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Abstract Angiotensinogen (AGT) is thought to be an acute phase protein, because in mam-
mals its plasma concentrations increase during inflammation induced by lipopolysaccharides
(LPS). A full-length cDNA clone of the AGT gene, 1828 bp in size, was isolated from the fish
ayu (Plecoglossus altivelis). Its deduced amino acid sequence of 462 residues had 57.7e68.6%,
30.2% and 23.3e27.4% identity to those sequenced from other fish, chicken and mammals, re-
spectively. Ayu-AGT is most closely related to that of silver sea bream and the phylogenetic tree
largely reflects the currently accepted animal relationships. In healthy control fish, AGT tran-
scripts were found to be present in a number of tissues including brain, spleen, liver, kidney
and intestine. The amplification was found to be the highest in the liver. In Aeromonas hydrophi-
la-infected ayu, AGT transcripts significantly increased in various tissues, suggesting a possible
relationship between AGT mRNA expression and the vascular inflammation caused by bacterial
infection. AGT transcripts could be detected in the heart and gill of bacteria-infected ayu that
were not detected in control fish, but still not in the muscle. This is the first report of changes in
fish AGT transcripts upon bacterial infection.
ª 2008 Elsevier Ltd. All rights reserved.
Ayu (Plecoglossus altivelis) is an important cultured
freshwater fish in Japan and China. Infectious diseases
have often occurred due to high stocking density and dele-
terious changes in the environment [1e3]. In recent years,
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a bacterial disease, ayu bacteremia (also known as blood
poisoning or toxemia) caused by Aeromonas hydrophila,
has posed a serious threat to cultured ayu in Mainland
China. The diseased fish show typical haemorrhage in vis-
cera, fins and gills and therefore ayu genes related to blood
vessel inflammation are of interest. Angiotensinogen (AGT)
is thought to be an acute phase protein [4], because its
plasma concentrations increase during acute inflammation
.
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induced by lipopolysaccharides (LPS) [5,6]. AGT is cleaved
by renin to form angiotensin I (Ang I), the precursor to
Ang II. The concentration of AGT is rate-limiting for the
generation of Ang II. The active peptide, Ang II is highly
conserved amongst all studied vertebrates [7]. The current
data suggest that Ang II modifies several steps of the inflam-
matory response, such as increase of vascular permeability,
leukocyte infiltration, tissue hypertrophy/proliferation,
and fibrosis [8,9]. AGT cDNA was first cloned by Ohkubo
and coworkers [10] from rats in 1983 but only a few fish
AGT genes have been completely determined, including
zebrafish (Danio rerio) (AY049731 [11], pufferfish (Takifugu
rubripes) (BK001021) [11] and silver sea bream (DQ136311)
[12]. In this paper, we report the molecular cloning of
a full-length cDNA encoding ayu-AGT, the angiotensinogen
from the liver of the fish ayu, and the phylogenetic rela-
tionships of ayu-AGT with the known homologues from
other species. The mRNA expression profiles of ayu-AGT
gene in healthy and A. hydrophila-infected fish were also
determined by RT-PCR.

Healthy ayu were purchased from the market in Ningbo
city, Zhejiang province, China. Total RNAs were extracted
from healthy ayu liver tissue using RNAiso reagents and
mRNA was obtained using Oligotex-dT30<super> (TaKaRa).
The TaKaRa cDNA Library Construction Kit (TaKaRa) was
used according to the manufacturer’s protocols for cDNA
library construction. A random set of 98 clones was partially
sequenced. After BLASTP search using partial sequences, 5
out of 98 clones showed high sequence similarity to those
sequences encoding AGT and shared >99% nucleotide
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Figure 1 Phylogenetic (neighbor-joining) analysis of AGT amino a
(BC083441) as the outgroup. The values at the forks indicate the p
strapping (1000 replicates; shown only when >60%). The scale bar s
of sequences used are ayu (Plecoglossus altivelis), AM921805; silve
fugu rubripes), BK001021; zebrafish (Danio rerio), AY049731; chick
phis domestica), XM_001379173; dog (Canis familiaris), XM_53634
ammon), D17520; rat (Rattus norvegicus), NM_134432; mouse (Mus
AJ132343; crab-eating macaque (Macaca fascicularis), AB170313;
(Pongo pygmaeus), CR859305; common chimpanzee (Pan troglody
western lowland gorilla (Gorilla gorilla), AF188488.
identity amongst themselves. The longest clone was com-
pletely sequenced.

Full-length ayu-AGT cDNA contains 1828 bp with an open
reading frame of 1386 bp, coding for 462 amino acids. Ayu-
AGT cDNA clone has an ATG initiating codon at nucleotides
(nts) 68e70, followed by a hydrophobic sequence, charac-
teristic of a typical signal peptide sequence. The predicted
cleavage site of ayu-AGT was most likely between amino
acids 22 and 23 (SQA/NR), since reports for other species in-
clude ART/NR in zebrafish, SQA/NR in silver sea bream and
pufferfish, VGC/DR in chicken, VAS/DR in short-tailed opos-
sum and A(or T)A(or T, L)G/DR in other mammals. The 30-
UTR of ayu-AGT cDNA was 372 bp long. From the sequence
information, it can be deduced that ayu produces putative
AGT that cleaves [Asn1, Val5, Asn9]-Ang I (Asn1-Arg2-Val3-
Tyr4-Val5-His6-Pro7-Phe8-Asn9-Leu10) from the N-terminus
of the protein. Subsequent cleavage of [Asn1, Val5, Asn9]-
Ang I by ACE gives [Asn1, Val5]-Ang II, which has a similar
structure to mammalian Ang II [13]. From the amino acid
sequence analysis, ayu-AGT has a relatively higher similar-
ity to that of the silver sea bream (68.6%) than to that of
the pufferfish (60.4%) and zebrafish (57.7%). It had, respec-
tively, 30.2% and 23.3e27.4% identity to those sequenced
from chicken and mammals, indicating that fish AGTs are
distinct from those of higher vertebrates.

Based on AGT sequences, the phylogenetic relationship
between representatives from different vertebrate line-
ages was evaluated and from the constructed phylogenetic
tree, it appears that ayu-AGT is most similar to that of
silver sea bream (Fig. 1). Fish AGTs grouped tightly and
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Table 1 Ayu angiotensinogen (AGT) mRNA expression
changes upon Aeromonas hydrophila infection

Tissue Relative intensity of RT-PCR product
of angiotensinogen per b-actin

Control 12 hpi 24 hpi

Liver 2.16� 0.25 8.47� 1.92a 10.29� 2.56a

Spleen 0.24� 0.07 0.28� 0.05 0.36� 0.09a

Kidney 0.17� 0.04 0.21� 0.07 0.28� 0.10a

Intestine 0.51� 0.10 1.05� 0.18a 1.56� 0.22a

Heart Not detected 0.11� 0.04a 0.15� 0.06a

Gill Not detected Not detected 0.99� 0.15a

Muscle Not detected Not detected Not detected
Brain 0.26� 0.05 0.41� 0.09a 0.49� 0.07a

AGT expression was described as relative intensity of RT-PCR
product of AGT per b-actin in semi-quantitative RT-PCR assay
(n Z 4).

a Means significant difference.
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formed a small cluster, while mammalian AGTs formed
another large cluster. Chicken AGT fell between the large
mammalian cluster and the small fish cluster. Thus the
phylogenetic tree of AGT sequences largely reflects the
currently accepted relationships (Fig. 1). A zebrafish serpin
(serine proteinase inhibitors) showed an evolutionary rela-
tionship to AGTs, indicating it as the possible ancestral
origin of AGTs (Fig. 1).

Adult ayu were infected with A. hydrophila (1.5� 106 CFU)
by intraperitoneal injection. At about 12 h post-injection
(hpi),behavioural symptomswereobserved in theayu, includ-
ing erratic swimming behavior or swimming abnormally near
the surface of the water with an increased rate of respiration.
At about 24 hpi, haemorrhagic symptoms were observed
which manifested as intraperitoneal fluid accumulation and
haemorrhages in gills and fins. These fish typically died
between 36 and 48 h. Groups of control fish, injected with
saline, showed no signs of infection, even when examined
over an extended period (up to 10 days). To examine the
mRNA expression changes upon A. hydrophila infection,
50 ng of total RNA from the gill, brain, heart, kidney, liver,
muscle, and spleen of the infected fish were collected at
12 hpi and 24 hpi and purified using RNAiso regents. RT-PCR
amplification was done using the RNA PCR Kit (AMV) Ver.3.0
with primers pAGT(þ): 50-AGGACTCCTGGAACTGTCTC-30 and
pAGT(�): 50-GCATAAGTATGGCG TTGGAG-30, which would
amplify a 308 bp fragment of the AGT gene. As an internal
PCR control, primers p-actin(þ): 50-ATCCTGCGTCTG
GATCTGGC-30 and p-actin(�): 50-GTGATGACCTGTCCGT
CAGG-30 were used to amplify a 224 bp fragment of the house-
keeping b-actin gene. Semi-quantitative RT-PCR was
optimized using the method reported for silver sea bream
AGT [12]. The cycle numbers that gave half-maximal intensity
were 27 and 26 for AGT and b-actin, respectively. Data were
expressed as mean� SD and analyzed by one-way analysis of
variance (ANOVA). A Duncan multiple range test considering
P� 0.05 as significant followed the analysis.

In control fish, ayu-AGT mRNA was found to be present in
a number of tissues including brain, spleen, liver, kidney
and intestine (Table 1, Fig. 2), but no signal was detected in
muscle, heart and gill, which was similar to that reported in
silver sea bream [12], zebrafish and pufferfish [11]. The
Figure 2 RT-PCR analysis of AGT mRNA expression in various tissu
Ayu genomic DNA as template and (2) negative control. b-Actin am
products is shown on the right.
amplification was found to be the highest in liver. At
12 hpi, the expression levels of AGT gene were significantly
increased in liver, brain, heart and intestine (Table 1,
Fig. 2). At 24 hpi, the expression levels of AGT gene were
significantly increased in all tested tissues excluding muscle
(Table 1, Fig. 2). It was interesting that there were detect-
able AGT transcripts in the heart and gill of bacteria-
infected ayu fish (Table 1, Fig. 2) that were not detected
in control fish and have not been reported previously, sug-
gesting gill and heart could express AGT under pathological
conditions.

In the present study, the nucleotide sequence of full-
length cDNA clone of ayu-AGT gene was determined. AGT is
comparatively variable indicating that the protein was
subjected to extensive divergence in evolution although
currently accepted relationships were broadly reflected in
the phylogenetic tree (Fig. 1). Compared with other known
Ang I sequences in fish species, ayu Ang I is significantly
similar to the common fish-type Ang I (Asn1-Arg3-Val3-Tyr4-
Val5-His6-Pro7-Phe8-X9-Leu10) except at position 9, which
is known to be highly variable among different species
es of control and Aeromonas hydrophila (Ah) infected ayu. (1)
plification was included as an internal control. The size of the
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[14]. At position 5, most non-mammalian Ang I have Val
except for the flounder, silver sea bream and dogfish [13].
However, the variation at position 5 does not seem to affect
the biological activity in fishes [13].

In the experiment to determine tissue distribution, the
highest mRNA signal for ayu-AGT was detected in the liver,
the primary organ that produces circulating AGT. Ayu-AGT
mRNA expression could be clearly detected in the gill and
heart of ayu fish following bacterial infection and related
haemorrhage. However, mRNA expression of ayu-AGT gene
was not detected in the muscle. In previous reports,
a single administration of bacterial LPS upregulated
steady-state AGT mRNA levels 5-fold in experimental rats
[15]. Our study of the bacteria-infected ayu, with (after
24 h) or without haemorrhage (sampled at 12 h post-
infection), showed that AGT mRNA was significantly
increased in various tissues. A. hydrophila infection might
stimulate ayu-AGT transcription by LPS firstly and subse-
quently by the decrease in blood volume. Therefore,
AGT mRNA expression was closely related to the vascular
inflammation caused by bacterial infection (Table 1,
Fig. 2). The current data suggest that Ang II modifies sev-
eral steps of inflammatory response. It was suggested that
the positive feedback mechanism of AGT by Ang II has al-
ready evolved in teleosts, and that this mechanism may be
involved in the maintenance of AGT secretion under rest-
ing and hypertensive conditions [12]. However, further
studies are needed to determine whether there is a similar
mechanism involved in bacterial infection of fish. This is
the first report of changes in fish AGT transcripts upon
bacterial infection.

The cDNA sequence of liver angiotensinogen gene in ayu
(P. altivelis) reported here was deposited in the EMBL/
GenBank/DDBJ databases with the accession number
AM921805.
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