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A B S T R A C T   

Metallothionein (MT) plays an important role in protecting organisms from the adverse effects of Cd, Hg, Zn and 
Cu. Investigations on mammals show variations in metallothionein concentrations and inducibility with age. This 
has never been investigated in invertebrates, and we determined the concentrations and inducibility of metal-
lothionein in gills and midgut gland of different size classes of shore crabs from uncontaminated areas. Metal-
lothionein concentrations in gills and midgut gland ranged between 30 and 40 μg g− 1 dry weight with no 
differences among the different size classes. Concentrations of cadmium, copper and zinc in the midgut gland 
increased with increasing size of the crabs when the concentrations were expressed on a dry weight basis; water 
content in the midgut gland increased with the size and only the cadmium concentration increased with size 
when concentrations were expressed on wet weight basis. There was an inverse relationship between metal-
lothionein and both copper and cadmium concentrations. Smaller crabs exposed to 1 mg Cd L− 1 accumulated 
higher concentrations of cadmium in midgut gland and gills than larger ones and metallothionein concentrations 
in the midgut gland were higher in the smaller crabs. However, the increase in metallothionein concentration per 
accumulated unit of cadmium showed a linear increase with the size of the crabs. The ratio [Cd]midgut/[Cd]gills 
decreased with the size of the crabs. The overall conclusion is that baseline metallothionein concentrations do 
not change with age in shore crabs, but that the inducibility of metallothionein upon cadmium challenge does.   

1. Introduction 

Even in environments not anthropogenically impacted by contami-
nation, decapod crustaceans may accumulate cadmium from the 
ambient environment to levels that may compromise human food safety 
in populations relying on the exploitation of sea food (Candra et al., 
2019; Davies et al., 1981; Ervik et al., 2020; Wiech et al., 2018; Wiech 
et al., 2020; Wiech et al., 2017). 

The shore crab Carcinus maenas has been used extensively as a model 
organism in the investigation of the handling of cadmium and other 
metals in decapod crustaceans. Cadmium is taken up both from water 
(Bjerregaard, 1982; Jennings and Rainbow, 1979) and from food (Ped-
ersen et al., 2014). Exposure to cadmium in the water results in elevated 
concentrations in the gills and cadmium taken up via this route is 
transferred from the gills to the haemolymph, but efficiently removed 
from there by uptake into the midgut gland (Bjerregaard, 1990, 1991; 
Bjerregaard and Depledge, 1994; Jennings and Rainbow, 1979; Martin 

and Rainbow, 1998). The majority of the cadmium taken up from the 
food is also sequestered in the midgut gland (Pedersen et al., 2014). 
Generally, more than 90% of the crab's total body burden of cadmium is 
located in the midgut gland (Bjerregaard and Depledge, 2002) where 
most of the cadmium is bound to metallothionein (Pedersen et al., 2014; 
Pedersen et al., 1994; Pedersen et al., 1998). The synthesis of metal-
lothionein is induced by exposure to cadmium and the protein plays an 
important role in sequestering the cadmium and thereby in the protec-
tion of the intracellular components from the adverse effect of the free 
cadmium ions. Furthermore, metallothioneins play an important role in 
handling the essential metals copper and zinc in a way that the free, 
intracellular ion concentrations are kept low. 

Investigations in several types of organisms show that metal-
lothionein concentrations in the tissues may vary with the age of the 
organism. Generally, juvenile rodents have been shown to have lower 
concentrations of metallothionein than adults (Oh and Whanger, 1979; 
Shinogi et al., 1996; Waalkes and Klaassen, 1984) and the induction of 
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the synthesis of metallothionein upon exposure to inducing metals ap-
pears to be lower in younger than older mice and rats (Shaikh et al., 
1993; Thomas et al., 1988; Wormser and Nir, 1988). Horses (Jeffery 
et al., 1989) and humans (Drasch et al., 1988) generally show increasing 
metallothionein levels in kidney cortex up to ages of 14 and 50 years, 
respectively, followed by decreases at older age. Juvenile dolphins 
showed a trend of higher metallothionein concentrations in the liver 
than adults (Polizzi et al., 2014). 

Since none of the above-mentioned investigations addressed in-
vertebrates, the purpose of the present study was to investigate the 
concentrations of metallothionein, cadmium, copper and zinc and the 
inducibility of metallothionein upon exposure to cadmium in various 
size and age classes of C. maenas. 

2. Materials and methods 

2.1. Organisms 

The crabs were collected at Kerteminde, Funen, Denmark, an area 
without any known history of cadmium contamination. Only male crabs 
were used. The larger crabs (carapace with >35 mm) were caught in 
seines outside the Marine Biology Laboratory in Kerteminde and the 
smaller crabs (carapace width < 35 mm) were caught by means of a 
shrimp net in the same area at the mouth of Kerteminde Fjord. The crabs 
were brought to the laboratory where they were installed in 10 L aquaria 
(5 to 10 in each – depending on size) with water (12–22‰) from Ker-
teminde Fjord. Hereafter, the crabs were acclimated for 1–2 days to 16 
± 1‰ seawater (salinity adjusted with sea salt), a temperature of 15 ◦C 
and 12:12 light: dark cycle; the water was aerated by means of air 
stones. 

2.2. Background levels 

Crabs were collected in September and after 1–2 days acclimation, 
they were divided into 7 groups according to their carapace widths in 
intervals of 10 mm (15–25 mm, 25–35 mm, etc. up to 75–85 mm). For 
the 5 groups of larger crabs (35–45 mm up to 75–85 mm), 10 individuals 
were analyzed in each group. For the two groups of smaller crabs, 12 
individuals were used in each group, but because of the small organs, 
tissues from 3 individual crabs were pooled to produce 4 samples. 
Concentrations of cadmium, copper, zinc and metallothionein in midgut 
gland and gills were determined. 

2.3. Metallothionein induction experiment 

Crabs in 3 size classes (carapace widths 15–25, 35–45 and 65–75 
mm) were collected in October. The crabs were exposed to 1 mg Cd L− 1 

for 7 days under the same conditions as during acclimation. For the 2 
larger size classes 8 animals were used in each group. Twelve individuals 
were used in the smaller size class and tissue from 3 animals was pooled 
to produce 4 samples. Concentrations of cadmium, copper, zinc and 
metallothionein in midgut gland and gills were determined. The expo-
sure concentration and duration were chosen because they are known to 
result in accumulation of cadmium in the organs (Bondgaard et al., 
2000; Norum et al., 2005) in sufficiently high concentrations to induce 
the synthesis of metallothionein (Pedersen et al., 1994; Pedersen et al., 
1998); the exposure concentration has little environmental relevance. 
The crabs were not fed during the experiment. 

2.4. Dissection procedure 

The weight of each crab was recorded, and the width of the carapace 
was determined at the broadest site. The crabs were killed by mechan-
ical destruction of the ventral ganglion and gills and midgut gland were 
dissected out. The dissected tissues were blotted dry with paper towels, 
weighed, and placed in liquid nitrogen. Subsamples (200 mg) for metal 

analysis were crushed in the liquid nitrogen and freeze dried. Wet:dry 
weight ratio was recorded. Samples were stored at − 80 ◦C until use. The 
moult stage was determined as described by Drach (1939), Drach and 
Tchernigovtzeff (1967) and Aiken (1973). Due to the porosity of the 
exoskeleton of the crabs in the smallest size group (15–25 mm), moult 
staging could not be performed with 100% certainty and it was omitted 
in this group. 

2.5. Chemical analysis 

2.5.1. Metal analysis 
Approximately 50 mg freeze dried tissue was transferred to 2 mL 

concentrated HNO3 in Pyrex glass tubes that were gradually heated to 
130 ◦C. The acid was evaporated, and the samples dissolved in 2 mL 
0.2% nitric acid. Concentrations of cadmium, copper and zinc were 
determined by means of a Perkin Elmer 2380 atomic absorption spec-
trometer as described in Bjerregaard et al. (2005). 

2.5.2. Metallothionein analysis 
Concentrations of metallothionein in midgut gland and gills were 

determined by means of an Enzyme Linked Immuno Sorbent Assay 
(ELISA) as described by Pedersen et al. (2008). The direct sandwich 
ELISA was constructed using affinity-column purified polyclonal rabbit 
Ig. Concentrations of metallothionein were determined from a standard 
curve made from RP-HPLC purified C. maenas metallothionein quanti-
fied by amino acid analysis and the known amino acid sequence. 

2.6. Data handling and statistical procedures 

If necessary, to obtain homoscedastic and normally distributed data, 
logarithmic transformation (log10 (x + 1)) was used. Analysis of vari-
ance (ANOVA) was used, followed by Bonferroni's post hoc test in cases 
where the ANOVA showed an overall effect. SYSTAT® version 7.0 and 
13.0 (© 1997, SPSS Inc., Chicago IL.) was used for the ANOVAs. Cor-
relation analysis was carried out by means of Origin™ 4.0 (Microcal™ 
Software, Inc., Northampton, MA.) and SYSTAT 13.0. Non-linear 
regression and curve fitting were carried out by means of GB-Stat. In 
all tests a significance level of 0.05 was used. 

3. Results 

3.1. Background levels of metals and metallothionein 

Ten of the 62 crabs in size groups >25 mm in the investigation turned 
out to be in either premoult (one in D2) or postmoult stage (2 in C2 and 7 
in C3) and they were treated separately in the analysis, so only the 
remaining 52 C4 intermoult crabs >25 mm were included in the analysis 
of the different size classes together with the smallest (15–25 mm) size 
group of undetermined moult stage. 

Average cadmium concentrations in the midgut gland varied be-
tween 2.2 and 5.5 μg Cd g− 1 dw in the different size classes (Fig. 1A). The 
ANOVA showed an overall effect of size (p < 0.05) but it didn't reveal 
any significant differences between individual size classes. Average 
cadmium concentrations in the gills varied between 0.55 and 0.91 μg Cd 
g− 1 dw with no consistent effect of size (Fig. 1B). Average concentra-
tions of zinc varied between 99 and 110 and 85 and 100 μg Zn g− 1 dw in 
midgut gland and gills, respectively (Fig. 1C, D) with a trend (p = 0.056) 
of size effect. Average copper concentrations in the midgut gland were 
quite variable with averages between 58 and 151 μg Cu g− 1 dw (Fig. 1E) 
and a statistically significant (p = 0.031) effect of size; the higher value 
in the largest size group were caused by two outliers of approximately 
290 μg Cu g− 1 dw. In the gills, average copper concentrations were less 
variable with values between 100 and 115 μg Cu g− 1 dw. Concentrations 
of metallothionein were fairly similar in midgut gland and gills with 
average values in both organs varying between 30 and 41 μg MT g− 1 dw 
(Fig. 1G, H). 
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The wet:dry weight ratio of both midgut gland (p = 0.003; r = 0.41) 
and gills (p = 0.023; r = 0.32) increased with the size of the crabs 
(calculation based on individual crabs; not shown). 

The size of the C2 and C3 postmoult crabs ranged between 38 and 81 
mm (mean ± SEM: 58 ± 6 mm) and concentrations of both zinc and 
copper in midgut gland and gills exceeded those in the intermoult (and 
smallest) crabs (Fig. 1C–F), whereas cadmium and metallothionein 
concentrations did not show any significant differences between crabs in 
the different moult stages (Fig. 1A, B, G, H). 

Midgut gland concentrations of metallothionein in the intermoult 
crabs and small crabs on the one hand side and cadmium and copper on 
the other showed inverse relationships (Fig. 2A, B) whereas no such 
significant relationships were found for zinc in the midgut gland 
(Fig. 2C) or for any of the metals in the gills (not shown). For copper, 
inclusion of the relatively high midgut gland copper concentrations of 
the postmoult crabs still made the inverse relation between metal-
lothionein and copper concentrations in the individual crabs statistically 
significant ([MT] = 118.4*[Cu]-0.3125; p = 0.0025; r2 = 0.17; not 
shown); this was not the case for cadmium. With all of the crabs included 

in the analysis, midgut gland copper and zinc concentrations were 
correlated (r = 0.63; p < 0.001; not shown); for the intermoult crabs 
alone, this correlation was no longer statistically significant. 

3.2. Exposure experiment 

Exposure to 1 mg Cd L− 1 for one week augmented the concentrations 
of MT in the midgut gland from the background levels of ̴ 40 μg MT g− 1 

dw to 500 to 1200 μg MT g− 1 dw with a statistically significant higher 
concentration in the smaller size group (Fig. 3A). Similar concentrations 
were reached in the gills but only a non-significant trend of higher 
concentrations in the smaller size group was seen (Fig. 3B). Cadmium 
was accumulated to higher concentrations in both midgut gland 
(Fig. 3C) and gills (Fig. 3D) of the smaller crabs than in the two higher 
sized groups of crabs. The change in the concentration of metal-
lothionein per molecule accumulated cadmium in the midgut gland was 
smaller in the smallest crabs compared to the two larger sized groups 
(Fig. 3E). This trend was not observed in the gills (Fig. 3F). The ratio 
between cadmium concentrations in midgut gland versus gills decreased 
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with the size of the crabs (Fig. 3G). 
Concentrations of copper and zinc in the cadmium exposed crabs did 

not change compared to the background concentrations (not shown). 

4. Discussion 

The most important new information extracted from this investiga-
tion is that metallothionein concentrations in gills and midgut gland do 
not vary with size - and thereby age - of shore crabs with only back-
ground exposure to metals, but also that smaller crabs challenged with 
cadmium exposure induce synthesis of lower amounts of metal-
lothionein per molecule accumulated cadmium than larger ones. 

4.1. Background variations with age 

Metallothionein was detected in livers of rats on gestation day 18 and 
the concentrations increased to reach a maximum (400–500 μg g− 1) 
during the first week after birth where after it decreased to reach adult 
levels (10 μg g− 1) 4–5 weeks after birth (Lehman-McKeeman et al., 
1988); one day old rats had higher concentrations in all organs – except 
brain – than adult rats (Waalkes and Klaassen, 1984). Highest levels of 
metallothionein mRNA were also found at the end of the foetal stage in 

both mice (Ouellette, 1982) and rats (Mercer and Grimes, 1986). Shi-
nogi et al. (1996) found parallel alterations in zinc and metallothionein 
in livers of young rats and suggested that changes in metallothionein 
concentrations might be associated with the need for zinc during 
growth. This hypothesis is, however, not corroborated by the fact that 
metallothionein knock-out mice grow and develop normally - but show 
high sensitivity to exposure to cadmium (Masters et al., 1994). Human 
kidney metallothionein concentrations increase until the age of 50 
where after they decrease (Drasch et al., 1988) and the same pattern is 
seen in horses (Jeffery et al., 1989). 

Opposite to the conditions in mammals, the shore crabs show no 
change in metallothionein concentrations with age – at least in the age 
span studied in the present investigation. Shore crabs in Danish waters 
typically spawn in spring-early summer and the larvae undergo their 
planktonic stages during summer and the newly metamorphosed bottom 
stages are found in late August-early September (Rasmussen, 1973). 
During their first year, the juvenile shore crabs in north western Euro-
pean waters undergo several moults and grow to a carapace width of 
approximately 30 mm where sexual maturity is attained (Crothers, 
1967). Therefore, the age of the smallest size classes used in this study is 
probably less than one year. Since the growth of shore crabs depends on 
environmental factors such as temperature, salinity and food availability 
(Broekhuysen, 1936; Crothers, 1967), the exact age of the different size 
classes cannot be determined with certainty. The difficulty in assigning 
exact age to carapace width is illustrated by the observation that some 
invading shore crabs in north eastern Pacific estuaries may grow to sizes 
between 30 and 60 mm within their 1st year (Yamada et al., 2005). 

The higher level of zinc and copper in gills and midgut gland of post- 
than intermoult crabs has been observed in previous investigations 
(Nissen et al., 2005; Nørum et al., 2003). It is noteworthy that the highly 
elevated copper concentrations in the midgut gland of the postmoult 
crabs are not accompanied by increases in the concentrations of met-
allothionein. Furthermore, there is an inverse relationship between 
concentrations of copper and cadmium on the one hand side and met-
allothionein on the other in the intermoult crabs. At a first glance, this 
inverse relationship may seem illogical, since metallothionein is sup-
posed to bind and immobilize toxic, divalent metal ions. It is, however, 
in accordance with the finding that most of the copper in midgut glands 
of crabs with very high copper concentrations is bound in a yet un-
identified manner – and not to metallothionein (Pedersen et al., 2014); 
furthermore, crabs with very high concentrations of copper in the 
midgut gland had a higher number of copper atoms bound per molecule 
metallothionein than crabs with lower concentrations of copper (Ped-
ersen et al., 2014). Also, the number of cadmium ions bound per 
molecule of metallothionein was negatively correlated with the con-
centration of soluble copper (Pedersen et al., 2014) which may help to 
explain why an inverse relationship between cadmium and metal-
lothionein was shown in the present investigation. 

4.2. Variations in metallothionein induction with age 

Upon exposure to cadmium, induction of metallothionein increases 
with age in mice: metallothionein mRNA concentrations in liver 
increased 4 to 9 times more in 4 to 8 w and adult than 1 to 2 w old mice 
upon intraperitoneal injection of 2 mg Cd kg− 1 (Thomas et al., 1988) 
although liver cadmium concentrations in the different age classes did 
not differ. 

Small crabs reach higher concentrations of metallothionein in the 
midgut gland upon exposure to cadmium than larger ones, but since they 
also reach higher cadmium concentrations, the relation is more complex 
in the crabs than in the mice: The mice received a fixed dose of cadmium 
(Thomas et al., 1988), but in the crabs the resulting cadmium concen-
trations in the tissues is a product of the uptake from the ambient water 
and the internal transport in the animal. Shore crabs exposed to cad-
mium in the ambient water take up cadmium into the gills from where it 
is transferred to the haemolymph. The midgut gland efficiently 
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scavenges the cadmium in the haemolymph and uptake into the midgut 
gland maintains the haemolymph cadmium concentration at a lower 
level than the concentration in the ambient water (Bjerregaard, 1990). 
Smaller crabs appear to transport cadmium more efficiently from the 
gills to midgut gland than larger ones resulting in higher midgut gland to 
gill ratio for accumulated cadmium. This was also observed by Bjerre-
gaard and Depledge (1994) who suggested that the higher circulation 
level in the smaller animals explain this. The question therefor is: Do the 
small crabs synthesise more metallothionein because of the higher 
accumulation of cadmium or does a given amount of accumulated 
cadmium provoke a higher induction of metallothionein in smaller than 
in larger crabs? Smaller crabs show a smaller increase in metallothionein 
concentration per unit accumulated cadmium (∆ [MT]/∆ [Cd] in 
Fig. 3E) than larger ones, so the former explanation appears to be the 
more plausibleone. 

The possibility also exists that the smallest group of crabs in the 
experiment contained crabs in other moult stages than C4 – contrary to 
the two larger groups in which all of the crabs were in the C4 stage. Crabs 
in moult stages D2–3, A, B, C1 and C3 take up cadmium from the seawater 
faster than C4 crabs (Bondgaard and Bjerregaard, 2005; Norum et al., 

2005). Exposure route and concentration were chosen to be sure to have 
metallothionein synthesis induced. The exposure concentration was 
very high compared to natural background concentrations of cadmium 
in the marine environment -ng L− 1 range (Magnusson and Rasmussen, 
1982). Also, under natural conditions, uptake from food appears to be 
the more important route of uptake compared to uptake directly from 
the water (e.g. Bjerregaard et al., 2005). However, once taken up into 
the crab (whether from food or water), cadmium is transported to and 
concentrated in the midgut gland and there is no reason to assume that 
the two routes of uptake eventually will affect cadmium's ability to 
induce the synthesis of metallothionein in the gland differently. 

Neonate rats are more resistant to hepatic cadmium induced injuries 
than adult rats (Goering and Klaassen, 1984a) and this is suggested to be 
caused by the protective role of the higher metallothionein concentra-
tions in the neonate individuals (Goering and Klaassen, 1984b). No firm 
knowledge exists concerning any age dependent variation in sensitivity 
to cadmium among shore crabs. Therefor the potential significance of 
the finding that smaller crabs induce less metallothionein per molecule 
accumulated cadmium awaits further investigation. 
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Fig. 3. Carcinus maenas. Metallothionein (A & B) 
and cadmium (C & D) concentrations in midgut 
gland and gills in three size classes of crabs exposed 
to 1 mg L− 1 Cd for one week. The amount of induced 
metallothionein per amount of accumulated cad-
mium is shown in E & F (pmol MT g− 1/μg Cd g− 1). 
The ratio of midgut gland to gill cadmium concen-
tration is shown in G. Data points with no common 
lower-case letter show statistically significant (p <
0.05) differences, Mean ± SEM for 4–8 crabs.   
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