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We have investigated lipid-soluble arsenic com-
pounds present in the tissues of a demersal
shark, the starspotted shark Mustelus manazo.
Arsenic compounds were extracted with chloro-
form–methanol from several tissues taken from
each of five individuals, subjected to mild alka-
line hydrolysis and fractionated into alkali-labile
and alkali-stable fractions. Ordinary muscle,
kidney and brain contained alkali-labile arsenic
compounds; liver, stomach, heart and gall
bladder contained alkali-stable compounds;
and intestine, skin, dark muscle, spleen and
bone contained both types of arsenic com-
pounds. After further hydrolysis, the hydroly-
sates from ordinary muscle and liver were
chromatographed with HPLC–ICP–MS. Ar-
senocholine was detected in the hydrolysates
from the muscle, suggesting that arsenolecithins
were present in the tissues. However, dimethyl-
arsinic acid was detected in the hydrolysates
from the liver, suggesting the presence of di-
methylated arsenolipid in it. Copyright # 1999
John Wiley & Sons, Ltd.
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INTRODUCTION

Since the isolation and identification of arsenobe-
taine in the tail muscle of the western rock lobster,1

the study of water-soluble arsenic compounds in
marine organisms has developed rapidly.2–6 How-
ever, few data are available on lipid-soluble arsenic
compounds. This may be due to the limited
amounts of these compounds and to the difficulty
of isolating them. The investigation of the structure
of the lipid-soluble arsenic compounds is important
for the elucidation of arsenic circulation in marine
ecosystems. The starspotted sharkMustelus mana-
zo is a demersal shark whose water-soluble arsenic
compounds occur almost entirely in the form of
arsenobetaine.7,8 This species was chosen for
investigation because of the high content of lipid-
soluble arsenic in the polar lipid fraction in the
liver.7 In this study, in order to elucidate the
structure of arsenolipids accumulated in shark
tissues, lipid-soluble arsenic compounds extracted
from liver and 11 tissue and organ samples were
subjected to mild or severe hydrolysis to identify
the derived water-soluble residues by HPLC–ICP–
MS.

MATERIALS AND METHODS

Starspotted shark

Five fresh starspotted sharks (average weight
1300 g) were purchased from a market. Twelve
tissue and organ samples, i.e. ordinary muscle
(130 g), dark muscle (191.5 g), stomach (104.5 g),
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heart(6.9g), gall bladder(2.6g), intestine(60.0g),
skin (211.5g), spleen(15.0g), brain (8.5g), liver
(290.0g), kidney(26.0g) andbone(114.5g), were
taken and stored at ÿ30°C until they were
subjected to extraction of lipid-soluble arsenic
compounds.Care was taken to remove muscle
andmarrowfrom thebonesample.

Extraction of lipid-soluble arsenic
compounds

After thawingandcutting into pieces,eachsample
was extractedtwice with ten times its volume of
chloroform–methanol(2:1). Waterwasthenadded
to reacha water:chloroform–methanolratio of 1:4.
After being shakenfor 2 min, the mixture was
allowed to stand overnight.9 The arsenic com-
poundsthat separatedinto the chloroform(lower)
layer are referred to as lipid-soluble arsenic
compounds.

Preparation of polar and neutral
lipid fractions

The lipid-soluble arseniccompoundfraction was
fractionatedinto polar andneutrallipid frationsas
follows.After dryingwith avacuumevaporator,the
dried lipid-solublearseniccompoundfraction was
dissolvedin tentimesits weightof chloroformand
mixed with five times its weight of silicic acid
(Mallinckrodt, 100-mesh)in a beaker.After filtra-
tion with No. 2 filter paperon a No. 3 glassfilter,
the silicic acid on the paperwaswashedsix times
with five times its weight of chloroform. The
chloroformfiltratesweregatheredandconcentrated
as the neutral lipid-soluble arsenic compound
fraction. The silicic acid on the paper was then
washedfour times with methanol ten times the
weightof thedriedlipid-solublearseniccompound
fraction.10 Themethanolfiltratesweregatheredand
concentratedas the polar lipid-soluble arsenic
compoundfraction.

Partial hydrolysis of lipid-soluble
arsenic compounds

According to Dawson’smethod, the polar lipid-
soluble arsenic compound (methanol) fraction
extractedfrom eachtissueor organwassubjected
to mild alkalinehydrolysis:thelipids in thefraction
of each tissue or organ were incubated in
0.027mol dmÿ3 sodium hydroxide for 20min to
preparealkali-labileandalkali-stablefractions.The
alkali-stablefraction of the ordinary muscleand

liver were further hydrolysedalso by Dawson’s
method (6 mol dmÿ3 CCl3COOH) to preparean
acid-labile fraction.11 As a severe hydrolysis,
alkali-labilecompoundsfrom ordinarymusclewere
furtherhydrolysedwith 6 mol dmÿ3 HCl in boiling
water (alkali-labile/HCl fraction) and alkali-stable
compoundsfrom liver werefurtherhydrolysedwith
saturatedbarium hydroxide under reflux for 5 h
[alkali-stable/Ba(OH)2 fraction].12

Arsenic determination

Arsenic was determined by arsine evolution–
electrothermal atomic absorption spectrometry
after the tissue or organ sampleswere digested
with a mixture of nitric, sulphuricand perchloric
acids as described previously.13 For the dried
chloroform fraction, an aliquot of each fraction
wassaponified(100°C, 10min) with 12.5timesits
volume of 2.4mol dmÿ3 ethanolicpotassiumhy-
droxidebeforethedigestion.

High-performance liquid
chromatography±inductively
coupled plasma spectrometry

A Hewlett-Packard1050solventdeliveryunit anda
100�l injection loop of a Rheodyne six-port
injection valve were used. Arsenobetaine(AB),
trimethylarsineoxide(TMAO), arsenocholine(AC)
andtetramethylarsoniumion (TETRA) weresepa-
ratedat a flow rate of 1.0 or 1.5cm3 minÿ1 on a
Supelcosil LC-SCX cation-exchange column
(250mm� 4.6mm i.d.) with a 0.01mol dmÿ3

pyridine–formic acid buffer (pH 3.0 or 5.0).
Arsenite {As(III)}, arsenate{As(V)}, methanear-
sonicacid(MMA) anddimethylarsinicacid(DMA)
wereseparatedat a flow rateof 1.5cm3 minÿ1 on a
Hamilton PRP-X100 anion-exchange column
(250mm� 4.6mm i.d.) with a 0.02mol dmÿ3

phosphatebuffer (pH 5.6). The exit of the column
was connectedto a Bobinton-typenebulizer via
50cm of PEEKcapillary tubing (0.13mm i.d). An
HP 4500(Hewlett-Packard,Waldbronn,Germany)
inductively coupled plasma mass spectrometer
(ICP–MS) servedas an arsenic-specificdetector.
Eachsamplewasdirectly injectedontothecolumn.
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RESULTS

Total arsenic in each tissue

The arsenic content of each tissue was 33.6
(ordinary muscle),22.8 (dark muscle),14.2 (sto-
mach),8.0 (heart), 9.4 (intestine),1.5 (skin), 4.3
(spleen),20.1 (liver), 4.6 (kidney) and 8.8�g gÿ1

(bone).Thoseof brain and gall bladderwere not
determinedbecauseof insufficientamounts.

Arsenic contents in alkali-labile and
alkali-stable fractions

Almost all of thelipid-solublearsenicwasdetected
in the polar lipid fraction in eachtissueor organ:
little or no arsenic existed in the neutral lipid
fraction. Arsenic was then determined in both
preparedfractions,obtainedby mild hydrolysis.

Therewas considerablevariation in the arsenic
content of the polar lipid fractions from the 12
tissues.Furthermore,thearsenicin thesetissuesdid
not show a definite distribution into alkali-labile
andalkali-stablefractions(Fig. 1).

Ordinary muscle, kidney and brain mainly
containedalkali-labile arseniccompounds;liver,
stomach,heart and gall bladdercontainedalkali-

stablecompounds,andintestine,skin,darkmuscle,
spleenand bone containedboth types of arsenic
compounds.Especially in the stomachand heart
muscle,arsenicwas detectedonly in the alkali-
stable fraction. On the other hand, arsenic was
detectedonly in thealkali-labile fraction in brain.

Arsenic contents in alkali-labile,
acid-labile and alkali/acid-stable
fractions from ordinary muscle and
liver

Polarlipid fractionsfrom ordinarymuscleandliver
from another specimenof the starspottedshark
were preparedand fractionatedinto alkali-labile,
acid-labile and alkali/acid-stable fractions. The
arseniccontentin eachfraction is shownin Table
1. Most of the arsenolipidsfrom ordinary muscle
(20.0�g gÿ1, 96.6%)werefractionatedinto alkali-
labile fraction. On the other hand, most of the
arsenolipids(220�g gÿ1, 93.3%) from liver were
resistantto mild alkaline or acid hydrolysis and
fractionatedinto the alkali- and acid-stablefrac-
tions.

In order to identify the structuresof the water-
solubleresiduesbondedto the major arsenolipids,
theselipids from the ordinary muscleor the liver
werethensubjectedto severehydrolysis.

HPLC±ICP±MS analysis of alkali-
labile/HCl fraction from ordinary
muscle

Thealkali-labilefractionfrom ordinarymusclewas
further hydrolysed with 6 mol dmÿ3 HCl and
analysed by HPLC–ICP–MS. In the prepared
alkali-labile/HCl fraction, the major arsenicpeak
wasidentifiedasarsenocholine(Fig. 2).

HPLC±ICP±MS analysis of alkali-
stable/Ba(OH)2 fractions from liver

The alkali-stablefractionsfrom liver were further

Figure 1 Distribution of alkali-labile and alkali-stable ar-
senolipidsin the tissuesandorgansof starspottedshark.

Table 1 Arseniccontentin polar lipid, neutrallipid, alkali-labile, acid-labileandalkali/acid-stablefractions

Mean(n = 2) arsenicconcentration(�g gÿ1 polar lipid)

Sample Polarlipid Neutral lipid Alkali-labile Acid-labile
Alkali- andacid-

stable

Ordinarymuscle 21.8 N.D.a 20.0 N.D. 0.71
Liver 276 N.D. 15.7 0.13 220

a N.D., not detected
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hydrolysedwith saturatedBa(OH)2. Figure3 and4
show the HPLC–ICP–MSchromatogramsof the
derived water-soluble arsenicals in the alkali-
stable/Ba(OH)2 fraction.TheHPLCwasperformed
on either a Hamilton PRPcolumnor a Supelcosil
SCX column. Arsenocholinewas detectedin the
liver with a SupelcosilSCX column(Fig. 3), as it
was in ordinary muscle(Fig. 2). However,unlike
the arsenocholinein the muscle,the arsenocholine
in the liver wasnot the major peak.The retention
time of the major peak was the sameas that of
arsenobetaineand dimethylarsinicacid. Figure 4

showsthechromatogramobtainedwith theHamil-
ton PRP column. The major arsenic peak was
confirmedto bedimethylarsinicacidbecause,with
this column, arsenobetaineelutes in the void
volume.

Behavior of arsenocholine towards
severe hydrolysis

A portion of the syntheticarsenocholinesolution
(0.5�g gÿ1) washeatedunderthesameconditions
usedfor the alkali-labile or alkali-stablefraction
andanalysedwith HPLC–ICP–MSusingaNucleo-
sil 10 SA column: 90.4% of arsenocholinewas

Figure 2 HPLC–ICP–MS chromatograms(Supelcosil LC-
SCX) of authenticarsenicals(above) and the water-soluble
arsenicresiduesobtainedwith severeacidhydrolysisof alkali-
labile arsenicfraction preparedfrom ordinarymuscle(below).
Experimentalconditionswereasdescribedin the text.

Figure 3 HPLC–ICP–MS chromatograms(Supelcosil LC-
SCX) of authenticarsenicals(above) and the water-soluble
arsenicresiduesobtainedwith severealkaline hydrolysis of
alkali-stable arsenic fraction prepared from liver (below).
Experimentalconditionswereasdescribedin the text.
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recoveredafter theHCl hydrolysisand85.9%after
barium hydroxide hydrolysis.Besidesarsenocho-
line, no organoarsenicalsincludingdimethylarsinic
acid weredetected.

DISCUSSION

Arsenicwaslocalizedin the polar lipid fraction in
each tissue, suggesting that arsenic-containing
groupsare bondedto the lipid-soluble compound
in suchawaythatcholineis bondedto phosphatidic
acid in phosphatydylcholine(lecithin). However,

the resultswerenot sosimplebecauseat leasttwo
arsenolipids were clearly demonstratedin the
tissues(Fig. 1, Table 1). One is an alkali-labile
type that accumulatesin ordinary muscle,kidney
andbrainandtheotheranalkali-stabletypein liver,
stomach,heartand gall bladder.This diversity in
the structureof arsenolipidsin a single speciesis
interestingfrom the point of view of comparative
biochemistry. Interspecies diversity should be
investigated in future as well as intraspecies
diversity.

Arsenocholinewasderivedasthemajorarsenical
in the alkali-labile/HCl fraction from the polar
lipids from ordinarymuscle(Fig. 2). As thetypical
alkali-labile polar lipid or phospholipid,phospha-
tydylcholineis suggested.Furthermore,phosphati-
dylarsenocholine(Fig.5) wasreportedto bepresent
in the muscleof yelloweyemullet following oral
administrationof arsenocholine.14 Together,these
findings strongly suggestedthat phosphatidylarse-
nocholine(arsenolecithin)waspresentin ordinary
muscletissues.To confirmthis, we arenow trying
to synthesize glycerylphosphorylarsenocholine,
which is consideredto be derived from phospha-
tidylarsenocholinewith the liberation of two fatty
acidsfollowing mild alkalinehydrolysis.

On the other hand, basedon the fact that the
majorarsenolipidfrom liver remainedlipid-soluble
after hydrolysiswith sodiumhydroxideor hydro-

Figure 4 HPLC–ICP–MS chromatograms(Hamilton PRP-
X100)) of authenticarsenicals(above)and the water-soluble
arsenicresiduesobtainedwith severealkaline hydrolysis of
alkali-stable arsenic fraction prepared from liver (below).
Experimentalconditionswereasdescribedin the text.

Figure 5 Themolecularstructuresof phosphatidylarsenocho-
line and phosphatidylarsenosugar.—OCR1, —OCR2: fatty
acyl group.
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chloride, it could not have been analogousto a
glycerophospholipid such as phosphatidylcholine.
Thearsenolipidwasexpectedto bearsenosphingo-
myelin, becausesphingomyelinis resistantto both
alkali andacidhydrolysis.11 However,dimethylar-
sinic acidwasderivedin thealkali-stable/Ba(OH)2
fractionfrom thepolarlipid fractionof liver (Figs3
and 4), indicating that it is not an arsenocholine-
containing lipid. As to the dimethylatedarsenic
compounds,arsenosugarshavebeenconfirmedin
various algae as water-solublearsenicals.2–6 An
arsenosugar-containinglipid (a phosphatidylarse-
nosugar,Fig. 5) was reportedin the brown algae
Undaria pinnatifida.15 However, this compound
cannotbe the arsenolipidfrom liver becauseit is
not an alkali- and acid-stablepolar lipid but an
alkali-labile one. Further experiments will be
neededto identify the structureof the major polar
arsenolipidin the liver. Thus,at this time, we say
only that the major arsenolipid in the liver of
starspottedsharkis a dimethylatedarsenic-contain-
ing lipid.

The chromatogramsshow the occurrenceof
minor arsenic compoundsin both the ordinary
muscle(Fig. 2) and the liver (Figs 3 and 4). The
arsenocholine-containinglipid thatwasfoundto be
the major arsenolipid in the muscle and the
dimethylatedarsenolipidin the liver may co-exist
in both tissues,asa small arsenocholinepeakwas
also detected in the liver. We are at present
conducting studies to determine whether these
arsenolipids are present in tissues other than
ordinarymuscleandliver.
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