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A bstract
Background: H arbour porpoises Phocoena phocoena from the southern N orth  Sea are known to  
display high levels of Zn and Hg in their tissues linked to  the ir nutritional status (emaciation). The 
question arises regarding a potential role of metallothioneins (MTs) with regard to  these high metal 
levels. In the present study, metallothionein detection and associated Zn, Cd, Cu and Hg 
concentrations w ere investigated in the liver and kidney of 14 harbour porpoises collected along 
the Belgian coast.

Results: Metallothioneins seemed to  play a key role in essential metal homeostasis, as they w ere 
shown to  bind 50% of the total hepatic Zn and 36% of the total hepatic Cu concentrations. Renal 
MTs also participated in Cd detoxification, as they w ere shown to  bind 56% of the total renal Cd. 
Hg was mainly found in the insoluble fraction of both liver and kidney. Concom itant increases in 
total Zn concentration and Zn bound to  MTs w ere observed in the liver, w hereas Zn 
concentration bound to  high molecular weight proteins remained constant. Cu, Zn and Cd w ere 
accumulated preferentially in the MT fraction and their content in this fraction increased with the 
am ount in the hepatocytosol.

Conclusion: MTs have a key role in Zn and Cu homeostasis in harbour porpoises. W e 
dem onstrated that increasing hepatic Zn concentration led to  an increase in Zn linked to  MTs, 
suggesting that these small proteins take over the Zn overload linked to  the poor body condition 
of debilitated harbour porpoises.

Background
The harbour porpoise (Phocoena phocoena) is a small ceta­
cean species inhabiting temperate and boreal waters [1], 
The harbour porpoise is the most commonly seen por­
poise, and is the most widely distributed of all cetaceans 
(whales and dolphins) in northern Europe. Because har­

bour porpoises live in coastal waters, they are affected by 
anthropogenic activities, such as accidental catches in 
fishing nets, depletion of prey species, noise and chemical 
pollution. Due to their top position in the trophic net­
work, their long life span and their low rate of pollutant 
elimination, marine mammals, such as the harbour por-
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poise, can accumulate high levels of organochlorinated 
and metallic chemicals [2-4],

Recendy, high levels of metals, such as Zn and Hg, have 
been measured in the liver and kidney of harbour por­
poises from the North Sea [5-7]. Porpoises from the 
southern North Sea (northern France, Belgian and Ger­
m an coasts) were shown to have higher Zn and Hg con­
centrations compared to porpoises from Norwegian 
waters and the Baltic Sea, respectively [5,7]. These differ­
ences have been linked to both a difference in pollutant 
exposure and in nutritional status between individuals [5- 
7]. Elevated Zn concentrations in the liver have been 
shown to relate to degrading body condition [7]. Mean Zn 
concentrations ranged from 128 pg.g-1 dw in non-emaci- 
ated porpoises to nearly 300 pg.g-1 dw in emaciated por­
poises from the southern North Sea [7].

In the liver and kidney, Zn, Cd and Cu are often bound to 
small cytosolic proteins, named metallothioneins [8]. 
Mammalian metallothioneins (MTs) are characterised by 
a low molecular mass of 6000 to 7000 Da, containing 60
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Figure I
Elution profile on A cA  54 colum n of th e  w ater solu­
ble fraction extracted  from  th e  liver of one harbour 
porpoise Phocoena ph ocoen a  (A00/568). Ve, elution vol­
ume; Vo, void volume of the column; mean volume per frac­
tion, 2.46 ml Column height, 63 cm; diameter, 1.6 cm (Hg 
not detectable for this sample)

to 68 amino acid residues, among which are 20 cysteines. 
MTs bind a total of 7 equivalents of bivalent metal ions 
[9,10].

The question arises regarding the potential involvement 
of metallothioneins in metal homeostasis during con­
comitant Zn increase and body condition degradation. In 
order to obtain a better understanding of the role of met­
allothioneins in the detoxification and the dynamics of 
Zn, Cu, Cd and Hg in the harbour porpoise, detection by 
gel chromatography and trace metal content of each 
obtained fraction were performed in the liver and kidney 
of 14 harbour porpoises collected along the Belgian coast.

Results
M etallothionein  detection
The typical elution profiles of metals for the harbour por­
poise are shown in Figure 1. AcA-54 gel chromatography 
of the supernatant revealed a large band of metal (Zn, Cd, 
Cu) in the 10 kDa region of the profile, consistent with 
the presence of metallothionein-like proteins (MTs, frac­
tions 33 to 43). This metal peak is associated with a high 
absorbance at 254 nm  and low absorbance at 280 nm 
related to the lack of aromatic amino acids in these pro­
teins. Peptide and Cd-cystein bonds are primarily respon­
sible for the peaks at 215 and 254, respectively. The 
fractions eluted earlier and later than MTs were defined as 
HMWP (High Molecular Weight Proteins) and LMWP 
(Low molecular Weight Proteins), respectively.
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Figure 2
Relationship between the total hepatic Zn concentration and 
Zn concentration in the cytosol, bound to  metallothioneins 
(MTs) and high molecular weight proteins (HMWPs).
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T able 2: D istribution  o fZ n , C u, C d and to ta l H g in th e  insolub le fraction  (cen tr ifu gation  p e lle t), so lu b le  fraction , high m olecu la r  w eig h t  
p rotein s (H M W P ), m eta llo th ion e in -lik e  p ro te in s (M Ts), and low  m olecu la r  w e ig h t p rote in s (LM W P) o f  harbour p orp o ises stranded  
along th e  B elgian c o a s t  (co n cen tra tio n  ex p ressed  in ug.g '1 dw ).

in so lu b le  fraction  so lu b le  fraction

HMWP MTs LMWP

Zn n = 14 86 ± 58 (30 -  228) 53 ± 19 ( 2 9 -  104) 144 ± 165 ( 1 6 -  595) 1.8 ± 1.7 (< 0 .1-6.2)
30 ± 20 % 19 ± 7 % 51 ± 58 % -0%

Cu n = 14 14 ± 1 2 ( 6 - 4 3 ) 5 ± 3 (1.3 -  12) 10 ± II ( 2 - 3 9 ) <0.1 (<0.l - 6 .1 )
48 ± 41 % 18 ± 10 % 34 ± 38% -0%

Cd n = 14 0.2 ± 0.2 (0.01 - 0 .6 ) 0.5 ± 0 .6  (<0.l -  1.8) l.l ± 0 .8  (0.1 - 2 7 ) 0.5 ± 1 (<0.l - 3 .4 )
9 ± 9 % 21.5 ± 2 6 % 48 ± 36 % 21.5 ± 4 3  %

H gn  = 14 43 ± 51 (0.5 -  167) 0.1 ± 0.1 (<0.l - 0 .3 ) <0.1 (<0.l - 0 .2 ) < 0 .l(< 0 .l)
99.5 ± 1 2 % -0 .2 5  ± 0.02% -0.25% -0%

Zn n = 14 55 ± 12 ( 3 6 -  69) 40 ± 21 (23 -  105) 16 ± 5 (6 -  28) 4.4 ± 7 (< 0 .1 - 2 7 )
48 ± 10% 35 ± 18 % 14 ± 4 % <4 ± 6 %

Cu n = 14 8.8 ± 2.2 ( 6 - 1 3 ) 2.8 ± 1.8 (0 .4 -6 .1 ) 2.9 ± 1.6 (0.6 -  6) <0.1 (<0.l)
61 ± 15 % 19 ± 12 % 20 ± 1 1 % -0%

Cd n = 14 1.1 ± 1.8 (< 0 .1 -  5.6) 0.2 ± 0 .6  (<0.l - 0 .9 ) 1.9 ± 2 (< 0 .1 -  5) 0.2 ± 0.8 (< 0 .1 -  1.7)
33 ± 53 % 6 ± 18% 56 ± 59 % 5 ± 2 3  %

H gn  = 10 3.2 ± 3.3 ( 0 .7 -  12) 0.5 ± 0.3 ( 0 .2 -  l . l ) 0.3 ± 0 .2  (0.1 - 0 .4 ) 0.2 ± 0.1 (<0.l - 0 .5 )
76 ± 78% 12 ± 7% 7 ±  5% 5 ± 2%

Zn, Cu, Cd and Hg distribution within the insoluble 
fraction and soluble proteins
Table 2 shows the metal (Zn, Cu, Cd, Hg) distribution in 
the insoluble and soluble fractions, including the metals 
bound to high molecular weight proteins, metal­
lothionein-like proteins and smaller molecules. Whole 
tissue Zn, Cd, Cu and Hg concentrations in the liver, kid­
ney and muscle have been presented elsewhere [7].

In the liver, 51% of the total Zn, 34% of the Cu and 48% 
of the total Cd were bound to cytosolic MTs, while Hg was 
mainly detected (more than 99%) in the insoluble frac­
tion of the tissue. However, the percentages varied greaüy, 
especially for Zn and Hg (Table 2).

An increase in total Zn concentration in the liver was fol­
lowed by an increase in Zn concentration in the cytosol 
and Zn bound to cytosolic MTs (r = 0.8, p < 0.001), while 
Zn bound to high molecular weight proteins remained 
constant (Figure 2). By contrast, Hg content in the cytosol 
was correlated to both H gbound to MTs (r = 0.7, p < 0.01) 
and to HMWP (r = 0.8, p < 0.001) (Figure 3).

In the kidney, Zn was found within the insoluble fraction 
(mean percentage 48%), bound to high molecular weight 
proteins (mean percentage 35%) and MTs (mean percent­
age 14%). 61% of the Cu concentrations were measured 
within the insoluble fraction, followed by MTs (mean per­
centage 20%) and HMWPs (mean percentage 19%). More 
than half of the total renal Cd was bound to MTs (mean 
percentage 56%), while Hg was mainly found within the 
pellet (mean percentage 76%).

Discussion
In our previous study, high Zn and Hg concentrations 
were measured in the liver of harbour porpoises from the 
southern North Sea, compared with porpoises from Nor­
wegian waters and the Baltic Sea, respectively [7]. Zn and 
Hg contents were assumed to be redistributed from mus­
cle (and blubber) to the liver through the blood stream 
[7]. In the present study, we focused on the subcellular 
distribution of Zn, Cd, Cu and Hg in the liver and kidney 
of the harbour porpoise and the binding of these metals 
to metallothioneins.

Subcellular distribution o fZ n , Cd, Cu and Hg
More than half of the total Zn in the liver was found to be 
bound to MTs, whereas only 14% of the total Zn was 
linked to MTs in the kidney. Similar results have been pre­
viously observed for other marine mammal species, such 
as the Northern fur seal, the Dali's porpoise and the Cali­
fornia sea lion [11], the sperm whale [12], the narwhal
[13], the striped dolphin [14], the bottlenose dolphin
[14] and the white-sided dolphin [15]. Zn has been 
shown to be essential to the structure and function of a 
large num ber of macromolecules and for over 300 enzy­
matic reactions [16]. Unlike Fe and myoglobin, there is no 
dedicated store for Zn and very litüe is known about its 
homeostasis [16,17]. It has been suggested that one func­
tion of MT is to serve as a store for Zn [16]. MTs are Zn 
acceptors because of the abundance of free sulphydryl 
groups. However the sulphydryl groups are highly reactive 
and Zn may be transferred from MTs to other proteins 
[18]. It is unclear why there is a higher percentage of Zn 
bound to MTs in the liver (51%) than in the kidney
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Figure 3
Relationship between Hg concentration in the cytosol and 
Hg concentration bound to  metallothioneins (MTs) and high 
molecular weight proteins (HMWPs) in the liver.

(14%). One hypothesis is that, during emaciation, Zn 
concentrations increase mainly in the liver but no t in the 
kidney [7], which implies that Zn-thioneins are more 
often mobilized in the liver than in the kidney. Another 
hypothesis is that emaciated porpoises often have severe 
pulmonary or systemic infectious disease processes, and 
elevated hepatic Zn levels may reflect increased hepatic 
acute phase protein synthesis in response to these infec­
tious/inflammatory processes [6]. In humans, it is well 
established that infection is associated with Zn redistribu­
tion, and in particular that concentrations in the liver rise 
as a result of acute-phase protein synthesis [19-21],

In the present study, Cu in the liver of the harbour por­
poise was found to be mainly distributed either in the 
insoluble fraction (48%) or on metallothioneins (34%). 
Cu in the kidney was found preferentially in the pellet 
(61%) and on MT (20%). These results are in good agree­
m ent with previously described data for other mammal 
species. For example, Cu was solely (100%) detected in 
the pellet of the liver and kidney of botüenose and striped 
dolphins from the Mediterranean Sea except for a few 
individuals in which Cu was associated with cytosolic MTs
[14]. 30% and 42% of the total copper was found to be 
present in the pellet fraction of the Northern fur seal and 
the Dali's porpoise, respectively [11]. Cu is an essential 
cofactor for approximately a dozen cuproenzymes in 
which Cu is bound to specific amino acid residues in an 
active site [22], Cu may also be highly toxic. In cells, due 
to its highly reactive nature, it would be extremely harm­
ful for Cu(I) to exist as a free ion, where it could partici­
pate in reactions whose products ultimately damage cell 
membranes, proteins and nucleic acids [23]. The absence

of any simple relationship between the hepatic concentra­
tion of Cu and its cytotoxic effects implies that intracellu­
lar distribution and spéciation of the metal both influence 
its toxicity [24], Cu is delivered to specific molecules by 
forming complexes with several cytosolic proteins, known 
as Cu chaperone proteins [22,23]. One possible Cu chap­
erone is MT, which may play a role in intracellular transfer 
and storage. Cu can induce MT synthesis, although Zn and 
Cd are the best known inducers [25]. Suzuki and co­
authors [26] have suggested that MT plays an im portant 
role under these conditions as well, by acting as a Cu 
reserve. In black footed albatrosses and Dali's porpoises 
with low Cu levels (around 5 pg.g-1 on a fresh weight 
basis), distribution of Cu in cytosol was shown to be rela­
tively low (32 and 41%, respectively). In contrast, distri­
bution of Cu in cytosol was shown to be relatively high 
(67%) in the liver of northern fur seals accumulating high 
levels of Cu (23 pg/g on a wet wt basis) [11].

As liver Cu concentrations increase, the metal often accu­
mulates in granular form in lysosomes, the nucleus and 
other organelles [27]. Cu-MT accumulates in hepatic lyso­
somes of Cu loaded animals [26]. The lysosomal Cu is 
often relatively inert and its localisation appears to consti­
tute part of the mechanism for its detoxification [28]. The 
change in hepatic Cu distribution during the progression 
of Wilson's Disease is consistent with this view, as the 
apparent transfer of Cu from the cytoplasmic to the lyso­
somal pool is associated with a reduction in its hepatoxic 
effects [28,29]. LitÜe is known about the control of intra­
cellular levels of Cu, but binding of Cu to MT has been 
suggested as a short-term response to increased intracellu­
lar concentration of this metal [28]. Cu sub-cellular distri­
bution in the pellet and on MTs of the harbour porpoise 
reflects dynamic interactions between MT and the lyso­
somal pool in the liver and kidney.

Cd levels are known to remain quite low in the liver and 
kidney of the southern North Sea harbour porpoises, in 
comparison with porpoises from Icelandic coasts [7]. Cd 
was often near the detection limit in the liver of these har­
bour porpoises but, when it was detectable, it was bound 
to the MT fraction. In the kidney, Cd was either bound to 
the MT fraction (56%) or found in the pellet (33%). 
Marine mammals have been described as being able to 
tolerate high levels of Cd without showing renal damage 
[4,30], raising the question of detoxification pathways in 
these species. The role of MT in Cd detoxification in m am ­
mals has been often described [31], but more recendy Cd- 
containing granules have been observed in the kidney of 
two white-sided dolphins [32], These two individuals 
with high Cd concentrations exhibited electron dense 
mineral concretions of diameters of up to 300 nm  in the 
basal membranes of the proximal tubule. Cd-containing 
granules could constitute a means of immobilisation and
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T able I : Q uality  con tro l resu lts acqu ired  during Q u a sim en e  in tercalibration  p ro g ra m m e (va lues ex p ressed  in ixg.g'1 dw )

Q T M 042B T  (muscle) A ssig n ed  v a lu e  M easured  v a lu e  n

Zn 38.75 39 ± 0.7 12
Cd 0 .132 0 .13 ± 0.02 I2
Cu 1.82 1.8 ± 0 .0 4  I2
Hg 0.049 0.04 ± 0.003 6

detoxification [32], In striped and common dolphins 
from the Mediterranean Sea, the percentage of Cd bound 
to MTs were shown to be 27-69%  in the liver, and 23- 
73% in the kidney [14], In both organs, Cd was bound to 
MTs even when present at low concentrations in the tis­
sues [14], In the kidney of one white-side dolphin, found 
stranded on the Belgian coast, 75% of the Cd content was 
found to be in the cytosolic fraction bound to metal­
lothioneins [15]. The fact that 33% of the renal Cd con­
centration could be found in the pellet suggests similar 
detoxification processes and dynamic interactions 
between MT and Cd granules found in the pellet for the 
harbour porpoise.

Very few harbour porpoises in our study had detectable 
Hg in the cytosolic fraction of their liver, it being nearly 
equally distributed on HMWP and MT fractions. In the 
kidney, 24% of the Hg could be measured in the cytosol, 
especially on the HMWP fraction.

Mercury in the liver was almost solely distributed in the 
insoluble fraction of the tissue, probably resulting from 
the well known formation of tiemannite (HgSe) in marine 
mammal livers and kidneys [33,34]. Toxic methyl mer­
cury is believed to be taken up from the diet and trans­
formed into inorganic Hg and then accumulated mainly 
in nuclear, lysosomal and mitochondrial fraction in the 
liver of northern fur seals [34],

Dynamic o f  m etal bound to  metallothioneins
In marine mammals, Zn is generally correlated with Cu as 
a result of both antagonistic behaviour and binding to 
metallothioneins [32,35,36]. This positive relationship 
has been observed in the livers of by-catch porpoises from 
Norway bu t no t for stranded porpoises from the southern 
North Sea, reflecting a severe homeostasis disturbance 
linked to both emaciation and high Zn concentrations 
[7]. Short-term fasting or prolonged starvation, through 
decomposition of energy storage and mobilisation of 
body reserves, is known to influence the metabolism of 
trace elements, such as Zn and Cu [37-41],

Das et al. showed that increased hepatic Zn concentra­
tions were not linked to a loss of liver mass during emaci­
ation [7], indicating that metal burdens also increased. In 
that study, increasing hepatic Zn concentration in harbour

porpoises from the Belgian coast led to an increase in Zn 
linked to metallothioneins, bu t no t in Zn linked to solu­
ble high molecular weight proteins. This suggested that 
these low molecular weight metal-binding proteins 
involved in metal homeostasis and detoxification may 
take over the Zn overload resulting from proteolysis. In 
contrast, when Hg content increases in the cytosol, part of 
it can be found in the HMWP fraction and in the MT frac­
tions.

Conclusion
In the present study, MTs appeared to play a m inor role in 
the binding and detoxification of Hg by the harbour por­
poise. In contrast, MTs played a key role in Zn and Cu 
homeostasis in the harbour porpoise. For both Cd and 
Cu, dynamic interactions seemed to occur between the 
insoluble fraction (containing the lysosomes) and the MT 
pool. Increasing hepatic Zn concentration in the whole 
liver led to an increase in Zn linked to MTs, suggesting that 
these low molecular weight metal-binding proteins take 
over the Zn overload linked to emaciation. However the 
question arises as to whether emaciated porpoises can still 
afford the cost of metallothionein synthesis whilst con­
suming their protein and lipid reserves.

Methods
Sampling
14 fresh harbour porpoises found stranded along the Bel­
gian coastline were sampled between December 1993 and 
May 2001. Post-mortem investigations were performed 
according to standard procedures detailed elsewhere [42], 
Samples of liver and kidney were stored at -20° C until 
analysis.

AcA 54 chromatography
3 to 4 grams of liver and kidney were homogenized using 
an Ultra-Turrax in a 0.01 Mol ammonium formiate (pH = 
7.4) containing 10 mM sodium azide and 0.01% dithith- 
reitol and were centrifuged at 26 000 g (60m in , 4°C). The 
supernatant was filtered at 4 0 C on an Ultrogel® AcA 54 gel 
column (1.6 x 63 cm) at 4 0 C leading to a fractionation of 
cytosolic molecules. Ultrogel® AcA is composed of a 
homogeneous network of polyacrylamide (5%) and agar­
ose (4%) in bead form and was used according to m anu­
facturer's recommendations. Linear fractionation ranges 
from 5000 to 70 000 dations and the exclusion limit is 90
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000 daltons. Fractions were collected and absorbance pro­
files read at 215, 254 and 280 nm.

Trace metals analysis and M T  concentration assessment
Zinc (Zn), cadmium (Cd), copper (Cu) and mercury (Hg) 
concentrations in the tissues were extracted in our study, 
as described in detail elsewhere [7]. Zn, Cd, Cu and Hg 
were also analysed in the different fractions resulting from 
centrifugation and gel chromatography. Metal concentra­
tions are expressed as pg.g-1 dry weight (dw). After adding 
nitric acid (65%) to tissue homogenate, supernatant, pel­
let (soluble and insoluble fraction resulting from centrif­
ugation), and all the chromatography fractions, all were 
slowly heated to 100° C until completely digested. Sam­
ples were diluted using deionised water and filtered prior 
to heavy metal analysis (Zn, Cu and Cd) by atomic 
absorption spectrophotometry (ICPS: ARL 3510). Hg was 
analysed by flameless atomic absorption (Perkin-Elmer 
MAS-50A), as described previously [7]. Quality control 
measurements for total mercury included replicate analy­
sis resulting in coefficients of variation <10% and analysis 
of certified material (DORM-1, NRC, Canada).

The Hg absolute detection limit was 10 ng corresponding 
to 0.13 pg.g1 fresh weight (fw) for an average of 1.5 g of 
sample analysed. Detection limits for Cu, Cd and Zn were, 
respectively, 0.18, 0.18 and 0.17 pg.g-1 dw. Quality of the 
analyses was controlled through participation in an inter­
calibration programme ([43]; Table 1).
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