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Abstract The objective of this study is to investigate
the levels, inter-species-specific, locational differences
and seasonal variations of vanadium in sea cucumbers
and to validate further several potential factors con-
trolling the distribution of metals in sea cucumbers.
Vanadium levels were evaluated in samples of edible
sea cucumbers and were demonstrated exhibit differ-
ences in different seasons, species and sampling sites.
High vanadium concentrations were measured in the
sea cucumbers, and all of the vanadium detected was in
an organic form. Mean vanadium concentrations were
considerably higher in the blood (sea cucumber) than in
the other studied tissues. The highest concentration of
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vanadium (2.56 pg g~ '), as well as a higher degree of
organic vanadium (85.5 %), was observed in the
Holothuria scabra samples compared with all other
samples. Vanadium levels in Apostichopus japonicus
from Bohai Bay and Yellow Sea have marked seasonal
variations. Average values of 1.09 pg g~' of total
vanadium and 0.79 pg g~ of organic vanadium were
obtained in various species of sea cucumbers. Sig-
nificant positive correlations between vanadium in the
seawater and V, in the sea cucumber (r = 81.67 %,
p =0.00), as well as between vanadium in the
sediment and V., in the sea cucumber (r = 77.98 %,
p = 0.00), were observed. Vanadium concentrations
depend on the seasons (salinity, temperature), species,
sampling sites and seawater environment (seawater,
sediment). Given the adverse toxicological effects of
inorganic vanadium and positive roles in controlling the
development of diabetes in humans, a regular monitor-
ing programme of vanadium content in edible sea
cucumbers can be recommended.

Keywords Vanadium - Sea cucumber - Tissues

distribution - Inter-species-specific differences -
Locational differences - Seasonal variations

Introduction

Vanadium is an essential element for many living
organisms, including humans (Erdem et al. 2011).
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Vanadium can exist in many oxidation states from —1
to 45, but it is most commonly found in the +4 and +5
states (Burba and Willmer 1986). In certain com-
pounds, the oxide and a number of other salts of
vanadium are toxic to living organisms at mg L™
level. Foods contain low vanadium concentrations, but
the estimated daily intake ranges from 10 to 60 mg
(Evangelou 2002). An important role of vanadium in
marine organisms is of an active centre of enzymes,
such as the vanadium bromoperoxidase of some ocean
algae (Clague et al. 1993), but its precise role and
mechanism in mammals remains to be studied.

Vanadium was reported to mimic the metabolic
effects of insulin in rat adipocytes (Heyliger et al.
1985), and vanadium was observed to act in an insulin-
like manner in muscle and liver, as well (Gil et al. 1988;
Brichard et al. 1992). Compounds of the trace element
vanadium were shown to improve glucose homoeosta-
sis and insulin resistance in animal models of type 1 and
type 2 diabetes mellitus (Srivastava and Mehdi 2005) as
well as in a small number of diabetic human subjects
(Kobayashi and Olefsky 1979; Ramachandran et al.
2003, 2004a, b). Most of the vanadium complexes to
date investigated for their possible antidiabetic activity
were poorly absorbed in their inorganic forms and
required high doses, which have been associated with
undesirable side effects (Sakurai et al. 2000; Ra-
machandran et al. 2003; Pillai et al. 2013). Subsequent-
ly, various organo-vanadium compounds have been
exploited for their anti-diabetic properties without overt
signs of toxicity (Clark et al. 2014).

Food is the major source of exposure to vanadium
for the general population (Barceloux and Barceloux
1999; large amounts of vanadium ions are observed in
small number of organisms. Henze et al. discovered
high levels of vanadium in the blood cells of an
ascidian approximately 100 years ago (Henze 1911).
The vanadium concentration in this species can reach
350 mM, which is 107 times as much as the concen-
tration found in seawater (35 nM) (Heyliger et al.
1985). Vanadium-binding proteins (vanabins), which
can accumulate high levels of vanadium, were first
discovered by Michibata et al. (Ueki et al. 2003). The
vanabins were then isolated from ascidians, and their
features and mechanism of vanadium accumulation
were studied (Ueki et al. 2007, 2008, 2009; Kawakami
et al. 2009).

The majority of the organisms taken from aquatic
environments for human consumption are derived
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from marine ecosystems. Heavy metal pollutants in
the marine environment have been shown to bioaccu-
mulate in marine organisms, and many marine animals
can accumulate heavy metals. These accumulated
metals can originate from food, water or sediment, and
their relative importance varies with the metal and the
nature of the organism (Jennings and Rainbow 1979).
Vanadium accumulation in invertebrates has not been
evaluated to date. Sea cucumbers are marine inverte-
brates of the phylum of Echinodermata that have
traditionally been used as a healthy food and medicinal
resource since ancient times (Chen 2004). Previous
studies have confirmed that it contains various types of
bioactive materials, such as sulphated polysaccharide,
saponin, collagen and glycosylsphingolipid (Takashi
et al. 2005; Wang et al. 2012), and all sea cucumber
species were rich sources of Na, Mg, Ca, Fe, Cu, Se, Cr
and V for human consumption (Wen and Hu 2010). It
has been shown in our previous studies (Liu et al.
2012) that sea cucumbers cultured in spring contain
vanadium in the body walls at a high concentration of
1.83-4.58 pg g~ '. This is almost comparable with
that in most marine organisms, such as cetaceans
(Tursiops truncates, muscle, 0.12-0.36 ng gfl),
fish (Neogobius melanostomus, muscle, 0.048-0.027
ng g_l), crustaceans (Penaeus semisulcatus, soft
tissues, 0.071 & 0.009 pg ¢=') and cephalopods
(Octopus vulgaris, whole tissues, 1.0 £ 0.2 ug g~
(Bellante et al. 2009; Miramand and Guary 1980;
Anan et al. 2005). Sea cucumbers have been reported
to be vanadium accumulators (WHO 1984), and they
are a potential source of natural organic vanadium. To
determine the key role of vanadium, it is worthwhile to
look for the potentially active form of vanadium in sea
cucumbers and test its antidiabetic activity to circum-
vent the toxicity. In our work, we aim to have a better
understanding of the biological form of vanadium in
edible sea cucumbers and the bioaccumulation effect
of this metal.

Materials and methods

Sample collection

For analyses of vanadium in different sampling
seasons, the sea cucumbers Apostichopus japonicus

cultured in the sampling sites of Dalian City and
Weihai City in China were harvested in May and
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November 2012. For analyses of vanadium in different
sampling sites and seawater environments, the sea
cucumbers A. japonicus were cultured and harvested in
eight coastal habitats of three seawater environments
(Bohai Bay, Yellow Sea and East China Sea) in China
in November 2012. All sea cucumbers A. japonicus
cultured for 2 years and weighing 110-130 g were
harvested. This measure was taken to reduce possible
variations in metal concentrations due to size and age.
Samples were stored in an iced cooler during trans-
portation. After arrival to our laboratory, they were
maintained in an aquarium that contained circulating
natural seawater at 18 °C until use.

For analyses of vanadium in different species of sea
cucumbers, fourteen species of edible sea cucumbers
from two locations (southern Gulf of California, Xisha
Waters of the South China Sea), natural sun dried,
which were harvested in spring and same weight in
different individuals of the same family, including five
members of Stichopodidae family, six members of
Holothuriidae family, one member of Cucumariidae
family, one member of Psychopotidate family and one
member of Caudinidae family, were purchased from an
aquatic product market, Nanshan Market, in Qingdao,
China. The specimens of sea cucumbers were identified
by Professor Liao Yulin from the Institute of Oceanog-
raphy Chinese Academy of Sciences (Qingdao, China).

Sediment and seawater samples were taken at the
same sites with sea cucumbers for vanadium content
analysis. Seawater samples (approximately 50 mL)
and sediment samples were collected 10 m under the
sea. On arrival at the laboratory, seawater samples
were stored in a 4 °C refrigerator and analysed within
1 week.

Samples preparation

Tissue samples of A. japonicus sea cucumbers were
taken from the mouth, retractor muscles, intestine,
gonad, capillaries, body wall and respiratory tree for
vanadium analysis. Soon after they were caught, they
were dissected (using high quality stainless steel
instruments on a clean glass working surface) to
separate mouth, respiratory tree, intestine, gonad,
blood, body wall and retractor muscles tissues. These
samples together with the dissected samples were
immediately deep-frozen (at —80 °C) and transported
to the laboratory and preserved at —25 °C until
analysis. Fourteen species of natural sun-dried, edible

sea cucumbers were grounded into powder. For the
determination of organic vanadium (V) levels in the
sea cucumbers, sea cucumber powder was dissolved in
ultrapure water and transferred into the dialysis bag
(molecular weight cut off 3.5 kDa) after freeze—thaw
cycle treatment and then dialysed for 48 h at 4 °C,
with dialysis fluid replacement by ultrapure water
every 12 h. The sea cucumbers after dialysis were
dried at 110 °C until they attained constant weight.

Sediment and seawater samples were taken at the
same sites with sea cucumbers for vanadium content
analysis. Sediment samples were freeze-dried, passed
through a 250-mesh nylon sieve and subsequently
stored in polypropylene bottles at room temperature.
These sediment samples were dried at 110 °C until a
constant dry weight was obtained. Seawater samples
were filtered through a 0.45-pm microporous mem-
brane; the pH was adjusted to <2 with concentrated
nitric acid. A pre-treated seawater sample volume of
800 mL, containing vanadium ions, was transferred
into a stoppered flask; 10 mL of acetate buffer solution
and a volume of PAN solution (0.25 %) were added.
After fast shaking, a mass of active carbon was added
and the mixture was shaken again for a certain time.
After filtering, the residue of active carbon was
transferred to an Erlenmeyer flask and dried at
110 °C until a constant dry weight was obtained
(Pekiner et al. 2014; Ferreira et al. 2002).

Analytical procedure

All samples (0.3 g) were digested with 15 mL of a
mixture of 4:1 (v/v) nitric acid and perchloric acid
under a laminar flow hood and immersed in the
ultrasonic bath at room temperature for 15 min.
Digestion was performed by using a hot block system
at 80 °C for 20 min, 100 °C for 20 min, 160 °C for
30 min and 190 °C for 30 min. After dilution to 10 mL
with 0.1 mol L™" EDTA as a matrix modifier and 1 %
HCI (v/v), using aqueous (1 % HCI) calibration, the
analyte was injected into the GFAAS for analysis.
Before analysis, the samples should be filtered through
a 0.45-pum membrane filter, and sample blanks were
prepared in a similar manner as the field samples. The
digestion procedure was done in triplicate for each
sample, and all vanadium concentrations were deter-
mined on dry weight basis as pg g~ .

Graphite furnace atomic absorption spectrometry
(GFAAS) combined with ultrasound-assisted digestion
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(Filik and Aksu 2011) was applied for the determina-
tion of Vr (sea cucumber, sediment and seawater) and
Vorg (sea cucumber). An AA-6800F atomic absorption
spectrometer (Shimadzu, Japan) equipped with a GFA-
EX7 graphite furnace atomizer, a background absorp-
tion corrector with a deuterium lamp and a self-reverse
system, a pyrolytic graphite tube with an integrated
platform and an ASK-6100 automatic sampler were
used for the determination of the analyte elements.
Pyrolytic graphite coated tubes obtained from Shi-
madzu and V hollow cathode lamp (Beijing Shuguang-
ming Electronic Lighting Instrument Co., Ltd.) were
used throughout the experiments. In GFAAS, argon
was used as an insert purging gas during the drying,
ashing and cleaning stages and its flow was interrupted
during atomization. The absorption signals detected
during atomization were recorded as peak heights. In
this method, 20 pL blank, standard, sample blank and
sample solutions were injected into the graphite tube
through an autosampler and heated according to the
temperature programme based on our previous ortho-
gonal Ly (3)* test design and the optimal operating
parameters for GFAAS were listed in Table 1.
Sample preparation (method) and analytical (instru-
ment) quality control (QC) included the analysis of
duplicate samples and spiked samples. All analyses
were undertaken at least in triplicate on each sample

and the mean values calculated. Instrumental
Table 1 Operating parameters for GFAAS
Parameters
Lamp current (mA) 10.0
Wavelength (nm) 318.4
Slit (nm) 0.5
Integration time (s) 5
Sample volume (uL) 20
Cycle Temperature Hold Heating Ar flow
(°C) (s) mode (L min~Y)
Temperature programme
Drying 150 30 RAMP 1.0
250 10 RAMP 1.0
Ashing 900 10 STEP 1.0
900 10 STEP 1.0
900 3 STEP 0.0
Atomization 2700 3 STEP 0.0
2700 2 STEP 0.0
Cleaning 2800 2 STEP 1.0

@ Springer

reproducibility for vanadium analysis averaged 3.2 %
relative standard deviation (% RSD), with a range of
1.01-6.82 %. Method reproducibility for ten duplicate
samples, split in the field, averaged 2.1 % RSD and
ranged from 0.94 to 4.35 %. The limit of detection
(LOD = 1.44 ng mL™"), based on a signal-to-noise
ratio of 3, was calculated as 3S./S (S,: standard
deviation of the blank signals; S: slope of calibration
curve). Vanadium concentrations in all samples were
well above this detection limit. A known amount of a
vanadium standard solution was added as an internal
standard to assess matrix effects. All analyses were
undertaken at least in triplicate on each sample and the
mean values calculated. The relative recovery of
vanadium after spiking was 94.2-105.4 %, showing
no matrix interferences.

Statistical analysis

All samples were digested and analysed in triplicate,
and the results were expressed as the average of
triplicate measurements. GFAAS combined with the
ultrasound-assisted digestion was applied for the
determination of the Vy and Vi, in sea cucumbers.
Vanadium contents were determined on a dry weight
basis. The organic degree was estimated as the ratio of
Vi/Vore. In all cases, mean values with standard
deviations (n = 3) are shown. SPSS 13.0 software
was used for statistical analysis. Possible correlations
between vanadium concentrations and sampling sites,
seawater environment and sediment were evaluated
with a least squares linear regression and a Pearson
correlation analysis. One-way ANOVA and Duncan’s
multiple comparison test were utilized to compare the
data according to species at a significance level of 0.05.

Results and discussion
Tissues distribution

Vanadium concentrations in the tissues of A. japonicus
cultured in Dalian City are reported in Table 2.
Variations in V., and Vr concentrations were observed
in blood, intestine, mouth, gonad, body wall, respiratory
tree and retractor muscles of A. japonicus (p < 0.05).
The general trend in V1 concentrations among different
tissues was blood > intestine > mouth > gonad >
body wall > respiratory tree > retractor muscles, and
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Table 2 Determination of vanadium contents in different tissues from sea cucumbers Apostichopus japonicus of Dalian City

Tissues Vr (ng/g) (d.w.) Vorg (ng/g) (d.w.) Organic degree (%)
Mouth 1.69 &+ 0.07° 0.64 + 0.07* 37.9*

Retractor muscles 0.56 + 0.03* UD -

Intestine 4.92 + 0.06° 1.69 + 0.07° 34.3°

Gonad 1.54 £ 0.05° 1.01 £ 0.01° 77.4°

Blood 7.68 + 0.12¢ 5.32 + 0.08¢ 69.3°

Body wall 1.45 + 0.04° 1.09 + 0.06° 75.2°

Respiratory tree 0.16 £+ 0.01* UD -

UD undetected

Values in columns with the same superscripts are not significantly different (p > 0.05)

the general trend in V., concentrations among different
tissues was blood > intestine > body wall > gonad >
mouth. Average Vi in blood (7.68 & 0.12 pg g~ ') and
intestinal (4.92 + 0.06 pg g~ ') tissues were consider-
ably higher than in the other ones. Blood displayed the
highest Vr and V,,, concentrations, reaching 7.68 and
532 pg g~ ', respectively. These findings are similar to
the results found within the present research (Ueki et al.
2003). It has been shown that vanadium can bind to
plasma proteins; therefore, the vanadium-binding pro-
teins can play a role in the transport of vanadium in
blood (Soares et al. 2007). In fact, transferrin and
albumin have been reported to be binding proteins for
vanadium in human plasma (Chasteen 1983). Mouth
and intestine generally contain less organic vanadium
(37.9; 34.3 %), while most vanadium with high organic
degree was found in blood, body wall and gonad (69.3;
75.2;77.4 %).

Inter-species-specific differences

The results obtained for fourteen species of edible sea
cucumbers from two locations (southern Gulf of
California, Xisha Waters of the South China Sea) are
shown in Table 3. Levels measured in various sea
cucumbers were in the range of 0.18-2.56 pug g~ for
Vr, which is consistent with observations reported in
previous studies (Liu et al. 2012), and 0.16-2.19
ng g~ for Vorg. Average Vr levels of 1.09 and 0.79
ng g~ ! for Vorg were found in edible sea cucumbers.
Thus, it was shown that most vanadium in the sea
cucumbers exists in organic form and the percentage of
organic vanadium in all sea cucumber species ranged
from 60.4 to 88.9 %. Several general trends can be
highlighted for Vr in the body wall of sea cucumbers

from Waters of the South China Sea, which levels were
highest in Holothuriidae family (Holothuria scabra
particularly, 2.56 4+ 0.11 pg g~') and lowest in
Psychopotidate family (Psychropotes longicauda,
0.18 + 0.01 pg g~ ') and Caudinidae family (Acaudina
molpadioides, 0.55 £ 0.02 pg g~ "). Vo, contents also
shared common patterns, with the Holothuriidae family
(2.19 £ 0.07 pg g~ ') being the most impregnated and
Psychopotidate family (0.16 & 0.05 pg g~ ") the least.
Multiple comparison method was also applied to
determine which sea cucumber species are significantly
different from others. V,,, and Vr concentrations varied
significantly (p < 0.001) in the body wall of all samples
from Xisha Waters of the South China Sea, while there
were also significant differences (p < 0.001) in the body
wall of all samples from the southern Gulf of California.
It is interesting to note that the levels of total vanadium
and organic vanadium in H. scabra were approximately
fourteen times higher than those in P. longicauda, but
they contain identical percentages of organic vanadium
(H. scabra, 85.5 %; P. longicauda, 88.9 %). Because
they contained the highest concentration of vanadium
(2.56 + 0.11 pg g~ "), as well as a higher percentage of
organic vanadium (85.5 %) compared with all other
samples, H. scabra samples may employ a more
effective accumulation mechanism. Variations in the
metal levels of invertebrates might be related to a
number of factors such as species, feeding habits,
bioavailability of chemicals in food and water and
physio-chemical parameters of the aquatic environ-
ment, which are reported in previous studies (Dusek
et al. 2005; Mason et al. 2000; Joiris et al. 1997; Anan
et al. 2005). Thus, besides species-specific factors,
variations in the species—concentrations relationship
may also be partially attributed to the influence of
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Table 3 Determination of vanadium levels and percentage of organic vanadium in different species of sea cucumbers

Family Species n Vr (ng gfl) Vorg (Hg gfl) Organic degree (%)
Xisha Waters (South China Sea)
Stichopodidae Stichopus variegatus 32 0.75 £ 0.03 0.65 + 0.03 66.0
Thelenota ananas 14 0.74 £ 0.02 0.39 £ 0.03 60.4
Holothuriidae Pearsonothuria graeffei 17 0.97 £ 0.03 0.73 + 0.02 75.3
Holothuria scabra 10 2.56 £ 0.11 2.19 + 0.07 85.5
Holothuria fuscogliva 21 1.50 £ 0.03 1.13 £ 0.03 75.3
Actinopyga mauritiana 15 1.37 £ 0.05 1.09 + 0.05 79.6
Bohadschia marmorata 23 1.67 £ 0.09 1.46 + 0.06 874
Psychopotidate Psychropotes longicauda 17 0.18 £ 0.01 0.16 £ 0.05 88.9
Caudinidae Acaudina molpadioides 18 0.55 £ 0.02 0.42 £ 0.06 76.4
Southern Gulf of California
Stichopodidae Isostichopus fuscus 18 1.33 £ 0.05 0.81 £+ 0.03 75.2
Isostichopus badionotus 23 1.09 £+ 0.03 1.01 £ 0.03 77.4
Parastichopus californicus 21 1.00 £ 0.02 0.82 + 0.02 65.6
Holothuriidae Holothuria mexicana 14 0.92 £ 0.05 0.69 £ 0.03 75.0
Cucumariidae Cucumaria frondosa 14 0.70 + 0.03 0.45 + 0.02 64.3

biological factors (i.e. metabolism), bioavailability of
pollutants, environmental and geographical character-
istics, and we need more research to explore this issue.

Seasonal variations

Harvesting of sea cucumbers is conducted in two
seasons, spring (April-May) and fall (October—
November). The sea cucumbers grew roughly from
April to early June and grew again from October to
December after aestivation from July to September,
and then, they went into hibernation from January to
March. During the present study, a total of 33 sea
cucumber (Apostichopus japonicus) samples were
collected, 16 in May and 17 in November, from the
coast of Bohai Bay and Yellow Sea in eastern china
(May and November) to have a better understanding of
the seasonal effects on vanadium accumulation. Our
data (shown in Table 4) noted that the total vanadium
concentrations in edible sea cucumbers vary sig-
nificantly with seasonality. For Apostichopus japoni-
cus harvested from the coast of Bohai Bay, V in May
were 40.0 % higher (2.15 + 0.13 pg g~ ') than in
November (1.45 & 0.04 pg g~ "), which showed that
vanadium achieved comparatively higher mean con-
centrations in May, while lower concentrations were
recorded in November; thus, the vanadium levels in
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A. japonicus have marked seasonal variations.
Similarly, marked seasonal fluctuations of vanadium
levels were also observed in A. japonicus harvested
from the coast of Yellow Sea. For A. japonicus
harvested from the coast of Yellow Sea, V1 in May
was 48.3 % higher (1.53 & 0.04 pg g~') than in
November (1.06 # 0.03 pg g~ ). A. japonicus is a
cold water species, its optimal temperature range
being 20-25 °C, and the optimum salinity range for A.
Jjaponicus is 27-35 ppt. Salinity and temperature are
two of the most important abiotic factors affecting the
growth and survival of aquatic organisms (Hu et al.
2010). Considering that higher temperature (15.3—
21.2, 16.2-21.8 °C) and lower salinities (27.79, 28.25
ppt) were found from the coast of Bohai Bay and
Yellow Sea in May than that in November
(13.2-18.1 °C, 31.76 ppt; 12.7-20.2 °C, 31.15 ppt),
the seasonal changes to vanadium levels could be
ascribed to both environmental and biological factors,
including the effects of temperature and salinity,
which have an important role in transferring metals
from seawater to cells which have the capacity for
vanadium accumulation. Temperature is a controlling
factor of an aquatic organism’s activity, while salinity
is an indirect factor that modifies numerous physio-
logical responses, such as metabolism, growth and
nutrition as  well as inter-species-specific
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Table 4 Determination of vanadium contents in different sampling seasons from sea cucumbers Apostichopus japonicus

Seawater environment City n Sampling season Temperature (°C) Salinity (ppt) Ve (ngg™h
Bohai Bay Dalian 16 May 15.3-21.2 27.79 2.15£0.13
17 Nov 13.2-18.1 31.76 1.45 + 0.04
Yellow Sea Weihai 16 May 16.2-21.8 28.25 1.53 + 0.04
17 Nov 12.7-20.2 31.15 1.06 + 0.03

relationships. Variations in salinity and temperature
may change water quality parameters, such as dissolved
oxygen and CO, levels, NH; to NH, ™ ratio and pH, and
the osmotic pressure of the coelomic fluid changes with
changing ambient water parameters (Dong et al. 2008).
In the present study, vanadium accumulation in sea
cucumbers exhibited a unique seasonal pattern with the
highest values observed during the monsoon season
(May) and lowest during non-monsoon mouths
(November). This variation may be attributed to huge
run-off from the adjacent landmasses during the mon-
soon, which results in the decrease of salinity. The
lowering of pH might facilitate the dissolution of the
precipitated form of metals and increase the amount of
metallic ions in solutions. Furthermore, the phytoplank-
ton levels were lower in winter than in spring due to
weak wind and ice covering. Therefore, establishing a
basic level of knowledge concerning the vanadium
changes of A. japonicus at different temperatures and
salinities is important in the study of accumulation
mechanisms and possible physiological roles of vana-
dium in sea cucumbers.

Locational differences

Table 5 summarizes vanadium levels obtained in sea
cucumber A. japonicus, sediment and seawater from
different sampling locations in coastal areas of China.
The study area is located between latitude 27°1" and
41°1’ north, coastal sea habitats of East Asia, which
consist of Bohai Bay, Yellow Sea and East China Sea.
The area shown in Fig. 1 was represented by eight
sampling sites in China where the sea cucumbers A.
japonicus were caught in November of 2012. The
vanadium levels of the sea cucumbers A. japonicus
from different sampling locations in coastal areas of
China were in the range of 0.28—-1.45 pg g~ for Vr
and 0.17-1.09 pg g~ for Vorg> and the percentages of
organic vanadium were in the range of 60.4-77.4 %.

Among available data, total vanadium levels in the sea
cucumbers A. japonicus collected at the sampling sites
(Dalian, 1.45 4 0.04 pg g~ '; Penglai, 1.33 % 0.05
ng ¢=') along the Bohai Bay and sites (Weihai,
1.06 £ 0.03 ug g '; Qingdao, 1.11 £ 0.09 ug g ")
along the Yellow Sea were above those collected
along the East China Sea. The lowest V1 concentration
is observed in sites along the East China Sea (Wen-
zhou, 0.28 £ 0.02 ug g~ '). A high average organic
vanadium percentage of 67.0 % was obtained. The
highest values for organic vanadium percentage were
observed mainly in the area of the Bohai Bay,
including Jinzhou (70.1 %), Dalian (75.2 %) and
Penglai (77.4 %), whereas average or below-average
values were found in the rest of sites. With the increase
in latitude, higher organic vanadium percentages were
found in the samples in middle latitudes, especially
those samples collected from sampling sites along the
coastline of the Bohai Bay (Dalian City, Penglai City).
Particulate organic matter after sedimentation plays an
important role in the material and energy transfer from
primary producers to benthic consumers in aquatic
ecosystems, and it is a potentially available food
source for sea cucumbers (Ren et al. 2010). The
present study showed that in sea cucumber culture
sites, the vanadium levels in sediment were high,
which ranged from 84.2 to 125.0 pg g~ '. There was a
significant correlation between the vanadium levels in
sediment and in the sea cucumber (r = 77.98 %,
p = 0.00). In the analysis, significant positive corre-
lations between vanadium in the seawater and Vg in
the sea cucumber (r = 81.67 %, p = 0.00), vanadium
in the sediment and V., in the sea cucumber
(r=17798 %, p = 0.00) were observed, possibly
reflecting the geological origin and bioaccumulation
mechanism by sea cucumbers. In addition, trace
elements in the seawater may be bioaccumulated by
sea cucumbers because the sea cucumber needs to
filter out oxygen from seawater to breathe. From the
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Table 5 The contents and organic degree of vanadium in different sampling sites from sea cucumbers Apostichopus japonicus,
sediment, seawater

Sampling sites Sea cucumber Sediment Seawater

Seawater Province City n Vr (ng g_l) Vorg (1g g_l) Organic V(g g_l) V(g L™

environment degree (%)

Bohai Bay Liaoning Jinzhou 17 0.87 £+ 0.08 0.61 £ 0.03 70.1 84.2 2.64
Liaoning Dalian 24 1.45 £ 0.04 1.09 £ 0.06 75.2 NG NG
Shandong Penglai 15 1.33 £ 0.05 1.03 £ 0.02 77.4 112.8 3.03

Yellow Sea Shandong Muping 14 0.90 £ 0.04 0.59 + 0.02 65.6 98.2 2.54
Shandong ~ Weihai 17 1.06 £ 0.03 0.70 £ 0.04 66.0 107.1 2.58
Shandong Qingdao 19 1.11 £0.09  0.67 £ 0.05 60.4 125.0 2.72

East China sea Zhejiang Wenzhou 23 0.28 £ 0.02 0.17 £+ 0.02 60.7 NG NG
Fujian Xiapu 25 0.51 £ 0.03 0.31 £ 0.01 60.8 86.3 1.74

NG not given

Fig. 1 Map of eight
sampling sites in China
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results of correlation analysis (bivariate correlations
with Pearson’s correlation coefficients) among these
vanadium concentrations, we found that (1) organic
vanadium in sea cucumbers was positively associated
with vanadium levels in sediment; (2) organic vana-
dium in sea cucumbers was positively associated with
vanadium levels in seawater.

Overall this study found (1) variations in V. and
Vr occurred in blood, intestine, mouth, gonad, body
wall, respiratory tree and retractor muscles of A.
Japonicus (p < 0.05), (2) inter-species-specific differ-
ences in vanadium levels, with H. scabra species
having the highest levels of vanadium, (3) significant
seasonal variations in vanadium levels for sea cucum-
bers A. japonicus, (4) significant correlation between
the vanadium levels in sediment and Vg, (5)
significant correlation between the vanadium levels
in seawater and V,,,, and (6) the percentages of organic
vanadium in all sea cucumber species ranged from
60.4 to 88.9 %.

Despite the environmental relevance of vanadium
in aquatic systems, the bioaccumulation dynamics of
this metal have been not intensively investigated
(Michibata 2012). As Warnau et al. have reported,
metal concentrations in the sea cucumber Holothuria
tubulosa were associated with the body compartment
factor, then to the seasonal one, and finally to the
geographical and bathymetric factors (Warnau et al.
2006). Similarly, marked seasonal fluctuations of
vanadium levels (approximately 0.5-7.5 ug g™ ')
were also observed in tissues of the Mediterranean
mussel Mytilusgallo provincialis from the Adriatic
Sea (Fattorini et al. 2008). The available data for
vanadium levels in fish species have been reported:
approximately 40 different fish species from Qatar and
the Caspian Sea exhibited values not exceeding
0.1 pg g~ in the muscle fillets with a median value
of approximately 0.05 pg g~ (Moati and MAR 1997;
Anan et al. 2005). In general, these results seem to
suggest that specific regional characteristics can
modulate vanadium bioavailability in fish tissue
(Fattorini and Regoli 2012). Our results suggest that
most vanadium in the sea cucumbers exists in organic
form, and these vanadium compounds are present in
trace amounts. Our results also suggest that vanadium
concentrations in the sea cucumbers studied depend on
the seasons (salinity and temperature), species, sam-
pling sites and seawater environment (vanadium
contents in seawater and sediment). Bioaccumulation

of vanadium in biota can be affected by vanadium
concentrations of seawater as well as environmental
and water chemistry parameters such as the salinity,
temperature and pH values of the seawater. Similar
results were also found in the bioaccumulation of trace
metals in fish (Yang et al. 2014). Such findings may be
due to geological and hydrogeological features sur-
rounding the sampling sites or the accumulation
mechanism of sea cucumbers. However, our actual
knowledge is still too limited to clarify the mechanism
of vanadium variability related to seasons, species-
specific and biological factors, and environmental and
geographical characteristics. Our investigated taxo-
nomic groups are represented by a small sample size
and a more extended database would be necessary to
characterize biological and environmental factors af-
fecting vanadium bioavailability and accumulation in
aquatic organisms. Given the adverse toxicological
effects of inorganic vanadium and positive roles in
controlling the development of diabetes on humans, a
regular monitoring programme of vanadium contamina-
tion in edible sea cucumbers can be recommended.

There is scientific consensus regarding the putative
biochemical role for vanadium compounds in living
organisms (Michibata 2011). Proteins have been
shown to bind vanadium accumulated from seawaters
with that reported for ascidians by Michibata et al.
where this element is concentrated mainly within
vacuoles of the signet ring cells of the so-called
vanadocytes (Michibata et al. 1990, 2002). The
accumulation and storage of vanadium in ascidians
is modulated by a group of vanadium-associated
proteins (vanabins) (Kanda et al. 1997). The accumu-
lation mechanism and possible physiological roles of
vanadium in sea cucumbers needs further studies, and
the biological role of these vanadium compounds is
still a rather intriguing subject, and the study of
vanadium compounds in sea cucumbers may lead to a
new hypoglycaemic material.

Conclusions

We aimed to elucidate the levels, geographical
differences, tissues distribution, inter-species-specific
and seasonal variations of vanadium compounds in sea
cucumbers, as well as several potential factors
controlling their distribution in biota. We have
observed and reported, for the first time, that the
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concentration and form of vanadium in sea cucumbers
depends on seasons (salinity and temperature),
species, sampling sites and seawater environment
(vanadium contents in seawater and sediment), and
most vanadium exists in organic form in the sea
cucumbers and high concentrations of organic vana-
dium was detected in sea cucumbers. Variations in
Vorg and Vr occurred in blood, intestine, mouth, gonad,
body wall, respiratory tree, and retractor muscles of A.
Jjaponicus (p < 0.05) and vanadium concentrations in
the blood of the sea cucumber were considerably
higher than in the other studied tissues. The knowledge
of vanadium concentrations in sea cucumber species is
important with respect to human consumption of sea
cucumbers. The present study is important not only
from the human health point of view but it also
presents a comparative account of vanadium in edible
sea cucumbers from different seasons, sampling sites
and species. Because of the potential positive roles in
controlling the development of diabetes on humans, a
regular monitoring programme of vanadium con-
tamination in edible sea cucumbers can be recom-
mended. An initial understanding of the levels and
biological forms of vanadium in sea cucumbers was
established. Scientific exploration must continue to
elucidate the mechanism of action of organic vanadi-
um in edible sea cucumbers, which, in turn, will define
the contribution of vanadium in human benefit.
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