCR to amplify the nearly full length fragment of
sTf and hepcidin mRNA respectively (Table 1). 5�-RACE
was done to ensure ampliWcation of the complete 5�-end
sequence using the SMART RACE cDNA AmpliWcation
Kit (Clontech Laboratories, Mountain View, CA, USA)
according to the manufacturer’s protocols. The LA Taq
DNA polymerase system (TaKaRa Ltd, Kyoto, Japan)
was used and the lower Tm of the primer pairs was
selected as the annealing temperature during PCR ampliW-

Table 1 Primers used in this 
study

Primer Nucleotide sequence

CDSIIIa 5�- ATTCTAGAGGCCGAGG CGGCCGACATG(T)30 VN -3�

Tfd1a(+)a 5�-GARGCNGAYGCNATNACNYTNGAYGGNGG-3� 

Hepd1a(+)a 5�- ATGAARACNTTYAGYGTNGCNGTNGCNGT -3�

CDSIII-A 5�- TCTAGAGGCCGAGGCGGC CGACA -3�

Tf-test(+) 5�- TGCCAATCACCGATTACGCC -3�

Tf-test(¡) 5�- GCAGGTGTGGAAAGTG CAAG -3�

Hep-test(+) 5�- ATGAAGG CATTCAGCATTGCAG -3�

Hep-test(¡) 5�- GAACCTGCAGCAGAAACCGC -3�

actinF2(+)a 5�- CCNGAYGGNCARGTNATHACNAT -3�

actinR2(¡)a 5�- TCNGGNGGNGCDATDATYTTDAT -3�

a R = A and G; Y = T and C; 
N = A, T, C and G; D = A,T,G; 
H = A,T,C; V = A,G,C
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cation. Successful ampliWcation of fragments of the
expected size was conWrmed by electrophoresis through
1% (w/v) agarose gels. PCR fragments were puriWed
using the QIAGEN Gel Extraction Kit (QIAGEN GmbH,
Hilden, Germany) and cloned into the pGEM-T vector
(Promega, Madison, USA) following the manufacturers’
protocols. Additional primers were designed to internal
sequences for sequencing. At least three independent
clones were auto-sequenced in both directions by the ABI
PRISM™ 3770 DNA Sequencer. The cleavage site of sig-
nal peptides was predicted by SignalP 3.0 program (http://
www.cbs.dtu.dk/services/SignalP/). Sequence comparison
and Phylogenetic tree analysis were done using the DNA-
STAR Megalign program (DNASTAR Inc. Madison,
USA).

Cadmium exposure

Cadmium was added as CdCI2 (Sigma, St Louis, USA)
with 98% purity and no contamination by iron. Preliminary
tests of Wsh tolerance to diVerent Cd2+ concentrations(0.03,
3, 6 and 9 mg/l) showed that adult croceine croaker was
very easy to kill under laboratory conditions, while juvenile
Wsh could survive for more than 3 days within 3 mg/l Cd2+

exposure (CdE). Therefore, an experimental group aVected
by 3 mg/l of CdE and a control group were used in order to
investigate severe reactions. Oxygen saturation of the water
ranged between 90 and 99%. Fish were fed commercial Wsh
food pellets. Juvenile Wsh at 17.4–18.2 cm total length and
85.5–94.2 g body weight were used in the present study.
Twenty juvenile Wsh were used for the treatment group and
20 for the control. The baths were changed every day. Sam-
ples (four Wsh each) were taken after 0, 12, 24, 48 and 72 h
CdE. At the same time, the control group of Wsh was also
examined.

Determination of serum iron, total iron binding capacity, Tf 
saturation and erythrocyte number aVected by cadmium 
exposure

Blood was collected from the caudal vessels with a 1-ml
plastic syringe and a 25-G needle. The syringe was pre-
treated with heparin solution (3 £ 105 units/ml, Sigma,
USA) to prevent blood coagulation. Iron Assay and
Total Iron-binding Capacity Kits (Biosino Bio-technol-
ogy and Science INC, Shanghai, China) were used to
determine serum iron (SI), total iron binding capacity
(TIBC) and Tf saturation according to the manufac-
turer’s instructions. Absorbance at 540 nm was
measured using a SmartSpec3000 spectrophotometer
(Bio-Rad, Hercules, CA, USA). Erythrocyte numbers in
the blood were calculated using the method described by
Wu and Deng (2006).

Determination of sTf and hepcidin mRNA expression 
in liver aVected by cadmium exposure

Total RNA puriWed from liver tissues excised after 0, 12,
24, 48 and 72 h of exposure to Cd2+, using TaKaRa RNA-
iso Reagent. Fifty nanograms of the extracted RNA were
used for RT-PCR ampliWcation using RNA PCR Kit
(AMV) Ver.3.0 (TaKaRa Ltd, Kyoto, Japan) with primer
pairs for sTf [Tf-test(+) and Tf-test(¡)] and hepcidin [Hep-
test(+) and Hep-test(¡)] respectively (Table 1). As an inter-
nal PCR control, a pair of degenerated primers actinF2(+)
and actinR2(¡) were designed and used to amplify a frag-
ment of the housekeeping �-actin gene (Table 1).

Statistical analysis

Data were expressed as means § SD and analyzed by one-
way analysis of variance (ANOVA). A Duncan multiple
range test considering P · 0.05 as signiWcant followed the
analysis.

Results

Cloning of the complete Tf and hepcidin genes of croceine 
croaker

Using primer pairs Tfd1a(+)/CDSIII-A, a 2.2 kb speciWc
fragment was ampliWed, cloned and sequenced. 5�-RACE
was done to amplify the complete 5�-end sequences of
croceine croaker sTf (c-sTf). The complete nucleotide (nt)
sequence of c-sTf was 2,486 nt in size, containing an ORF
of 2,070 nt. The predicted protein had 690 amino acid resi-
dues (74.0 kDa) which was comparable in size to that of the
sTf from other species. The c-sTf sequence has an ATG ini-
tiating codon at nt 35–37, followed by a hydrophobic
sequence, characteristic of a typical signal peptide sequence.
The predicted cleavage site was most likely between amino
acids 18 and 19 (VSA/AP). The 3�UTR of c-sTf cDNA was
379 bp long and contained two typical polyadenylation sig-
nals “AATAAA” at nt 356–361 and 360–365, respectively.
The amino acid sequence of c-sTf was aligned with those of
the other completely sequenced sTf proteins and the
expected, well-characterized, motifs are not presented in
detail here. c-sTf grouped tightly with those from red sea
bream (Pagrus major), black sea bream (Acanthopagrus
schlegelii), Nile tilapia (Oreochromis niloticus) and medaka
(Oryzias latipes) in phylogenetic tree analysis, sharing 50.7–
52.0% amino acid identity to that of the members of the
family Cyprinidae, and 58.4–81.2% to that of other Wsh.

Using primer pairs Hepd1a(+)/CDSIII-A, a c.500 bp
speciWc fragment was ampliWed, cloned and partially
sequenced. 5�-RACE was then done to amplify the
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complete 5�-end sequences of croceine croaker hepcidin
(c-Hep). The complete nucleotide sequence of c-Hep was
850 nt in size, containing an ORF of 270 nt. The predicted
c-Hep had 90 amino acid residues (10.0 kDa) which was
comparable in size to that of hepcidin from other species.
The c-Hep sequence has an ATG initiating codon at nt 255–
257, followed by a hydrophobic sequence, characteristic of
a typical signal peptide sequence. The predicted cleavage
site was most likely between amino acids 24 and 25 (SSA/
VP). The 3�UTR of c-Hep cDNA was 323 bp long and con-
tained a typical polyadenylation signal “AATAAA” at nt
822–827. c-Hep grouped with those from turbot (Scoph-
thalmus maximus) and bastard halibut (Paralichthys oliva-
ceus) in phylogenetic tree analysis, sharing respectively
88.7 and 77.3% amino acid identity to them but only 40.2–
63.9% to that of other Wsh.

Changes in serum iron, total iron binding capacity, 
Tf saturation and erythrocyte numbers aVected by cadmium 
exposure

Changes in serum iron, total iron binding capacity, Tf satu-
ration and erythrocyte number of both the control and CdE
Wsh under study are shown in Table 2.

Compared to control specimens, serum iron increased sig-
niWcantly and reached a high level after 24–48 h CdE. How-
ever, serum iron decreased to a normal level by 72 h. TIBC
reached a high level after 24 h CdE and maintained that until
the end of the experiment. Tf saturation increased after 12 h
CdE and reached a high level after 24 h. Thereafter it
decreased and reverted to normal levels after 72 h. Higher
erythrocyte numbers in the blood were found after 24 h CdE.

c-sTf and c-Hep mRNA expression changes in liver 
aVected by cadmium exposure

Results of the expression changes of c-sTf and c-Hep
mRNA in Wsh liver of both control and experimental Wsh
under study are shown in Fig. 1.

There was no change in the expression of c-sTf mRNA
after 12 h CdE but it then increased signiWcantly. A small
increase in the expression of c-Hep mRNA was detected
after 12 h CdE with larger, signiWcant, increases after 24
and 48 h followed by a decrease to normal levels after 72 h.

Discussion

At a certain level, the relationships of the diVerent sTf pro-
teins coincided well with the evolutionary relationships of
their organisms. The wide occurrence and similarity of Tf
in diVerent species suggests that is has been quite strongly
conserved, but the great divergence of sTf in the members
of family Cyprinidae and other Wsh was also found, sug-
gesting that sTf would be important for the environmental
adaption of Wsh. Transport of cadmium in plasma of com-
mon carp (Cyprinus carpio) was found to be diVerent from
that of brown trout (Salmo trutta) and human, where cad-
mium was mainly bound to albumin and transferrin. The
absence or at least the very low concentrations of albumin
in common carp plasma suggested the prominent binding of
cadmium to transferrin (De Smet et al. 2001). sTf of cru-
cian carp (Carassius auratus) had stronger Fe3+-binding
ability and transportation ability in plasma than that of
sliver carp (Hypophthalmichthys molitrix) (Long and Yu
2007). Therefore, it would be interesting to investigate the
relationship of sTf variation and possible resistance to cad-
mium toxicity among Cyprinidae and other families. In
Antarctic iceWsh (Chionodraco hamatus) intramuscularly
injected with CdCl2, sTf was identiWed as the gene down-
regulated by cadmium (Carginale et al. 2002). However,
our work showed some diVerences to those previous reports
which were possible caused by the diVerent methods of
cadmium treatment. In our experiments, waterborne Cd2+

was kept in steady and high concentration.
Waterborne cadmium can interfere with the transport

and metabolism of many essential metals including iron
(Chang 1992; Davies and Campbell 1977). Frazer et al.

Table 2 Changes in serum iron, TIBC, Tf saturation and erythrocyte numbers of croceine croaker aVected by 3 mg/l Cd2+ exposure for 12, 24, 48
and 72 h

CG means control group and CdEG means Cd2+ exposure group

*P · 0.05 was considered signiWcant

Time (h) Serum Fe (�mol/l) TIBC (�mol/l) TF saturation (%) Erythrocyte numbers (104/mm3)

CG CdEG CG CdEG CG CdEG CG CdEG

0 12.09 § 1.62 11.82 § 1.38 44.12 § 2.67 43.66 § 3.01 10.81 § 1.17 11.12 § 1.38 21.8 § 8.7 20.2 § 7.3

12 12.51 § 1.33 15.63 § 2.07 43.95 § 2.85 48.72 § 3.65 10.37 § 1.04 13.22 § 1.65 23.5 § 5.2 27.3 § 8.1

24 12.27 § 1.36 23.08 § 2.90* 44.00 § 3.21 65.91 § 5.92* 10.45 § 0.88 15.13 § 2.69* 22.6 § 7.9 46.5 § 14.3*

48 11.89 § 1.54 19.26 § 2.23* 43.73 § 1.94 64.98 § 5.01* 11.23 § 1.27 12.26 § 2.01 23.5 § 20.3 36.2 § 10.7*

72 12.40 § 1.16 13.12 § 1.67 44.68 § 3.08 65.12 § 6.29* 10.92 § 1.53 10.06 § 1.07 21.3 § 19.2 43.9 § 12.2*
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(2002) proposed that the liver detects iron body status, reX-
ected by the level of diferric Tf, by the way of HFE and
TfR2 expressed on hepatocyte plasma membranes. A high
iron status reXected in a high level of diferric Tf, leads to
increased diferric Tf–TfR1 interaction and a subsequent
increase of the amount of free HFE on the hepatocyte sur-
face. Increased free HFE enhances stimulation of an
unknown signal transduction pathway, which in turn is
responsible for increased expression of hepcidin. The
results reported in this paper coincide well with this model.

Cd2+ exposure caused an increase serum iron and a high
iron status, reXected in a high level of diferric Tf. When the
body detected the high level of diferric Tf, hepcidin mRNA
expression in liver increased. At the same time, an
increased rate of erythropoiesis may be induced which was
possible a signal of an increased body demand for sTf to
transfer iron for hemoglobin synthesis. Tf mRNA expres-
sion in liver increased according to this change. Several
days after Cd2+ exposure, serum iron and Tf saturation were
restored to a normal level, but TIBC remained high. At the
same time, c-Hep mRNA expression in liver also
decreased. However, c-sTf mRNA expression in liver was
still held at a high level. Higher erythrocyte numbers in the
blood and changes in erythrocyte parameters such as cell
volume and shape were found, suggesting persistent dam-
ages on erythrocytes and a high rate of erythropoiesis
(Roche and Boge 1996). Therefore, it suggests that iron sta-
tus was the signal for mRNA expression of hepcidin in
liver, while changes in blood erythrocytes were the signals
for that of sTf.

The transferrin and hepcidin sequences of croceine
croaker reported here were deposited in the EMBL/Gen-
bank/DDBJ databases with the accession numbers
AM709639 and AM748024 respectively.
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