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Introduction

Many of the biomarkers applied in environmental assess-
ments have been adopted from human medical tests. In 
clinical examination, a suite of laboratory tests, rather 
than an individual test, is used to diagnose a particular 
disease state. Similarly, it has been suggested that multi-
ple biomarkers be used in pollution-monitoring studies 
to allow a weight of evidence approach in environmental 
risk assessment (Galloway et al. 2006). When developing 
novel biomarkers, it is important to consider the generic 
nature of the endpoint (i.e. biomarker response), which 
facilitates the interpretation of responses when applied 
to organisms across different taxa.

A consequence of normal oxygen metabolism 
is the production of potentially harmful reactive 

oxygen species (ROS), also referred to as oxyradicals. 
Oxidative stress is caused by an imbalance between 
the production of ROS (i.e. pro-oxidant forces) and 
an organism’s ability to detoxify readily the reactive 
intermediates (i.e. antioxidant defences) and can lead 
to enzyme inactivation, lipid peroxidation, DNA dam-
age and, ultimately, cell death (Winston & Di Giulio 
1991). Despite the numerous endogenous sources of 
ROS production, several environmental contaminants 
(e.g. polycyclic aromatic hydrocarbons (PAHs), poly-
chlorinated biphenyls (PCBs), heavy metals) enhance 
the intracellular generation of oxyradicals through 
different mechanisms including the redox cycle, the 
cytochrome P450-dependent oxidative metabolism of 
PAHs, and the Fenton reaction in the presence of some 
transition metals (Winston & Di Giulio 1991, Winston 
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Abstract
Two novel, non-destructive assays were developed to evaluate contaminant-induced lipid peroxidation 
(thiobarbituric acid-reacting substances, TBARS, levels) and haem biosynthesis disruption (porphyrin 
excretion) in decapod crabs. A laboratory experiment was conducted whereby pie-crust crabs (Cancer 
novaezelandiae) were fed cockles (Austrovenus stutchburyi) collected from a contaminated and reference 
site and TBARS levels and porphyrin excretion determined using fluorometric analysis in urine samples. 
Pyrene metabolite levels were also measured in the same urine samples to assess polycyclic aromatic 
hydrocarbon (PAH) exposure. Contaminant-exposed crabs exhibited elevated urinary TBARS and porphy-
rin levels and a strong correlation was found between these two assays and the urinary pyrene metabolite 
concentrations. However, there was large within-treatment variability, which precluded a clear separation 
between the control and the impacted group. Nevertheless, consistency in the direction of the response 
shows that the biomarkers reflect pollutant levels and validates the use of these simple techniques from 
human medicine for environmental assessments.
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et al. 1996, Livingstone 2001, Regoli et al. 2002, van der 
Oost et al. 2003).

Lipid peroxidation (i.e. the oxidation of polyun-
saturated fatty acids) is one of the most important 
biochemical perturbations resulting from oxidative 
stress as it may lead to a free radical chain reaction 
and result in degenerative propagation reactions. 
These reactions are usually accompanied by the for-
mation of various products, some of which are toxic 
by themselves and serve as second messengers for 
radical damage (De Zwart et al. 1999). Products result-
ing from the peroxidation of lipids are thus attractive 
parameters to monitor the adverse effects of oxida-
tive stress and are particularly promising with regard 
to the development of biomarkers. The most widely 
used technique for the determination of lipid peroxi-
dation is the measurement of secondary degradation 
products such as ketones and aldehydes, including 
malondialdehyde (MDA) (De Zwart et al. 1999). MDA 
forms a 1:2 adduct with thiobarbituric acid (TBA) to 
produce a compound that can be measured by fluor-
ometry or spectrophotometry (Uchiyama & Mihara 
1978, Camejo et al. 1998).

The measurement of TBA-reacting substances 
(TBARS), such as MDA, is a well-established method 
for the evaluation of oxyradical-mediated lipid peroxi-
dation used in the diagnosis of numerous diseases and 
disorders in human medicine (e.g. diabetes, Alzheimer’s 
disease, Down’s Syndrome, asthma) (Liu et al. 1997, De 
Zwart et al. 1999) where increased MDA levels have been 
recorded in different human tissues (e.g. plasma, urine, 
hair) (De Zwart et al. 1999, Sheu et al. 2003). Furthermore, 

the TBARS assay has been used as a biomarker in a 
number of environmental studies on aquatic organisms, 
including bivalve mussels (whole body homogenates, 
digestive gland) (Viarengo et  al. 1989, 1991, Wilhelm 
Filho et al. 2001, Aloisio Torres et al. 2002, Downs et al. 
2002, Romeo et al. 2003, Damiens et al. 2007, Gorbi et al. 
2008), decapod crabs (hepatopancreas, haemolymph, 
gonads) (Vijayavel et al. 2004, 2005, Chaufan et al. 2006) 
and fish (liver, gonad, plasma) (Ando & Yanagida 1999, 
Oakes & Van Der Kraak 2003, Oakes et al. 2004, Almroth 
et al. 2005).

Porphyrins are cyclic tetrapyrrole compounds formed 
as intermediate metabolites of haem biosynthesis (e.g. 
protoporphyrin) or their oxidative byproducts (copro-
porphyrin and uroporphyrin). They are produced and 
accumulate in erythropoietic tissues (i.e. relating to the 
formation of red blood cells), liver and kidney and are 
excreted via urine and faeces (Lim 1991).

Various xenobiotics, including organic contaminants, 
such as PCBs, organophosphorus pesticides and PAHs, 
and heavy metals (e.g. mercury, arsenic, lead) interfere 
with the haem biosynthesis by increasing the rate of 
oxidation of intermediate porphyrinogens or by direct 
interference with enzyme activities of the haem biosyn-
thetic pathway, causing modifications in the profile of 
porphyrin accumulation and excretion (Lamola et  al. 
1975, Marks 1985, Marks et al. 1987, 1988, Woods 1996, 
Casini et al. 2003, Ng et al. 2005, dos Santos et al. 2007). 
Several studies have investigated the porphyrinogenic 
effects of different classes of pollutants on a range of 
aquatic organisms (Table 1) and the disruption of the 
haem biosynthesis has been proposed as a biomarker 

Table 1.  Studies that have investigated the porphyrinogenic effects of one or more classes of pollutants on aquatic organisms.

 Species Tissue Pollutant References

Bivalve molluscs Common cockle,  
  Cerastoderma edule; lagoon  
  cockle, Cerastoderma lamarcki

Hepatopancreas Mercury (Brock 1992)

Crabs Burrowing crab,  
  Chasmagnathus granulatus

Hepatopancreas Hexachlorobenzene (Chaufan et al. 2006)

 Mediterraneancrab,  
  Carcinus aestuarii

Midgut gland,  
  hepatopancreas, faeces

Benzo[a]pyrene,  
  methylmercury,  
  polychlorinated biphenyls

(Fossi et al. 1996, 1997, 2000)

Fish Mosquitofish, Gambusia affinis Whole body homogenates Produced watera from an  
  offshore oil platform

(Casini et al. 2006)

 Blind cave fish,  
  Astyanax fasciatus

Liver Agrochemicals, (e.g. pesticides),  
  heavy metals, polycyclic  
  aromatic hydrocarbons

(CarrascoLetelier et al. 2006)

Birds Brown pelican,  
  Pelecanus occidentalis thagus;  
  neotropic cormorant,  
  Phalacrocorax olivaceus;  
  kelp gull, Larus dominicanus

Liver, kidney, faeces Not specified (Casini et al. 2001)

Marine mammals South American sea lion,  
  Otaria flavescens

Faeces, blood, fur Not specified (Casini et al. 2002)

aProduced water (PW) is the water extracted from the subsurface during oil, gas and coal extraction. PW may include water that is naturally 
trapped in the reservoirs and/or water that has been injected into the formation to facilitate the oil/gas/coal recovery.
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of exposure (De Matteis & Lim 1994, Fossi et  al. 2000, 
Chaufan et al. 2002).

The analysis of porphyrins in blood, urine and faeces 
is commonly used in the clinical diagnosis of porphyrias, 
inherited or acquired diseases due to enzyme deficien-
cies in the haem pathway (Lim 1991), as porphyrins can 
be detected spectrofluorometrically at very low concen-
trations (<10 g l−1) (Schwartz et al. 1976, Grandchamp 
et al. 1980, Valcarel et al. 1987, Westerlund et al. 1988).

In clinical diagnosis these two tests are usually per-
formed on human urine samples; this has the advan-
tage of not involving invasive techniques to collect a 
sample and allows repeatable sampling. In addition, 
analysing urine samples does not involve further 
separation, purification or other laborious pretreat-
ment steps in contrast to most other biological tissues 
or fluids (e.g. blood, faeces), and they can be stored 
at -80°C until analysis. Thus, performing these tests 
on urinary samples from crabs has major advantages 
compared with previously used techniques, because: 
(1) samples can be collected non-destructively allow-
ing repeatable sampling from individual animals; also, 
there is no need for transportation of animals because 
the sampling procedure only takes 1–2 min per indi-
vidual and can be performed in the field; (2) in addi-
tion to cost-effectiveness and ease-of-use, the major 
advantages of the two assays proposed is that they can 
be conducted on a single sample, with the additional 
possibility of measuring PAH metabolites as a biomar-
ker of exposure in the same sample; (3) pretreatment 
of samples is less extensive than for other tissues, thus 
facilitating the adaptation of the method from humans 
to crustaceans; the more steps that are required to pre-
pare samples prior to analysis, the more likely it is that 
further modifications of the procedures are necessary 
due to differences in body tissue composition between 
humans and crabs.

The aim of this work was, first, to determine whether 
or not TBARS and porphyrins are present in Cancer 
novaezelandiae crab urine and could be measured using 
available technologies adopted from human medical 
toxicology tests. Second, provided that these urinary 
tests can be applied to decapod crabs, this experiment 
aimed to investigate the potential correlation between 
these measurements and environmental pollution lev-
els to test the validity of these assays as ecotoxicological 
biomarkers in environmental risk assessment.

Materials and methods

Animal sampling and acclimatization

Thirty male pie-crust crabs (C. novaezelandiae) 
(75– 145 mm carapace width), were collected offshore 

at 10–20 m, approximately 5 km northwest off the Otago 
Harbour entrance (Taiaroa Head), New Zealand, using 
baited pots. Crabs were transported to the Portobello 
Marine Laboratory and allocated to six 50-l tanks (five 
crabs per tank) according to size range (mean size 113 ±   
5 mm for each tank) and held at 15 ± 1°C, 35 ± 1 psu, 
under natural light/dark cycle conditions in tanks with 
running filtered seawater. The crabs were allowed to 
acclimatize to these conditions for a week prior to the 
experiment and were fed 10 g each of cockles from 
Aramoana (control site). Tanks were cleaned before 
every feeding session.

A feeding experiment with cockles collected from a 
presumably impacted and reference field site was con-
ducted to simulate the exposure to environmentally 
realistic concentrations of chemical contaminants 
encountered by these animals in their natural habitat. 
Furthermore, monitoring the effects of the dietary 
uptake of contaminants probably best reflects the 
natural uptake route of contaminants for epi-benthic 
omnivores such as decapod crustaceans. Also, con-
taminant concentrations are generally lower in sea-
water than in sediments and in marine fauna, due to 
their high affinity for particles and organic matter and 
as a result of bioaccumulation and biomagnification, 
respectively.

Cockles, Austrovenus stutchburyi, were collected by 
hand from two sites: Aramoana and Portobello Road 
Outfall (Figure 1), Otago Harbour, New Zealand, and kept 
frozen at -20°C until use. Frozen cockles from Aramoana 
and Portobello Road were homogenized and analysed 
for PAH content at Hill Laboratories (Hamilton, New 
Zealand) (Table 2). PAH compounds analysed include 
all 16 priority pollutants listed by the US Environmental 
Protection Agency (EPA 1987).

Sites were chosen to represent a pollution gradient. 
Aramoana, which is located at the entrance of Otago 
Harbour, is considered a ‘clean’ site, with no major pol-
lution sources in the vicinity. In contrast, Portobello 
Road is located at the head of Otago Harbour (Upper 
Harbour) and is subject to elevated contamination 
input from residential and industrial activities in 
Dunedin city. Previous studies have shown elevated 
total PAH levels in much of the sediments in the Upper 
Harbour, mostly varying between 5 and 20 µg g−1 dry 
weight (Depree & Ahrens, unpublished results, 2006, 
Stewart 2007), and exceeding the Australian and New 
Zealand Environment Conservation Council (ANZECC 
2000) low trigger value of 4 µg g−1 dry weight. PAH lev-
els are particularly high in the vicinity of the Portobello 
Road drain (436.27 µg g−1 dry weight) (Stewart 2007), 
clearly exceeding the ANZECC (2000) high trigger 
value (45 µg g−1 dry weight) by one order of magni-
tude. The sedimentary PAH profile at Portobello Road 
comprises conspicuously high concentrations of 

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Pe
ki

ng
 U

ni
ve

rs
ity

 o
n 

11
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Novel biomarkers of PAH exposure in crabs    455

high-molecular-weight PAHs, with pyrene account-
ing for more than 10% of the total PAH concentration 
in storm water (Brown & Peake 2006) and sediments 
(Depree and Ahrens unpublished results, 2006), most 
likely from the PAH-rich sludge and tar from a dis-
continued gasworks (Brown & Peake 2006). Similarly, 
cockle flesh has been shown to contain very high PAH 
levels at the Portobello Road site (4.912 mg kg−1 wet 

weight), with concentrations between 2 and 3 orders 
of magnitude higher than those measured for cockles 
from adjacent sites (Kitchener Street 0.009 mg kg−1; 
Orari Street 0.018 mg kg−1) (Stewart 2007). In particular, 
benzo[a]pyrene, a mutagenic and highly carcinogenic 
PAH, occurs in such high concentrations (0.25 mg kg−1) 
in cockles from Portobello Road that only 0.8 g of cockle 
flesh would be considered safe for human consump-
tion on a weekly basis (according to British Columbian 
guidelines for B[a]P concentrations in shellfish for 
human consumption) (Stewart 2007).

Experimental design

After the acclimatization period, the six tanks were ran-
domly divided into two groups with three replicates for 
each treatment (3 × 5 individuals per treatment). Each 
group was fed cockles (60–80 g per tank) three times 
weekly. Cockles were collected from Aramoana (80 g 
of flesh ~ 5–8 deshelled cockles) and Portobello Road 
Outfall (80 g of flesh ~ 100 deshelled cockles) for the 
control and the treatment groups, respectively.

Urine sampling

Urine samples were collected from each crab after 
24 h, 1 week and 2 weeks exposure following a urine 
sampling procedure adapted from Bamber and Naylor 
(1997). Briefly, the crabs were restrained ventrally on a 
plastic backboard using elastic bands running parallel 

Table 2.  Concentrations (mg kg−1 wet weight) of 16 polycyclic 
aromatic hydrocarbons (PAHs) in cockle flesh from Aramoana and 
Portobello Road outfall.

PAH compound Aramoana cockles
Portobello Road  

cockles

Acenaphthene <0.00050 0.0096

Acenaphthylene <0.00050 0.043

Anthracene <0.00020 0.059

Benz[a]anthracene <0.00020 0.21

Benzo[a]pyrene <0.00020 0.23

Benzo[b]fluoranthene <0.00020 0.28

Benzo[g,h,i]perylene <0.00020 0.088

Benzo[k]fluoranthene <0.00020 0.11

Chrysene 0.00035 0.21

Dibenz[ah]anthracene <0.00020 0.048

Fluoranthene <0.00020 0.46

Fluorene <0.00020 0.024

Indeno[1,2,3-cd]
pyrene

<0.00020 0.12

Naphthalene <0.00500 0.029

Phenanthrene 0.0016 0.18

Pyrene <0.00050 0.43

Figure 1.  Location of the two collection sites for cockles (Austrovenus stutchburyi) in Otago Harbour, South Island, New Zealand.
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to the pereopods and the third maxillipeds were moved 
aside and kept apart using forceps. The epistome was 
then dried using absorbent paper and the apertures 
of the branchial exhalant chambers were covered with 
absorbent paper to prevent dilution with water expelled 
from the chambers. The operculum of each antennal 
gland bladder was lifted and urine was collected using 
a variable volume pipette with a flexible microcapil-
lary (25 µm) tip. Samples were transferred to 1.7-ml 
microcentrifuge tubes and immediately frozen at -80°C 
until analysis. Correct animal ethical procedures were 
followed throughout the procedure (Otago University 
Animal Ethics Committee approval 82/07).

Fluorescence analyses were performed using a LS 
50B Perkin-Elmer fluorescence spectrophotometer with 
a 3.5 ml quartz fluorescence cuvette for all three assays 
(TBARS, porphyrin, PAH metabolites).

TBARS assay

The amount of TBARS in urine samples was determined 
using the OXItek TBARS Kit (ZeptoMetrix Corporation, 
Buffalo, NY, USA; No. 0801192) according to the manu-
facturer’s instructions as follows: one vial containing 
0.53 g of TBA was dissolved in 50 ml of TBARS diluent 
1 and 50 ml of TBARS diluent 2 and mixed until the 
TBA was completely dissolved. A series of six standards 
(0–100 nmol MDA ml−1) was prepared by diluting the 
MDA standard stock solution, containing 100 nmol ml−1  
of malondialdehyde bis (dimethyl acetal), in MDA 
diluent. One-hundred microlitres of urine sample or 
standard was mixed with 100 µl of SDS solution in a 
5-ml polypropylene test tube with a screw top lid and 
the content mixed by vortexing. Then, 2.5 ml of TBA/
buffer reagent was added to each tube and the tubes 
incubated at 95°C for 60 min. Tubes were cooled to 
room temperature in an ice bath for 10 min before 
centrifugation at 3000 rpm for 15 min. After centrifuga-
tion, 2 ml of supernatant was removed from samples 
and transferred to another 5-ml polypropylene test 
tube containing 1.5 ml of distilled water, to load the 
3.5 ml cuvette.

Fluorescence emission was monitored at 550 nm, 
with the excitation wavelength set at 530 nm, with slit 
widths of 5 nm and the scan rate set at 60 nm min−1. The 
detection limit was determined as the mean of three 
blank measurements plus three standard deviations. 
Peak fluorescence emission signals at 550 nm were 
quantified against the standard curve and results are 
presented as MDA equivalents in nmol ml−1.

Porphyrin assay

All solutions were prepared according to Westerlund 
et  al. (1988) as follows. A 3 mol l−1 hydrochloric acid 

(HCl) solution was prepared by adding one part (250 ml) 
of HCl (AR grade) to three parts (750 ml) Milli-Q water. A 
0.3 mol l−1 stock solution of iodine was prepared by dis-
solving 3.8 g of iodine in 100 ml of ethanol (LR grade). 
Prior to each analysis, a HCL-iodine stock solution was 
prepared by mixing 500 µl of the 0.3 mol l−1 iodine stock 
solution with 50 ml of the 3 mol l−1 HCl reagent. In addi-
tion, a 0.45 nmol l−1 sodium-thiosulfate solution was 
prepared by dissolving 35.5 mg of sodium thiosulfate in 
500 ml of Milli-Q water.

Porphyrinogens are the products of porphyrin metab-
olism in vivo and can comprise half of the porphyrins 
present in urine. These compounds are colourless and 
non-fluorescent and therefore require oxidation to fluo-
rescent porphyrins before analysis. Consequently, 100 µl 
of urine (100 µl of Milli-Q water for blank) was mixed 
with 1 ml of the freshly prepared HCl-iodine reagent 
and incubated for 30 min at room temperature (Valcarel 
et al. 1987, Westerlund et al. 1988). After the oxidation 
period, samples were decolourized by adding 5 ml of 
thiosulfate solution to each sample and scanned within 
5 min (Westerlund et al. 1988).

Urine samples were analysed spectrofluorometrically 
monitoring the fixed emission at 650 nm with a 20 nm 
bandwidth while exciting from 350 nm to 430 nm with a 
5 nm bandwidth, with the scan rate set at 60 nm min−1 
(Martinez & Mills 1971, Schwartz et al. 1976, Westerlund 
et  al. 1988). Fluorescence signals were recorded at the 
Soret band (i.e. absorption band in the blue region of all 
porphyrins) peak 

exc
 = 400 nm (Martinez & Mills 1971, 

Schwartz et al. 1976, Westerlund et al. 1988, Pudek et al. 
1991) and corrected for background fluorescence by 
subtracting the corresponding values determined for 
the blank measurements. The detection limit was deter-
mined as the mean of three blank measurements plus 
three standard deviations. Data are reported as fluores-
cence intensities (i.e. peak heights).

PAH metabolites

The level of pyrene metabolites was quantified in the 
same urine samples to complement the findings of the 
two assays described above, as PAH exposure is known 
to affect the urinary excretion of TBARS and porphyrins 
in humans. The presence of urinary PAH metabolites 
provides evidence of exposure, which is interesting as 
not all crabs are expected to feed equally and metabo-
lize the pollutants at the same rate, and also serves as a 
precursor of the TBARS and porphyrin assay responses 
and gives insight into the dose-, as well as time-related 
correlation between exposure and effects.

Urine samples were screened for pyrene metabolites 
following the procedure as described in Watson et  al. 
(2004). Briefly, an aliquot of 100 l of urine sample 
was mixed with 3.4 ml of 50% ethanol, resulting in a 

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Pe
ki

ng
 U

ni
ve

rs
ity

 o
n 

11
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Novel biomarkers of PAH exposure in crabs    457

1:35 dilution. Samples and a series of 1-hydroxypyrene 
standards (0–200 g l−1) were analysed by fixed excita-
tion fluorescence (FF) technique, setting the excitation 
wavelength at 345 nm and monitoring the emission from 
290–500 nm at a scan rate of 400 nm min−1, with excita-
tion and emission slit widths of 5 nm. Fluorescence 
peak heights were recorded for samples and standards 
at wavelengths 382 nm and 387 nm, respectively, and 
corrected for background fluorescence contributed by 
the solvent, by subtracting the corresponding values 
determined for the blank of 50% ethanol. The detec-
tion limit was determined as the mean of three blank 
measurements plus three standard deviations and peak 
heights were quantified against the standard curve. 
Data are presented as 1-OH pyrene (i.e. hydroxypyrene) 
equivalents (g l−1) after correction for dilution.

Statistical analysis

Data were analysed using the software packages JMP 
7.0 (SAS Institute, Cary, NC, USA) and SPSS 15.0 (SPSS 
Inc., Chicago, IL, USA). All data were tested for normal-
ity using the Shapiro–Wilk’s test and for homogeneity of 
variance according to Levene’s test. As the data did not 
satisfy the assumptions of normality and homogeneity 
of variance, even after transformation, a non-parametric 
Kruskal–Wallis single factor analysis of variance by mean 
ranks was performed, using the Friedman’s test for mul-
tiple comparisons of mean ranks within treatment over 
time (Zar 1984). Friedman’s test was used because sam-
ples within treatment are dependent over time, as the 
same individuals were sampled at three time intervals. 
Differences at the 5% significance level were considered 
significant. Spearman’s rank correlation coefficient 
was used to analyse the correlation between the three 
assays.

To investigate potential differences in variability 
between the two groups, an index of multivariate disper-
sion (IMD) was computed, as well as the average squared 
Euclidean distance for each treatment (i.e. distance 
among samples within treatment based on Euclidean 
dissimilarity matrix) using the SIMPER routine in 
PRIMER (Plymouth Routines in Marine Environmental 
Research) statistical software package v6.0 (Plymouth 
Marine Laboratory, U.K.) (Warwick & Clarke 1993, 
Clarke & Warwick 2001).

Results

Cockle analyses

The concentration of 16 PAH compounds in cockle 
flesh from Aramoana and Portobello Road outfall indi-
cated a strong PAH contamination gradient between 

the two sites (Table 2). The PAH levels in the cockles 
from Aramoana were almost all below detection lev-
els, except chrysene and phenanthrene, which were 
present in very low concentrations. In contrast, cockles 
from Portobello Road outfall contained conspicuously 
high amounts of high-molecular-weight compounds, 
including pyrene, fluoranthene, benz[a]anthracene, 
benz[a]pyrene, benz[b]fluoranthene and chrysene, 
in accordance with the sedimentary data mentioned  
previously. Thus, these results indicate a clear  
contaminant gradient between control (Aramoana) and 
treatment (Portobello Road) groups in this experiment.

Pyrene metabolites

The screening of urine samples for pyrene metabolites 
exhibited a significant difference between mean ranks 
at the 95% confidence level between control (Aramoana, 
ARA) and treatment (Portobello Road, PBR) groups at 
all time intervals (24 h, 1 week, and 2 weeks) (Table 3, 
Figure 2). The within-treatment variability remained 
approximately the same for the ARA group and values 
ranged between 1 and 11 g l−1 1-hydroxypyrene at all 
three sampling occasions (Table 3). The Friedman’s 
test however revealed a significantly higher level of 
pyrene metabolites in ARA after 1 week (2

(3, 10, 0.05)
 = 7.2, 

p = 0.025) compared with the values recorded at 24 h and 
2 weeks, respectively. For the PBR group, the coefficient 
of variation increased from 30% to 56% after the first 
measurement at 24 h while the maximum level of pyrene 
metabolites recorded increased almost threefold during 
that time (Table 3). However, there was no significant 
difference over time for pyrene metabolite levels in the 
PBR group.

MDA

The fluorescence spectra recorded for the TBARS assay 
clearly indicated the presence of MDA-type compounds 
in urine samples, which were absent in all blank meas-
urements (see Appendix – Figure 5).

The level of MDA excreted in urine did not differ sig-
nificantly at the 95% confidence level between PBR and 
ARA at any sampling periods (Table 3). Similarly, there 
was no significant difference within treatment groups 
over time, although there was an increasing trend in 
MDA levels for the PBR group after 1 week, followed by 
an apparent decrease at the 2-week sampling period 
(Figure 3). Furthermore, the interindividual variabil-
ity, expressed as the coefficient of variation, decreased 
in the ARA group, while it increased in the PBR group 
during the feeding experiment (Table 3). Similarly, the 
range of values showed that maximum MDA levels were 
twice as high for the PBR group compared with ARA at 
the 1-week and 2-week time intervals (Table 3).

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Pe
ki

ng
 U

ni
ve

rs
ity

 o
n 

11
/1

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



458    S. Koenig et al.

Table 3.  Mean values ± standard deviation of urinary pyrene metabolites, malondialdehyde (MDA) levels and porphyrin fluorescence intensities 
recorded for pie-crust crabs (Cancer novaezelandiae) fed on cockles from Aramoana (ARA, control) and Portobello Road (PBR, treatment) after 
24 h, 1 week and 2 weeks of exposure. Ranges of values are in parentheses. Details are given for statistical significant differences at the 95% 
confidence level between treatment groups.

Time

Pyrene metabolites MDA Porphyrin

ARA PBR ARA PBR ARA PBR

24 h 4.87 ± 1.92 7.50 ± 2.23 0.33 ± 0.17 0.36 ± 0.18 0.44 ± 0.11 0.58 ± 0.25

(2.92–9.33) (4.09–10.03) (0.13–0.65) (0.11–0.85) (0.35–0.77) (0.38–1.15)

2
(1,26)

 = 8.8281 N/D N/D

p = 0.003   

1 week 6.44 ± 2.37 10.61 ± 5.93 0.39 ± 0.17 0.54 ± 0.34 0.32 ± 0.11 0.67 ± 0.68

(3.69–11.11) (5.65–27.13) (0.17–0.77) (0.22–1.43) (0.15–0.48) (0.26–2.84)

2
(1,25)

 = 6.3673 N/D 2
(1,23)

 = 5.4154

p = 0.0116  p = 0.02

2 weeks 4.53 ± 2.36 10.25 ± 5.87 0.29 ± 0.10 0.41 ± 0.29 0.28 ± 0.08 0.49 ± 0.41

 (1.146–0.14) (2.98–23.08) (0.17–0.51) (0.17–1.25) (0.15–0.37) (0.23–1.87)

 2
(1,22)

 = 9.2517 N/D 2
(1,23)

 = 7.6460

 p = 0.0024  p = 0.0057

N/D, no significant difference detected between treatments.
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Figure 2.  Box and whisker plots of 1-OH pyrene concentrations (g l−1) in urine samples of pie-crust crabs (Cancer novaezelandiae) for the treat-
ment (Portobello Road) and the control (Aramoana) group after 24 h, 1 week and 2 weeks exposure times. *Significant difference between treat-
ment groups; solid black line, median; dashed line, mean. The box is drawn from the lower quartile (25th percentile) to the upper quartile (75th 
percentile); whiskers indicate the 10th and the 90th percentile of the sample data.
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Figure 3.  Box and whisker plots of malondialdehyde (MDA) concentrations (g l−1) in urine samples of pie-crust crabs (Cancer novaezelandiae) 
for the treatment (Portobello Road) and the control (Aramoana) group after 24 h, 1 week and 2 weeks of exposure. Solid black line, median; 
dashed line, mean. The box is drawn from the lower quartile (25th percentile) to the upper quartile (75th percentile); whiskers indicate the 10th 
and the 90th percentile of the sample data.
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Porphyrin

The fluorescence spectra recorded for porphyrin analysis 
of urine samples exhibited a clear peak at the expected 
wavelength, which was absent in all blank measure-
ments (see Appendix – Figure 6).

The screening for porphyrins in urine exhibited a sig-
nificant difference between the control (ARA) and the 
treatment (PBR) group after 1 week of exposure, which 
remained significant after 2 weeks (Table 3, Figure 4). In 
particular, the maximum fluorescence signal recorded 
for the porphyrin analysis at 1 week and 2 weeks is 
approximately 6 times higher at PBR compared with the 
highest value recorded in ARA urine samples (Table 3). 
Additionally, the interindividual variance within the PBR 
group was even more prominent than for the pyrene or 
the TBARS test, with coefficients of variation for 1-week 
and 2-week measurements being 102% and 84%, respec-
tively, and individual responses within treatment vary-
ing by one order of magnitude (Table 3). Furthermore, 
the mean peak fluorescence signals recorded for the 
porphyrin analysis showed a decreasing trend over time 
for both treatments (Figure 4), with values at 24 h differ-
ing significantly from the values measured after 1 week 
and 2 weeks for ARA (2

(3, 10, 0.05)
 = 13.3, p = 0.001) and PBR  

(2
(3, 14, 0.05)

 = 12.0, p = 0.002). However, it should be noted 
that for PBR the mean value is higher after 1 week com-
pared with 24 h, but the median, as well as mean rank, 
used in the non-parametric Friedman test, are lower (see 
Figure 4). This apparently contradictory effect can be 
explained by the presence of a few extremely high values.

Correlation between three assays

The Spearman’s rank test for all data combined (i.e. 
both treatments and three time intervals combined) 
exhibited a significant correlation between all three 
assays, although the Spearman coefficient ( = 0.5,  

p <0.0001) indicated that there is only a moderate cor-
relation. However, when analysing the correlation 
between the three assays for both treatment groups 
separately (three time intervals combined), only a slight 
correlation between porphyrin and pyrene metabolites 
( = 0.33, p = 0.049) existed within the control group. This 
trend did not intensify when examining the correlation 
between variables for each time interval within the ARA 
treatment separately.

In contrast, there was a relatively strong correlation 
between all three assays for the PBR treatment group 
( > 0.50, p < 0.001). Furthermore, for the PBR group 
the correlation between the three variables at different 
time intervals showed that after 24 h there was only a 
significant correlation between porphyrin and TBARS 
levels ( = 0.58, p = 0.025), but after 1 week there was a 
significant correlation between all three assays ( > 0.56, 
p <0.050), which further intensified after 2 weeks  
( > 0.64, p <0.020). In particular, a very strong  
relationship was detected between porphyrins and 
pyrene metabolites after 1 week, which was more  
pronounced after 2 weeks, with a Spearman’s coefficient 
 of 0.81 (p = 0.0005) and 0.92 (p <0.0001), respectively.

Variability within treatment

The multivariate dispersion (MVDISP) analysis revealed 
a decreasing dispersion among samples for the control 
(ARA) group over time, in contrast to an increase in 
dispersion among samples within the treatment (PBR) 
group. Correspondingly, the indices of IMD between 
the PBR and the ARA group all give positive values 
and increase with time (Table 4). Similarly, the average 
squared Euclidean distance is higher between samples 
from the PBR at all three time intervals, with substantial 
differences in within-treatment dissimilarity between 
the two treatments after 1 week and 2 weeks (Table 4).

3.0 

Aramoana Portobello Road 
n = 13 n = 15 

Aramoana Portobello Road 
n = 11 n = 14 

Aramoana Portobello Road 
n = 11 n = 14 

1 week24 hours 2 weeks 
2.5 

2.0 

1.5 

P
or

ph
yr

in
 fl

uo
re

sc
en

ce
(P

ea
k 

he
ig

ht
 �

ex
c =

 4
00

 n
m

)

1.0 

0.5 

0.0 

* *

Figure 4.  Box and whisker plots of fluorescence intensities of porphyrins (peak height at 
excitation

 = 400 nm) in urine samples of pie-crust crabs 
(Cancer novaezelandiae) for the treatment (Portobello Road) and the control (Aramoana) group after 24 h, 1 week and 2 weeks of exposure. 
*Significant difference between treatment groups; solid black line, median; dashed line, mean. The box is drawn from the lower quartile (25th 
percentile) to the upper quartile (75th percentile); whiskers indicate the 10th and the 90th percentile of the sample data.
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Discussion

The results have shown that C. novaezelandiae crabs 
absorb pyrene as a result of ingestion of contaminated 
food, with pyrene metabolites being detectable in urine 
only 24 h after dietary exposure. Significantly higher 
levels of urinary pyrene metabolites in crabs fed cockles 
from the Portobello Road outlet is in accordance with the 
higher PAH concentrations in cockle flesh from this site.

The significantly higher level of pyrene metabolites 
detected for the ARA group after 1 week probably reflects 
the natural variability in fluorescence measurements for 
C. novaezelandiae urine samples.

Although there was no significant difference between 
pyrene metabolite concentrations in urine over time for 
the PBR treatment group, there was an increase in the 
excretion of pyrene metabolites after the initial 24 h, with 
the maximum value recorded after 1 week being almost 
three times higher than the maximum value recorded 
after 24 h. However, due to the large variation within 
the PBR treatment group this trend was not detectable 
at the 5% significance level. Similarly, the 1-OH pyrene 
concentration in urine did not seem to increase any 
further after the first week, with a similar mean value 
and value range recorded after 2 weeks of exposure. This 
trend suggests that the excretion rate of PAH metabo-
lites reached its maximum within only a few days and 
remained constant thereafter when exposure condi-
tions remained unchanged. Practically, this means that 
C. novaezelandiae (and potentially other crab species) 
could be used to assess the PAH contamination at spe-
cific sites by conducting transplant experiments over a 
very short period of time (about 1 week).

The high variability among individuals within the 
PBR treatment group could be explained by the kinetics 
of PAH uptake and metabolism in crustaceans. Previous 
studies have shown that the elimination rate of PAH 
metabolites in crustaceans generally peaks after about 
48 h postexposure and decreases steadily thereafter 
(Lee et al. 1976, James et al. 1995, Fillmann et al. 2004, 
Watson et al. 2004). Thus, in this case the urinary 1-OH 
hydroxypyrene concentration would strongly depend 

on the amount of cockles individual crabs have ingested 
about 48 h prior to the sample collection. Furthermore, 
the high variation among crabs may result from the fact 
that crabs were not eating equal amounts on each of the 
three weekly feeding occasions.

Even though urinary MDA levels did not differ sig-
nificantly between the two treatment groups (ARA 
and PBR) at any time, the range of values suggests that 
overall oxidative stress was higher for crabs that fed on 
cockles from Portobello Road (PBR). This trend was 
probably masked by the increasing variability over time 
among individuals within the PBR group. Additionally, 
the fact that MDA levels did not differ after 24 h between 
the two treatments indicates that the dietary exposure 
does not have an immediate effect on the TBA reacting 
substances excretion profile. In particular, consider-
ing that pyrene metabolite levels differed significantly 
between treatments after only 24 h suggests that PAH-
induced lipid peroxidation only occurs after a few days 
following the dietary uptake of contaminants.

The decrease in MDA levels in urine for the PBR 
group in the second week could be attributed to an 
increase in antioxidant enzyme activity (Chaufan et al. 
2006). While testing the toxicity of hexachlorobenzene 
(HCB) for Chasmagnathus granulatus crabs, Chaufan 
et al. (2006) found that after an initial increase in MDA 
levels, as a result of toxicant-induced lipid peroxidation, 
antioxidant defences would activate after about 1 week 
and cause a transient reduction of MDA levels. This 
trend was reversed after about 4 weeks, when the accu-
mulation of HCB caused a pro-oxidant effect that over-
whelmed antioxidant response mechanisms (Chaufan 
et al. 2006). In addition, shellfish meat is an important 
source of antioxidants for humans because of its high 
levels of vitamin E and selenium (Egeland & Middaugh 
1997), which in this case might have also contributed to 
an interim reduction of lipid peroxidation.

Furthermore, water-borne naphthalene, which is a 
low-molecular-weight PAH, has been shown to increase 
TBARS levels in the hepatopancreas, haemolymph and 
reproductive tissues of the estuarine crab Scylla serrata 
(Vijayavel et al. 2004, 2005). However, the first of these 
studies used a relatively high concentration of 100 mg l−1 
of naphthalene considering the previously determined 
LC

50
 concentration of 180 mg l−1 and the level of TBARS 

was only evaluated after 96 h of exposure (Vijayavel et al. 
2004). Moreover, in the second study where the crabs 
were exposed to a lower concentration of naphthalene 
(10 mg l−1), lipid peroxidation was only evaluated after 
30 days of exposure, with no measurements recorded in 
between (Vijayavel et al. 2005).

Consequently, the duration of this experiment might 
not have been long enough to detect statistically significant 
differences among the two treatment groups, potentially 
due to the activation of antioxidant defence mechanisms 

Table 4.  Multivariate dispersion (MVDISP) analysis of biomarker 
responses in Cancer novaezelandiae and averaged squared Euclidean 
distance (based on Euclidean similarity matrix) among samples for 
crabs fed on cockles from Aramoana (ARA, control) and Portobello 
Road (PBR, treatment) after 24 h, 1 week and 2 weeks of exposure.

Time

Dispersion
Index of  

multivariate  
dispersion (IMD)

Average squared 
Euclidean 
distance

ARA PBR ARA PBR

24 h 0.904 1.061 0.158 3.68 5.06

1 week 0.848 1.092 0.245 5.18 35.79

2 weeks 0.730 1.190 0.463 5.57 34.69
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after an initial increase in oxidative stress. However, the 
trends seen in this experiment suggest that the uptake of 
PAHs through ingestion can result in an increase in the 
generation of ROS in decapod crabs and may potentially 
lead to adverse effects due to oxidative stress.

The significant difference between control and treat-
ment groups after 1 week strongly suggests that the die-
tary exposure to xenobiotics has had an adverse effect 
on the porphyrin excretion profile of crabs that fed on 
cockles from Portobello Road. However, the extremely 
high interindividual variance within the PBR treatment 
group indicates that not all crabs show a response as 
a result of contaminant uptake. Chaufan et  al. (2006) 
observed a similar pattern in their study, where only 
a portion of the crabs exposed to HCB showed signs 
(30–45% deviation from control) of uroporphyrino-
gen decarboxylase (UroD) enzyme activity inhibition 
(enzyme which catalyses haem biosynthesis), whereas 
the UroD activity in control groups remained homoge-
neous over time. Similar results have also been observed 
in studies with rats (Rios de Molina et al. 2002) and sea 
lions (Casini et al. 2002), suggesting that differences in 
enzyme activity susceptibility may be common among 
different taxa, which would explain the large variance in 
urinary porphyrin levels observed in PBR exposed crabs. 
In addition, in the current experiment, food competition 
among crabs within one tank could have caused differ-
ences in contaminant uptake among individuals.

The decrease in the temporal response of urinary 
porphyrins for both treatment groups after 1 week 
could potentially result from a beneficial effect of the 
experimental conditions on the health status of the 
control group. In human medicine, improved nutrition 
is part of the prevention and treatment of porphyria 
(Robert et  al. 1994). Similarly, in this experiment, an 
improved nutritional status, as a consequence of the 
abundant amount of feed that crabs were given, could 
have resulted in reduced porphyrin excretion.

The overall correlation between the three assays for all 
data combined is significant, although the Spearman’s 
rank correlation indicates that there is only a moderate 
correlation between assays. However, when analysing 
the correlation between the three assays for both treat-
ment groups separately, it is apparent that there is a 
strong correlation between all three assays for the PBR 
treatment group in contrast to the very low correlation 
between assays for the ARA control group. As the ARA 
treatment group is the ‘unpolluted’ group, the crabs fed 
on cockles from ARA have not been exposed to any, or 
only negligible concentrations of contaminants. Thus, 
no correlation is expected. Conversely, in the PBR treat-
ment group crabs were exposed to a range of contami-
nants through their diet, including relatively high PAH 
concentrations, which are known to affect the haem bio-
synthesis and cause oxidative stress (Marks 1985, Marks 

et al. 1988, Winston & Di Giulio 1991, Livingstone 2001, 
Casini et al. 2003). The strong relationship between the 
three variables for the PBR group therefore provides 
strong evidence that urinary TBARS and porphyrin 
excretion profiles are affected by pyrene exposure in 
C. novaezelandiae. In particular, this argument is rein-
forced by the fact that all three assays exhibited elevated 
levels in particular individuals.

Furthermore, the lack of correlation between urinary 
pyrene metabolite levels and porphyrin and TBARS lev-
els for PBR crabs after 24 h, and the fact that after 24 h 
TBARS and porphyrin levels did not differ between ‘pol-
luted’ and ‘unpolluted’ treatments, indicate there was 
no detectable exposure effect on TBARS and porphyrin 
excretion profiles after 24 h. However, the level of pyrene 
metabolites was already significantly higher for the PBR 
group, suggesting that there is a time delay between 
pyrene uptake and the consequent response in the por-
phyrin and TBARS tests. In particular, the correlation 
between the three assays increases after 1 week and even 
further after 2 weeks, showing that pyrene exposure has 
had a clear impact on the response seen for the porphy-
rin and the TBARS assay, with a very strong correlation 
between 1-OH pyrene concentrations and MDA levels 
as well as porphyrins in urine.

Warwick and Clarke (1993) noted that in numer-
ous environmental impact studies the variability in 
community structure and species abundance patterns 
among samples collected from polluted areas is often 
substantially higher than for samples from control sites, 
a phenomenon which has been observed in various 
biomarker studies (e.g. Depledge & Lundebye 1996, Casini 
et al. 2001, Fillmann et al. 2004, Watson et al. 2004). Thus, 
Warwick and Clarke (1993) suggested that the variability 
itself may be an indicator of perturbed conditions, which 
could be added to the suite of community/biomarker 
responses currently used for assessing the impact of 
anthropogenic disturbances on the marine environment.

The IMD (a proxy of variability) supported this 
trend, whereby variability increased with exposure time 
for the PBR group, indicating a correlation between 
within-treatment variance and pollution level. In par-
ticular, a further increase of the IMD between the first 
and the second week of the experiment suggests that 
the pollution-induced effect on the health status of the 
exposed crabs further intensified. However, this trend 
cannot be derived from the univariate analysis, indicat-
ing that the IMD potentially represents a more sensitive 
approach to detect pollution-induced adverse effects. 
The Euclidean distance exhibited a similar trend, which 
is consistent with the fact that the PBR group represents 
the ‘polluted’ group and ARA is considered a control 
group.

Consequently, the increase in variability among 
individuals with increasing levels of stress seen in this 
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study further proves that a pollution-related increase in 
variability is a widespread and general phenomenon in 
environmental impact studies. However, the application 
of the comparative IMD still lacks any obvious statistical 
framework that would allow testing hypotheses of com-
parable variability between groups (Warwick & Clarke 
1993, Clarke & Warwick 2001).

In conclusion, the recorded fluorescence spectra 
exhibited clear peaks at the expected wavelengths, indi-
cating that TBARS as well as porphyrins are present and 
measurable in decapod crab urine. However, further 
work would be necessary to help determine the sensitiv-
ity and accuracy of the methods by assessing the corre-
lation between HPLC and fluorescence techniques and 
analysing the recovery using spiked urine samples.

Thus the results of this study indicate that the urinary 
TBARS and porphyrin assays commonly used in human 
medicine can be readily applied to decapod crabs. 
The consistency of the direction of change between 
assays, whereby the levels recorded for all three assays 
increased in the treatment (PBR) group and the strong 
correlation between tests, provide strong evidence that 
changes in the TBARS and porphyrin excretion profile 
reflect an increase in pollution disturbance. Thus, the 
current work provides preliminary validation for these 
two assays as non-destructive biomarkers of pollution. 
In particular, the fact that this experiment consisted of 
the dietary exposure of crabs to environmentally realis-
tic levels of contaminants facilitates the practical appli-
cation of these methods in future field studies.

However, stress-induced responses occurred in only 
a few individuals resulting in large within-treatment 
variability, which precluded a clear separation between 
the control and the impacted group. Even though the 
current work further proves that increasing variability 
itself can potentially serve as an indicator of pollution, 
the implementation of this analysis tool still lacks any 
statistical framework. Hence, this drawback has to be 
taken into account when applying these tests in field 
studies and different analysis techniques should be 
considered when comparing the anthropogenic impact 
among different sites.
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Appendix

Figure 5. Fixed excitation fluorescence spectra (λ
excitation

 = 530 nm) for diluted (1:47) crab urine sample, blank and 0 nmol 1-1 L MDA standards.

540.0 542 544 546 548 550 552 554 556 558 560.0
0.26
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.17

Fl
uo

re
sc

en
ce

 in
te

ns
ity

Blank and MDA Standard (0 nmol/L)

MDA standard (1 nmol/L)

Crab urine sample

Emission Wavelength (nm)

Figure 6. Fixed emission fluorescence spectra (λ
excitation

 = 650 nm) for diluted (1:60) crab urine sample from two treatment groups (ARA and PBR) 
and a blank. The fluorescence spectrum of the crab urine sample reflects the typical shape of the porphyrin fluorescence signal in a human urine 
sample (see Westerlund et al. 1988, Fig. 5 p. 348).
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