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The use of non-destructive
biomarkers in the study of marine
mammals
M. Cristina Fossi and Letizia Marsili

Marine mammals have been subject to heavy anthropogenic
pressure by direct killing and chemical pollution all over the
world. Most studies of contamination and biomarker
responses in marine mammals have been conducted using
animals killed by hunting (out of a total of 12 cetacean
species studied, 45% of the specimens were obtained by
sacrificing the animal; out of a total of eight pinniped species
studied, 40% of the specimens were obtained by killing). The
development of a series of non-destructive techniques to
evaluate biomarker responses and residue levels is
recommended for the hazard assessment and conservation of
endangered species of marine mammals. Here we review the
current status of the non-destructive biomarker approach in
marine mammals, describing the biological materials
available for non-destructive tests in stranded (brain, liver,
blood, skin, subcutaneous blubber, muscle and fur) and free-
ranging animals (blood, skin biopsy, fur and faeces) and the
respective biomarker techniques (mixed function oxidase
activity and DNA damage in skin biopsy samples; porphyrins
in faeces and fur; esterases, porphyrins, clinical biochemical
parameter, vitamin A and micronuclei in blood samples).
Residue analysis can be carried out in the various biological
materials. We also report the results of applying this
methodological approach to cetaceans (minke whale -
Balaenoptera acutorostrata, fin whale ± ±  Balaenoptera
physalus, beluga whale ± ±  Delphinapterus leucas, short-finned
pilot whale ± ±  Globicephala macrorhynchus, harbour porpoise
± ±  Phocoena phocoena, Risso’s dolphin ± ±  Risso’s Grampus
griseus, Dall’s porpoise ± ±  Phocoenoides dalli dalli, melon-
headed whale ± ±  Peponocephala electra, bottlenose dolphin
± ±  Tursiops truncatus, striped dolphin ± ±  Stenella
coeruleoalba, spinner dolphin ± ±  Stenella longirostris, killer
whale ± ±  Orcinus orca) and pinnipeds (northern fur seal ± ±
Callorhinus ursinus, hooded seal ± ±  Cystophora cristata, grey
seal ± ±  Halichoerus grypus, harbour seal ± ±  Phoca vitulina,
ringed seal ± ±  Phoca hispida, harp seal ± ±  Phoca
groenlandica, ribbon seal ± ±  Phoca fasciata, largha seal ± ±
Phoca largha, southern sea lion ± ±  Otaria flavescens) in field
studies for prognostic and diagnostic purposes.

Keywords: biomarkers, marine mammals, endangered species,
ecotoxicological risk, contaminants. 

Abbreviations: ACTH, adrenocorticotropic hormone; ALAD,
aminolevulinic acid dehydratase; BaP, benzo(a)pyrene; BPMO,
benzo(a)pyrene monooxygenase; BROD, benzyloxyresorufin-O-
deethylase; CBs, carbamates; ConA, concanavalin A; CYP,
cytochrome P-450; 3,4-didehydroretinol, vitamin A2; ELISA,
enzyme linked immunosorbent assay; EROD, 7-ethoxyresorufin-O-
deethylase; FT4, free thyroxin; g -GT, g -glutamil transferases;
HgSe, mercury selenide; IgG, immunoglobulin G; MC, 
3-methylcholanthrene; MFO, mixed function oxidase; OCs,
organochlorines; OPs, organophosphates; PAHs, polycyclic
aromatic hydrocarbons; PB, phenobarbital; PCBs, polychlorinated
biphenyls; PDV, phocid distemper virus; PHAHs, polyhalogenated
aromatic hydrocarbons; PROD, pentoxyresorufin-O-deethylase;
TCB, 14C-labelled 3,3Â ,4,4Â -tetrachlorobiphenyl; TCDD, 2,3,7,8-
tetrachlorodibenzo(p)dioxin; TT3, triiodothyronin; TT4, total
thyroxin.

Introduction
In  the last  100 years , m any species of  m ar ine m am mals (r ight

wh ales ±± E ub alaen a sp p. ,  b lue w hale ±± B alaenoptera

m u s cu lu s,  h u m pb ac k w ha le ±± M egaptera novaeangliae,

beluga wh ale ±± D elp hin apterus le uc as)  h ave  un derg one a

drast ic  d ecrease in  num bers on a world scale (Mart in  et  al .

1990) , ce rt ainly  d ue to  h um an  acti vi t ie s su ch as hu ntin g and

fishing,  and po ten tial ly  d ue to  enviro n m en tal  c on ta m in at io n

an d  d est ruction of  habitat . Chemical  pollut ion is the m ain

so u rce of  ecotoxico logical  r isk to  these  animals.  As top

p red ators  of  the mar ine food chain m any  m arine mam m als

(such  as o don tocetes and pin niped s)  t end to  bio accum ulat e

high concentrat io ns of  an throp ogen ic cont am inan ts ,  such  as

o rgano ch lo rine contam inan ts (O Cs) , heav y m etals  and

polycyclic  arom a tic  h yd rocarbons (PAHs) (Neff et  al . 1976 ,

Gerac i  and St  Aubin 1980, Tana be  et  al . 1983 , Boon et al . 1992,

L eonzio et al . 1992, Marcovecch io et  al. 199 4, Marsi l i  and

Fo card i 1997) .  The eco toxicological  r isk of  some species is al so

re lated to their  `biochemical  vulnerabili ty ’  to  lipophil ic

xenobiotics.  Tan ab e and  Tatsukawa (1992) re p o rted tha t  

` .. . these an imals  have a  low capaci ty for  degradat ion of

o rganochlorines due to  a  specif ic m ode of  their  cytochro m e

P450 enzyme system ’ . P articularly  ` ... re cent  s tud ies u sing

cetacean l iver  m icrosom es d em on st rate d t hat  these anim al s

have m uch lower  act ivi t ies  of  a ldr in  epoxidase (phenob ar bital

(PB)-inducible  P-450 enzym es)  than the rat ,  whereas act ivi ties

of  7-ethoxyre soruf in O-deethy lase (3-methylcho lanth re n e

(MC)-inducible  P -450 enzymes)  are  co mparable to  those  of  the

ra t ,  su pp ort ing the above observations f ro m P CB iso mer and

congener  com posi t io ns (Wata nab e et al . 1989) ’ . Wo r ld-w id e

ala rm about this sta te of  affairs  has prom p ted t he scientif ic

com mun ity  to  s tudy the ecotoxicolog ica l  r isk  to  which th ese

anim als  are  exp osed.  Q uestions such as wh ether xeno biotics  in

the m ar ine env iro nm en t a re a ri sk  fac tor  for  these vertebrates

have  been  rai sed  wi th i ncreasing fre q u e n c y.

A  c om preh ensive an sw er  to  su ch q uest ion s can be o btain ed

by the use  of  biom arkers. Biom arkers are  defined as a  change

in a  biological  system that can be re lated  to  an ex posure  to , or

effec t of , an  envi ronm ental  ch emical  o r  chem icals  (S hugart  e t

BIOMARKERS 1997, 2, 205± 216 205

M. Cristina Fossi and Letizia Marsili (authors for correspondence) are in

the Department of Environmental Biology. Siena University, Via delle Cerchia

3, 53100 Siena, Italy.

1354–750X/97 $12·00 © 1997 Taylor & Francis Ltd

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 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



al. 1993). However  m os t rese arch ers  w ho  h ave  u sed th is

a p p ro ach so  far  in  eco logical s tudies , h ave used  destru c ti ve

m eth od s (u si ng anim als  hu nte d)  w hich  in vo lved  d ecreasin g

the p opulat ion s o f  species already at  r isk. A n on-l ine

bibliographic search from  1982 to  1996 show ed that  a  large

p e rcentage o f  the b iom ar ker s tudies in  m arine m amm als have

b een con du cted  in  a  d est ruct iv e w ay,  usin g an im als obtain ed

by hunting or  ki l led  for  the purpose of  analysis  (Tables 1  and

2). Out of  a tota l  of  12 ce tacean spec ies studied, 45%  of  the

sp ec im en s w ere  obta ined by  sacrif icing the an imal (Goksù yr  e t

al. 1986, 1988, 1992, Tan ab e et al. 1988, Watana be et  al. 19 89,

Ray  et al. 1991, White et al.  1994)  and 55 %  in a  no n-

d e st ruct iv e w ay,  analysing stranded and free-ranging an im als

(Table 1) .  I n  som e papers  the num ber  of  specim ens an alysed or

the method of  obtain ing the biological m aterial  were  no t

sp ec if ied. T he si tuat ion for  pinnipeds is  equal ly  ser ious:  of  the

eigh t  species stud ied,  ~40%  of the specim ens were  o bta ine d

by kil l ing the animal (E ngelhard t  198 2,  A ddison an d Bro d ie

19 84, Ad dison et  al.  1986, Tan ab e et  al.  1988, H ard e r  et  al.

1992, Lund  1994) (Table 2).

Con servationist  and  ethical  m otives hav e pro m p te d  th e

dev elop m ent an d the ap plicat ion of  no n-destruc ti ve  m eth o ds

of invest igat ion (L am bertsen  1987, Foss i et al. 1992, 1996a ,

1997, Aguilar  and Borrell  1994,  Fossi  1994,  Fossi  and Leonzio

1994, F ossi  and Marsi l i  1996,  Marsi li  and Focard i  1996).  The

biologica l m ater ia ls  (blood, faeces , fur  and sk in biopsy

spe cim en s) use d in  th is  n ew  a pp roach  a re  o bta ine d wi th

m inim al s tress to  ind ivid ual  anim als and  to  th e p opu lat io n

(Lambert sen  et  al . 1994).  The need  for  non-dest ructiv e m arker s

(e.g. rout ine blo od  che m ist ry  and h aem atology ) in  cl inical  and

vet erin ary  m ed icine/toxicolog y and experim ental  toxicology,

is  a t  the present  t im e very  w ell  un der stoo d.

The aim  of this  paper is to  review the  state  of  art  of  the non-

d e st ructive biom ark er ap proach  in  m arine m am m als and to  lay

the co nceptual  an d m etho dolog ical  fou ndation s for  this

techno logical  pro posa l .  Mo reo ver  we prov ide in dicat i ons,

accom panied by f ie ld  valid at ion,  of  the main biological

m ater ia ls  that  can be obtained  in  different  sp ec ies of  cetaceans

a nd  p in n ip ed s a nd  th e  respe ctive bio chem ical  techn iqu es

(biom ark ers)  that  can be used  in  the different  m ater ials  in

o rder  to  evaluate the toxicologica l  r isk  to  which  a  species or

p op ulat ion  i s  ex po se d.

Non-destructive methodology in marine

mammals
T he bio marker  app roac h an d  resid ue an aly sis  can b e u se d i n

m arine m amm als in  two  kinds of  sam ples:  those fro m  str a n d ed

spe cim en s an d free-r an ging specim ens.

Stranded specimens
In  theory,  a l l  st r anded cetaceans and pinnip eds,  in  a  g ood state

of conservation,  can be used  for  biom arker analysis.  Brain,

l iv er,  b lood,  skin,  subcutaneou s b lubber,  m usc le  and fur  are

su itab le  mater ia ls.  A wide range of  biomarker s can  be

invest igated in  these  sam ples.  Most  can only b e evaluated if

the specim en is sam pled with in 60 ±12 0 m in of  death.  Table 3

show s the prin cipal  biom arker s and the resp ecti ve t im es a nd

m ethod s of  con servation possible  for  the biological  mater ials

p ro vided  by st r anded anim als.  Vario us en viro n m e n tal

pollu tants such as O Cs, heavy m etals  and PAHs can also  be

analy sed i n  th ese sam ples an d t he l ag p hase b etw een d eath

and sam plin g is less  cr it ical  for  these  chemical  analyses .

Free-ranging specimens
F rom  an eco toxicological  persp ec tive i t  is preferable to  use

heal thy live free-l iving anim als  with samp les  being collected

with m inim um  disturb ance.  T he main  bio logical  mater ials

obta inab le  f rom  free-r anging pinn ipeds an d th e resp ecti ve

biom arkers are  sh ow n in F ig ure  1. Blood,  sk in biopsy,  fur  and

faeces can  b e ob tained ,  un der anaesthesia ,  with  m inimu m

st ress  to  indiv id uals or  pop ulatio ns (L ambert se n et al. 1994).

In  skin  biop sy  sam ples  mixed function oxidase  (MF O) activi ty

and DN A dam age can be detected. In  faeces and fur  porphyrins

can  be analysed.  E sterases, porphy rins,  c l inical  biochem ical

param eter s ( g -glutamyl transferases ( g -GT), t riglycerides,

ch oleste ro l ,  etc .) ,  v itamin A and m icro nu clei  c an b e an aly sed

in bloo d sam ples. Res idue analysis can b e carr ied ou t  in  the

var ious biologica l m ateria ls. 

T he m ost  usef ul  sam ples for  n on-destructi ve s tud ies i n

cetaceans are  skin biopsy specim ens,  obtain ed  by dart ,  an d

faeces (Figure 2) . MFO activi ty,  DNA  dam age and re si d u e

analy sis can be evaluated  in  the form e r  a n d p o rp h y rin s a n d

residue analysis in  the la t ter.

Biomarker techniques
Several  biom ar ker techniqu es  can be ap plied  in  the s tudy o f

m arine m am m als in  a  non -d estruc tiv e w ay.  Tab le 4  show s the

biological  signif icance  of  the m ain possible  biom arkers in

re lat ion to  the class of  contam inan ts  respo nsible  for  the

bio logical  resp on se an d th eir  d estruct ive and  n on -d estru cti v e

use .  Part icular  a ttention m ust  be given to  the techniques that

a re  unique for  m arine m amm als such as  MFO and DN A damage

in sk in and porphyrins in  faeces an d fur. Moreover m ost

com m on biom arkers,  such as  esterases, c l in ical  biochem is try

par am eters,  etc . can  also  be applied  in  these anim als .

State of the art of non-destructive

biomarkers in marine mammals
S tu die s in  w h ich  t hese m etho ds we re used to  evaluate

toxicolog ical  r isk  due to  man -m ade contam inants in

po pulat io ns of  m arin e m am m als have been few. Most of  these

stu di es are  su m m ar ize d below. T he data  of  st randed,  cap tive

and  f ree- ranging  m amm als wil l  be d iscussed separately.

Stranded specimens
Several  papers are  focused on th e study o n MF O activi ty  in

m arin e m am m als.  I n  sh ort -f inned pilot  whales (G lobicephala

m a c rorh y n c u s) ,  s tr iped d olphins (Stenella  co eru leoalb a)  an d

kil le r  w hales (O rcin us o rc a) (Watan abe et al. 1989 ) and  in

m ink e w hales (B alaenoptera  acutorostra ta) (Goksù yr et  al .

1985) kil led  by hunting,  7-ethoxyreso rufin-O-deethylase

(EROD) microsomal ac t ivity  was found to  be of  the sam e ord e r

M. C. Fossi and L. Marsili206
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of  m agn itud e as  in  the rat ,  and aldrin  epox id ase act ivi ty

( cy tochrome P-450 (CYP)2B) one order  of  magn itude low er

tha n in  ro dents . T his may  explain the high  re tention of

po lychlorinated biph en yl (P CB) isom er s and  congeners  with

ad jacent  non -chlo rin ated m e t a a n d  p a ra ca rb on s in  b ip hen yl

r ings by som e species of  cetaceans;  these  P CBs are in  fac t

m etab olized by PB-inducible  cytochrome P -450 isozym es

(Tanabe 1988). Similar  resu lts  w ere obta ined  by Marsil i (1995).

Com parison of  EROD  and aldr in  epoxidase  activi t ies  in  st r iped

d olph in  a nd  r at  revealed a  metabo lic imb alance between high

CYP1A±E ROD  activity  and low CYP2A±Aldrin  epoxidase

act iv ity (Figure 3)  (Marsi l i 1995) . The ratio  of aldrin to EROD

w as 0 .4  in  the dolphin  and 8 .5  in  th e rat ,  in  l in e with the

suggestion  of Tanab e an d Tatsukawa (1992) th at  anim als w ith  a

low er  abil i ty  to  metabolize the contam inants (CYP 2A) are  m o st

vulnerable  to  their  toxic effec ts.  A similar  t rend of  MFO

activi t ies  w as foun d in  a  dead so uthern  sea  l ion (O taria

fl avesc ens) from the co lony of  Mar  del P la ta in  Arg en tin a

(Fossi et  al. 1997) . Comparison of  its EROD,

ben zylox yreso ruf in-O -deethy lase (BROD), and

p en to x y re so ru fin-O -dee thylase (PROD) ac tivit ies with those of

the r at  and r abbit  show ed a m etabolic  im balance b etw een hig h

CYP1A enzym es and low CYP 2A ac tivi ty. The BROD/EROD

ratios w ere 0.07 in  the sea l ion, 2 .05  in  ra t  and 6.71 in  rabbit.  In

th e sam e sp ecim en  th e re l at ion ship  b etwe en the destru ct iv e

biom arker (benzo(a )py rene m onooxygenase  (BPMO ) in  the

l iver)  an d the non -dest ructive biomarker (BPMO in sk in

biopsy  sam ples)  was also  invest igated. The MFO  ac tivi ty

dete cted in  the n on -d est ru ct ive sample ( sk in b io psy)  was only

one f if th  that in  the l iver  and w as found to  be su itab le  for  non-

d e st ru ct ive s tu dies . The same two  isoform s (betw een  66  and

45  kDa)  of  cy tochrome P-450  were detected by SDS  PAGE

electro p h o resis in  th e m icrosomal frac t ion of  l iver  and sk in 

(C. Savel l i , unpublished  data) .

H epa tic  m icro so mes o f  two m arine m am mals

en v i ronm ental ly  exposed  to  PCBs: a har bour p orpoise

(P ho coen a p ho coen a)  and a  harbour seal (P hoca vi tul ina),

st r an ded l ive on the is land of  Texel (Netherlands)  and  dying at

a  m am m a l reh abil i ta t ion  centre  resp ectiv ely,  w ere  i nc ub at ed

w i th  1 4C-labelled 3,3Â,4,4Â-tetrachlorobiphenyl (T CB) (Murk  e t

al . 1994).  These  marine m amm als m etabolized TCB at a  rate

that  correlated  with their  E RO D ac tivi ty.  Moreov er,  i n

contrad ict io n to  Tana be  et  al . (1988) who sugges ted that  the

Non-destructive biomarkers in marine mammals 209

Biological materials Biomarkers Conservation

Liver MFO activity 0± 2 h at ± 80°C
DNA damage 0± 2 h at ± 80°C
Porphyrins 0± 2 h at ± 20°C
Stress proteins 0± 2 h at ± 80°C

Brain Acetylcholinesterase 0± 2 h at ± 80°C
Stress proteins 0± 2 h at ± 80°C

Blood Blood chemistry 0± 2 h at ± 80°C
Esterases 0± 2 h at ± 80°C
Porphyrins 0± 2 h at ± 20°C

Skin MFO activity 0± 2 h at ± 80°C

Fur Porphyrins 0± 2 h at ± 20°C

Table 3. Biological materials available for sampling in stranded specimens of

marine mammals and the main biomarkers applicable for each tissue.

Figure 1. Biological materials obtainable by non-destructive methods in free-ranging pinnipeds, and the respective biomarkers and residue analysis.
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capacity  of  sm al l  cetaceans to  m etabolise P CBs is m uch  lower

than that  of  bird s a nd  terrest r ia l  m am mals, these  f ind ings i n

vi tro sugges t that the metabolic  capac ity  of  the

e nv i ronm ental ly  exposed  porp oise  and seal  is s imilar  to  that  of

b irds such as the eider  du ck (S om ateria m oll issim a)  and  abo ut

half  that  of  the experim en ta l ly  ind uced  rat .

Several studies exploring al ter at ions on DN A m olecules

h ave bee n perform ed  o n st ran ded  m ar in e m am m a ls.  E x po su re

of an  organ ism to a  genotoxic  chemical  m ay resul t  i n  the

form ation o f  an at tached interme diate  co valen tly  bon ded to

th e o rgan ism ’s  DNA  (DN A adduc t) . Detec t ion of  adduc ts is

t h e refore  a  w ay of  docu men ting ex posure .  T h is appro a ch  w as

used with DNA  of brain  and l iver  ti ssues  from  st ran ded  be lug a

w hales (Delp hin ap teru s l euc as)  of  the St L awrence (highly

co ntam inat ed  area)  (Quebec, Canada)  and the Mackenzie

estuaries (contro l  area)  (Canadian A rctic )  to  determ i n e

e x p o su re  to  benzo(a )p yrene (BaP) (Shugart  1990).  T he adducts

that  form  between the D NA  and th e ul t im ate carc in og enic

form of BaP were detectable  in  the wh ales from  the S t

L aw ren ce e st uary  but  not  those  from  th e Mack enzie  estuary.

M a rt in ea u  et al. (1994) have detected DN A adducts re su lt ing

from  specif ic  exp osure to BaP in eight of  the nine  St Lawre n c e

belug as ,  s tranded in  the p er iod 1 983±1990. A ddu cts  w ere

fou nd in  six  liver  ti ssue sam ples and seven  out  of  e ight  br ain

t issue sam ples.  A  sim ilar  stud y w as  con ducted by  Ray et  al.

(1991). Arom atic DNA  adduct  levels  were  determ ined  in  l iv er

t issues of  beluga whales from  tw o si tes  in  the Canadian Arc t ic

(E as t Hudson Bay  and Mackenzie  Delta)  and from  the St

L aw ren ce e st uary  (N.W. Atlantic  Ocean) .  Four liver  sam ples of

the St  Lawren ce  belugas w ere ob ta ined from  beach ed  or

f loating whales dying of  natural  causes.  T he other  14 livers

w e re  obta ined from  w hales hu nted by l ocal  I nuit  in  a

sub sisten ce ha rvest . In  con trast to  the  resu lts of  S hugart (1990),

detectab le levels of  arom atic  DN A ad ducts  w ere  fo und in  al l

w hale s.  T h e p resence of  adducts  in  w hales f rom  th e Can ad ian

A rctic , a re lat ively  clean area, suggests the ex istence  of  non

po llut i on- re lated mechanisms of  genetic  d am age.

T he use o f  cel l  cultures obtained f ro m  st ra nd ed org a ni sm s

re p resent s  a  po we rful  tool  for non-destructive toxicological

stu dies in  these  species.  To  det ermine the effec ts of  exposure  to

TCDD (2 ,3,7,8-tetrachloro dib enzo (p )dioxin)  and BaP  in

dolp hins,  an epith el ia l  cel l  l ine h as b een  develo ped f ro m

kidney  t issues of  a  spon taneously aborted f em ale bott len ose

d olp hin (Turs iops tru n c a tu s) (Carv an  et  al.  1995). Cells pre-

t reated w ith  TCD D and then exposed  to  BaP  ex hib ited

in c reased  BaP-D NA  adduct  levels and increased D NA  excis ion

re p a ir.  T hese resul ts ind icate  th at  th e do lph in cel ls

m etab olized BaP  in  v i tro i n  re lat ion to  cytochrom e P 450-

asso ciated activi t ies and th at  BaP metaboli tes  co valently

bound  to  cel lular  DN A and in i tia ted excisio n re pa i r.

T h e p resen ce  of  defensive mech an ism s tow ard  heav y m etal s

co ntam inat io n w ere  ex plo red  in  sev eral  sp ec ies of  st rand ed

m ar in e m am m als.  S ele niu m  and  m e rc u ry  have of ten  been

found in  a 1:1 molar  rat io  in  the l ivers of  these  marine

o rganism s.  On the basis of  this observation , the interact ion

wi th selen ium  h as been  supp osed to  acco unt fo r  the p ro tect ive

effect  of  this m etalloid against  m erc u ry  toxicity.  Mart oja  and

Viale (1977) fi rst re p o rted  t he p resence of  m ineral  granules

com p osed o f  m erc u ry  se lenide (HgSe)  in  the l ivers  of  Cuvier

d olph in s (Z iph ius cavi rostris) .  Similar  granules were  later

described in  the st r iped  do lph in (Sten el la  coeru leoalba)  an d

m a c rop hag es w ere  postulated to  play a  ro le  in  m erc u ry

se lenide b io mineral iza t ion (N igro  1994). HgSe was rece nt ly

re p o rted in  th e respir ato ry  system  of  bott leno se  do lphins

M. C. Fossi and L. Marsili210

Figure 2. Biological materials obtainable by non-destructive methods in free-ranging cetaceans, and the respective biomarkers and residue analysis.
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(Tursiop s tru n c a t u s)  and  short - f inn ed p ilot  w hales

(Glo bicheph ala m acro rh y n c h u s) ,  associated with soot

p a rtic les  (Rawson et al . 1995). Nigro  and Leonzio (1996) found

m ineral granules  consist ing of  clustere d c ry st al l ine particles  of

H g and Se in  st r anded cetaceans (bott leno se  do lphin ±

Turs iops tru n c a tu s and Risso ’ s  do lp hin ± Risso ’s  G ra m pu s

griseus)  and  p in nip eds (so uth ern  sea  l ion ± Otaria f lavescens),

b ut  not  in  tun a (T h u n n u s t h y n n u s)  and  swo rdf ish (X ip h ia s

g lad ius) .  They were mainly located in  the cytop lasm of

m a c rophages.  T hese  resu lts sugges t  that  the biosynthesis of

m in eral  gr anules cont ainin g selen ium  an d m erc u ry  is  co m m on

in t op  m ar in e p redator s an d th at  excre tion of  organic  m erc u ry

m ight influen ce  the am ount o f  m erc u ry  an d selenium  st ore d  a s

m ineral  gran ules in  a  part icu lar  species.

Animals in captivity
M ost  of  th e stud ies in  l ive anim als have been with aq uarium

m am m als,  b orn  wild or  in  captiv i ty. S ome of these  studies  are

re p o rted below  because  they help to  validate  certain  n on -

d e st ructive b iom arkers  in  mar ine m am mals,  how ever th ey  are

no t  stu dies in  free-r anging  pop ulat ions and  the anim als  are  n ot

in  natural  con dit ions, being in  cap tiv i ty. 

A large num ber of  these  studies are  m ainly  b ased  on  th e

collect ion of  blood sam ples . T he activi ty  associa ted with

captur ing,  restrain ing and rem oving bo tt len ose d olp hin s

(Tursiop s tru n c a t u s) fro m water  s t imu lates  a  s tre ss  re s p o n s e

w h ich  is  re f lec ted by ci rculat ing levels of  cort iso l ,  a ld ostero n e

and eosinophils (Th omson and G er ac i  198 5).  To  ca pture  a

d olp hin i t  w as co rral led  in to a small  area of  the sea-pen using a

net .  T h e anim al cou ld then  be re st rain ed m anu ally  aro u n d  th e

tho rax an d p laced o n a  s tre tch e r. Blood for  haematology  was

col lected f rom  the f lukes or  dorsal  f in  by syringe or  Vacu ta in er

assem bly. Serum  co rt isol  increased fro m  resting levels of  about

30 to  110 nmol l±1 with in 1  h,  a ldo stero ne  rose from  le ss  th an

28 0 pm o l l±1 to  up to  1 880 pm ol l±1 within  3 h,  and circu lat i ng

eo sin op h ils  w ere  de p ressed  to  less than 40%  of their  ini t ial

num b er s with in 7  h o f  rem oving the anim als fro m  the wa ter

(calm -capture).  This basic re spo n se w a s n o t  e nh a nc ed  w h en

th e c ap tu re  p ro c e d u re  w as p ro longed  for  3  h  (chase-cap ture)  or

w h en  th e  d o lph in s w ere  given adren o co rt icotro pic  h o rm o n e

(ACTH ) and was  sim ilar  to  that  observed  in  free-ranging

dolp hins w hich had b een h el d in  a  net  for  up  to  5  h .  Tw o

dolp hins given A CT H died.  D olp hins m ay h ave a  u nique

sensi t iv i ty  to  st im ulat ion by this ho rmone.  T his typ e o f

sensi t ivi ty  may account f or  often fatal  consequences

associated w ith captu ring and co nfinin g certain  sp ecies,  su ch

as harbour p orpoise (P ho co ena  p ho co ena)  (Dudok  van  Heel

1962),  Dall ’ s porpoise  (P hocoenoid es  dall i) (Ridgway 1966)

an d  c om m o n d olph in (D elph in us d elp h is) (Walker 1975). The

rise  in  cort isol  is  tem porally  and con sistently  asso ciated with

an im m ediate  and steady  declin e in  eo sin ophi ls.  T h is sug gests

that  eosin oph il  nu m ber is a  consistent  an d pr actical  in dicator

of  stress  in  d olph in s.

Red uctio n of  plasm a re t in ol  an d thy ro id h orm on e h as b een

used as a  sensi tive biological effect of  PCBs and re l at ed

en v i ronm en tal  po llutan ts.  Bro u w er  et al. (1989) inves tigated

the effect of  PCB-contam inated  f ish  on plasma re t inol  (v i tam in

A)  and thyro id  ho rm on e co ncen tra t ion s in  the  com m o n sea l
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Biomarkers Biological Contaminants Destructive Non-destructive 

effect sampling sampling

DNA alterations

Chain breakage Breakage of double helix PAHs, PHAHs Different tissues Blood, skin

Adducts Adduct formation PAHs, PHAHs Different tissues Blood, skin

Sister chromatid Chromosome PAHs, PHAHs Different tissues Blood

exchanges anomalies

Protein responses

Esterases Enzyme inhibition OPs, CBs Brain Blood

MFO Enzyme induction PAHs, PHAHs Liver, kidney Skin, Mucosa

Stress proteins Protein induction Heavy metals, PAHs, PHAHs Different tissues Blood

Metallothioneins Protein induction Heavy metals Different tissues ±

ALAD Enzyme inhibition Heavy metals (Pb) ± Blood

Haemoglobin adducts Protein adduct PAHs, PHAHs ± Blood

Blood biochemistry Modification of Heavy metals, PAHs, 

various enzymes PHAHs, OPs ± Blood

Metabolic products

Porphyrins Disruption of haem Heavy metals, PHAHs Liver, kidney Blood, faeces, fur

metabolism

Immune system alterations

Retinol Change in retinol levels PHAHs Liver Blood

Thyroid function Change in thyroid hormones PHAHs Thyroid Blood

Immunotoxicology Various Heavy metals, PAHs, PHAHs, OPs Lymphatic cells Blood

Table 4. Biomarkers applicable in marine mammals.

Key: ALAD=aminolevulinic acid dehydratase; CBs=carbamates; MFO=mixed function oxidase; OPs=organophosphorates, PAHs=polycyclic aromatic

hydrocarbons; PHAHs=polyhalogenated aromatic hydrocarbons.
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(Ph oca vi tu l in a) .  Sea ls feeding on  f ish with  high PCB levels

sho wed  a d rast ic  redu ction  in  pla sm a  re t in ol  con centr at io ns

w i th  respect to sea ls fed f ish  with  low PCB levels.  Signif ican t

reductio ns in  p lasm a to tal  and free thy roxin (T T4 and FT4)

an d tr i io do thy ronin (T T3) were also  observed  in  th e seals  w ith

the high  PCB die t . T he  reduced p lasm a levels o f  re t i no l  a nd

th y ro id  ho rm o n e s w ere  accompanied by signif icantly  re d u c e d

re p roductive success in  these sea ls (Reijnders 1986).

De Swart  et al . (1994)  re p o rted the results of  a  pro sp ective

stu dy under semifield  condit ions, in  which two groups of

harbour seals (Phoca vi tul ina)  were fed herring fro m  m ar in e

regions with different  contam ination levels :  th e highly polluted

Bal tic  S ea  and the re la t ively un polluted Atlantic  Ocean .  T he

seals  w ere  hou sed at  a centre for  seal rehab il i ta t ion and

re search,  in  two sim ilar  basins. Over  a per iod  of  93 weeks,

param eter s re lated to  im m une function w ere  mo nitore d  a n d

c o m p a red in  the tw o groups.  Natural  kil ler-ce ll  ac tivi ty and

m itog en- indu ced p ro liferative T-cell responses in  the sea ls f ed

with Bal t ic herr ing were  signif icantly  lower. Higher levels of

ci rculat ing polym orpho nuclear  gr an ulocy tes were also

ob served which suggest  m ore frequent  bacter ial infec t ions.

T his  paper was the f irst  demonst ration of  impaire d

im mu nological function in  m am mals associated with chro n ic

e xp o su re  to  enviro nm enta l  con tam in ants  accu m ulated  th ro u g h

the marine food chain.  Further  detai ls  on im pairm ent of

im m u n e responses in  seals fed contaminated  Baltic  herr ing

m ay be found in  papers by De Swart  et al. (1995a)  and Ross e t

al. (1995a,  b).  In a 2-week fasting  exper iment perform ed a t  th e

end of  the feed ing study, mobil ization of  organochlorines fro m

the blubber did  not  lead to  a large increase in  con tam inant

levels in  the blood,  and enhancement of  the exis ting

im m u n o s u p p ress ion was not  observed.  These  resu lt s

dem on st rate  that  chron ic  ex posu re  to  enviro n m e n ta l

con tam in ants  ac cum ulated through the food cha in affec ts

im mun e function in  harbo ur seals ,  and short fast ing periods,

w h ich  are  norm al  for  seals,  do  not seem  to  pose addi t ional  r isk

(De Swart  et  al. 1995b). A full set of  routine diagn ost ic

param eters w as evaluated in  the same seals  to  ascertain  that  the

effects  measured by speci f ic  im munological  assay were d ue t o

the chem icals under invest igation and not  to  nutr i t ional s tatus,

im p ai re d  p ro te in synthesis, or  st ress (De Swart  et al. 1995c) .

T he cl inical  ch em ist ry  param eter s were  found to  be insensi tive

to  the effects of chro nic expo su re, but  c lear  a lterations in

haem atology profi les were observed. The most  st r iking f inding

wa s an i ncrease  in  neu trophil coun ts in  the Balt ic group.  A ll  th e

exper im en ts are  reviewed in  De Sw art  et  al. (1996) .

E x per im en ts  have been cond ucted to  d eterm ine th e effect of

vi tam in  A  sup plem enta t ion  o n se rum  vitam in E  in  captive

adult  fem ale n ort h e rn fur  seals  (Callorh in u s u rsin u s) (Mazzaro

et  al. 1995a) . Serum  vitam in E ,  a  biochemical  index of  vi tam in

E  nutr i t ional  sta tus, d ecreased signif ican tly  in  anim als

receiving high-level  vi tam in A supplements ( 53 m m oles per

day ).  Aq uarium s shou ld therefore  use  lower levels of  vitam in

A supplem en ta t ion.  I n  two of  these  sea ls , v itam in A2  (3,4-

d id e h y d ro re tinol) ,  a natural  ana logue of  re t in ol ,  w as used to

d et e rmine the plasm a k inetics of  vi tam in A (Mazzaro  et  al .

1995b). T he object ive  was  to  determ ine w hether  vi t am in  A

su pplem entat ion  al ters  the p lasm a kin et i cs  of  vi tam in A2. If

plasm a kinetic  values are  not  a ltered,  the n v i tam in  A

sup plem e nts  m ay no t  b e n eede d.  T he no rt h e rn  fur  seals in  this

study  co nsum ed  between  7.0  an d 8 .5 m m ol of  vi tam in A per

day in  their  diet .  Based  on the plasm a kinetics o bserv e d ,

Ma zzaro’ s group calculated the PL US for  vitamin A to be

1.3±6.4 m m o l p er  d ay.  Based on the vi tam in  A content  of  w hole

fish , the d ie t  pro vided  to  m ost  pinnip eds in  captiv i ty  w il l  m eet

their  vi tam in A re q u irem en ts.  Providing vitamin A in grea ter

M. C. Fossi and L. Marsili212

Figure 3. Comparison between microsomal hepatic 7-ethoxyresorufin O-deethylase (EROD), Aldrin epoxidase activity and cytochrome-P-450 levels in feral striped dolphin

(Stenella coeruleoalba) and laboratory outbred rat (Rattus norvegicus), Wistar breed. EROD/Aldrin epoxidase ratio in brackets (Marsili 1995).

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 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



am o un ts  co uld  l ead to  ov ersu pp lem entat io n and  ev en vit am in

A  toxicity.  

Bet t i and Nigro  (1996) used single  ce l l microgel

electro p h o resis (Com et  assay) to eva luate  the genetic effects of

m e thy l-m erc u ry  in  do lph in (Tursiops tru n c a tu s)  lym ph ocytes

in the dose r ang e 1±8 m g m l±1.  T he doses  of  methyl-Hg used  in

thi s s tu dy  we re calcu lated  to  be the range o f  co ncentrat ions

o c cu rr ing natural ly  in  the bloo d of  w ild dolphins. Samp les  of

b lo od  w ere  obtained from  a 15-year-o ld  male bott lenose

d o lp h in  rea red at  the Adr ia t ic Sea World  (Riccione , I taly) . I n

vitro ex p o s u re  to  methyl-Hg induced single-st rand DNA bre ak s

an d cyto toxi ci ty  in  a  d ose-d epend ent m ann er.  D olp hin

lym p h ocy te s w ere  found to  have greater  resist an ce to  the

genotoxic effects o f  methyl-Hg than hum an an d rats  cel ls.

Free-ranging specimens
A s p revio usly m entio ned,  the m ost  im p ortan t  s tu dies con cern

healthy free-r angin g animals ,  w hich can b e sam p led w itho ut

kil l ing o r  disturbance .  T he non-dest ru cti ve  ap p roach for  free-

r ang in g cetacea ns an d pinniped s ha s bee n d ev elop ed and

v al idated in  the fol low ing m an ner. Fossi  et al. (1992)  pro p o s e d

n o n-d estructiv e techniqu es  b ased o n skin b iopsy to  evaluate

residue levels (OCs and heavy m etals)  and  biochemical

responses to  xenobiotic  com pounds (BPMO ) in  two species  of

M ed it erran ean cetaceans:  s tr iped d olph in (S te ne lla

coeru leoalb a)  and f in  whale (B a laeno ptera phy sa lus). T h e se

an im als  o ccup y different  posi t ion s in  th e m arin e fo od ch ain

a n d  are  th erefore  exposed to  different  leve ls  of  r isk  in  re la t io n

to org anoch lor ine bio accum u lation .  T h e str i ped do lph in h as

recently  had a  hig h m ortal i ty  along the Mediterr anean  co asts

(Aguilar  and Raga 1993). T he  main results  of  this  stud y

c o nc erned BP MO  act ivi ty  in  ce tacean  sk in biopsy  sam ples .

BP MO ac tivi ty  in  the s tr iped dolph in  was four t im es h ig her

than in  the f in  whale.  T he tw o sp ecies differed dr am atical ly  in

levels of  DDTs (12 tim es)  and PCBs (9 t im es)  in subcu taneous

b lu bb er. T he difference in  organ och lor ine  bioaccu m ulati on

an d co nsequ ently  in  BP MO  in duct ion betw een the two  species

w a s related by the au thor s to  their  different  po si t ion s in  th e

m arin e foo d chain , the do lphin having  a  f ish d iet  and the

w hale f eeding on macroplankton.  Plot t ing org ano chlo rines

against BPMO act iv i ty, two species -speci f ic families of  points

e m e rged showing a  trend  of  increasin g enzym e activi ty  with

in c reasing levels of  contamination. T hese  resu lts  we re

conf irmed  in  skin  biop sy  sam ples of  the sam e sp ecies  in

1992±1993 (Marsi li  et  al. 1996). Again, two clusters of  points

char ac terized by low  levels of  org anochlo rines an d lo w lev els

of  BPM O in th e whale and high  lev els  of  co ntam inants  and

high leve ls of  biomarker respo nse s in  t he do lp hin,  we re

o btain ed .

T he  n on-d est ructive b iom ark er app roach  w as re cen tly  u sed

to assess  the health  s ta tus of  end an gered pop ulat ion s of

p in n ip ed s,  th e so uthe rn  sea lions (Otaria f lavescens)  in  S outh

A merica.  A colony l iving in  a heavily  pollu ted area (Mar del

P lata  harbou r,  Argen tina)  and a colony l iving in  a  contro l  are a

located in  a  pr ist ine en vironm ent (P unta B erm eja,  Patagonia,

A rgentina)  were the subject of  this pre l im in ary  study (F ossi  e t

al.  1997) . Blood,  sk in biopsy specim ens, fur  and excre ta  w ere

ob tain ed  in  a  non -invasiv e way by an aesthetizin g the sea l ion s

w ith  a  m ix tu re of  ketamine and xylazine. T hese  bio logical

m ateri als were  analysed for  a  wide rang e of  biom ar kers  and

residues. BP MO act ivi ty  in  sk in biopsy  sam ples fro m  th e M ar

del  Plata  colony w as  fou r t im es  higher th an  in  the one

specim e n f rom  the con tro l  area. T he two gro up s of  sam p les

also differed dram at ical ly  in  levels of  DDTs and PCBs.

M o reover  the differences in  BPMO  ac tivi ty  in  sk in biopsy

sam p les f rom  th e tw o colo nies w ere  p robably due to  differe n t

PAH  levels . The f ive m ost carcino genic PAH s in  the sk in

biopsy sam ples (F oss i  et al . 1996b) were  sever al  t im es  higher

in the Mar del  P la ta  colony.  T he same trend  w as con fi rm e d  in

two  fu r  sam ples with low  PAH levels in  the P atagon ia  sample

and high levels in  the Mar del Plata  sam ple (Mar si l i et al.

1997).  P orphyrin profiles from  fur  samples h ave yet  to  be

re p o rted (S . Casini ,  unp ublished data) . Porphyrin

concen trat io ns in  excre ta  of  the Mar  del P la ta colony,

especial l y  p ro to porph yr in a nd total  po rp hyr in s,  were

a p p rox im ately  dou ble those in  the contro l  colo ny.  T his

p orp hy r in  d iso rder  is  probably  re lated to  heavy m etal

con tam in atio n in  th e h arb ou r. In  fact  Fossi  et al. (1997) found

high  levels of  lead ,  merc u ry  and cadm ium  in fur  sam ples of

these sea l i ons co mp ared w ith th e co nt ro l  colo ny. Triglycer ide

levels  in  seru m samples of  the Mar del Plata co lon y were

a p p rox im ately one-third  tho se  of  the contro l  colon y. Esterase

activi t ies in  blood  sam ples were  s l ightly  low er in  the polluted

co lon y.

C om parative b lood chem ist ry  can b e an imp ort a n t

di agno stic  and  prognost ic  too l  for  evaluating the hea lth  of

m arin e m am m als.  Blo od chem istry  values h ave b een m easure d

in 31 porpoises (P ho coen a p ho coen a) released fro m  h e rr in g

weirs  in  the Bay of  Fundy (Canada) (Koopman et al. 1995) .

Glucose, potass ium , creat ine kinase,  asp art at e

amino tr ansfer ase, h aem oglobin,  thy ro xin ,  bi li ru b in  a n d

alkaline ph osp hatase  h ad  general ly  high er  act ivi t ies than tho se

re p o rted for  captiv e and st ran ded od ontocetes.

Jenssen et  al . (1994) exam ined  the possibi l ity  of  using blood

as  a  matr ix  for  determ ining  exp o sure of grey sea l  pu ps

(H alichoerus gry p u s)  to organ ochlor ine com po un ds f ro m

F roan (Norw ay) and to  elucidate  co rrel at io ns b etw een

pollu tant  load and biological variables ( age and body mass) .

Al tho ugh  th e tw o pup s with t he h igh est  å P CB concentrat ions

also  had the lowest  plasm a con cen trat ions of  thyrox in,  th ere

was no  signif ican t  correlat io n b etween  å P CB concentrat ions in

blood  cel ls and  the correspon ding  pl asm a concen trat io ns o f

any of  the thyro id  h o rm ones.  T hey  con cluded  th at  blo od-

sam pling is  a  good non-destruct ive m ethod for  m onito ring OC

com po unds in  seals,  an d th at  the use of  thy ro id h orm o ne s as

bio markers  shou ld b e exam ined  fu rt h e r.

L ahvis et al. (1995) rep o rted an inverse correlat ion  b etw een

blood levels of  polyh alogenated arom ati c  h y dro carbo n s

(PH AHs)  and cellular  imm une fun ct ion in  f ive free- ranging

bo tt lenose d olph ins (Turs iops tru n c a tu s).

Im mu ne fun ction in  harbou r seal  (P hoca vi tul ina)  m other s

and  their  p ups du rin g lact at ion was s tud ied o n S able Is land

(Nova Scot ia,  Canada) (Ross et al . 19 93) .  M ethod s inclu ded

total white  blood cel l  and differential  counts,  a  P ro tein A

enzyme linked  imm unosorben t  assay  (E LIS A) for  to tal

imm unoglobulin  G  (IgG) quantif ica t ion,  and lymphocyte

Non-destructive biomarkers in marine mammals 213
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fu nction test ing in  vi tro using the T-cel l  m itogen con canavalin

A (ConA). Lym phocyte function and to ta l  IgG levels were

red uced in  the m others a t  the end of  lactat ion,  sug ges t in g a

reductio n in  im m une fun ction,  possib ly as  a  result  of  the s tre s s

of fasting, or  horm o nal ch anges associated  w ith l actat ion  and

o est rus. By contrast ,  lym phocyte function and tota l  IgG levels

in  p u p s w e re low at  birth  and h ig her  at  the end  of  lactat ion.

P ups at  b irth  and f em ales la te  in  lacta t ion may therefore  be

m o re  susceptible to  infect ion by viral  and  bacterial agents .

Blood sam ples  of  l ive comm on seals  (P hoca vi tul ina)  an d

grey seals (Halichoerus gry p u s) from the coasts  of  S co tland

a nd  N o rt h ern  Ire lan d ob tained d urin g,  and  im m ediately af ter,

an epizoo tic  cau sed  by  ph ocid distem per virus (PDV) were

analysed  for  thym ulin con ten t  (K en dall  et al. 1992 ).  T hy mu lin

level s w ere  co m p ared with  neu tral izat ion  t i t re s  an d

concentrat ions of  OCs derived f rom  b lood  an d b lub ber

samp les o btained b y no n-in vasiv e m et hods fro m  th e sam e

anim als.  T hy mu lin level s were  negatively  correl ated  w ith the

logarithm  of  viru s n eutral izat io n t i t re  in  grey seals . In  com m on

seals  they  varied  signif ican tly  betw een age classes.  There  w as

n o  di rect re lat io nsh ip  b etwe en  thy m ul in  a nd  c on ta m in ant

levels in  ei ther  species.  H owever,  when an  est im ate o f  t im e

sin ce ex p osu re  w as in clu ded  in  th e regression analysis  for

co mm o n seals ,  there  was a highly sign if ican t  re l at io n sh ip

b etw een  th ym u lin and  t he tw o chlor in ated  b ip hen yl

congeners ,  the 22 r 4 4 r 5 5 r -hexach loro b ip he ny l  a nd  th e

2 2 r 3 4 4 r 5 5 r -he ptac hlo robiphenyl (IUPAC  n um ber s 15 3 an d

180 ) with  the highest concentrat ions in  blubber.  T his  p aper

sho ws that  thy m ulin  le vels  i n  w ild  an im als  p rov id e so m e

in dicat ion  of  i ndivid ual  im m un e statu s.

Conclusions
T he conclusions of  this  revi ew on no n-destructive b iom ar kers

in m arine m am m als can be sum m arized  as fo l lows.

Sever al  t issues and biological  m aterials  such as sk in,  fur,

blood and faeces, are  confirm ed  to  be useful for  non-

d e st ructive b iom ar ker stud ies in  s tranded and f ree-ranging

m a rin e m am m als.

A large num ber  of  biochem ical , molecular  and genotoxic

bio m arker s w ere  found to  be detectable  an d su itable  for  use  in

n on -de structive samples.  Biom arkers such as BP MO in skin,

D NA  add ucts  in  st r and ed animal s,  v i tam in A an d th yro x in

levels  in  blo od an d p orp hyr ins in  ex creta , seem  to  be

p a rt icularly  useful  for  demonst rat ing toxico logically

signif icant  con tamination  of  mar ine m amm als.

In  some cases a  l ink between cause  (enviro n m e n tal

con tamination ) an d effect  (b iomarker responses at  d iffere n t

leve ls of  bio logical  organisat ion)  can be estab lished  (Bro u w e r

et al. 198 9, S hugart  1990, De Swart  et  al . 1994,  Fossi  et  al .

1997).

T h e p resent  dev elopm ent and validat io n o f  th e no n-

d e st ruc tiv e ap pro ach  in  st ran ded,  captiv e and f ree-ranging

spec im ens makes i t sc ientif ical ly  an d ethical ly  u njust if ied to

use m ar ine m amm als obtained b y hun ting for  scientif ic

pu rp oses.  T h e use o f  h unted an im als amo unt s to  taci t  con sen t

to  h un tin g.
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