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Sodium arsenate (Na2HASO4� 7H2O, As(V)) was
administered to three genetically different
strains of mice, ICR, C57BL/6J and DBA/2J, in
a single oral dose of 54 mg kgÿ1 body weight.
The effects on the activities of heme biosynthetic
enzymes in the spleen, liver, kidney and periph-
eral blood were investigated. The activities ofd-
aminolevulinate synthase (ALAS, EC 2.3.1.37),
catalyzing the first reaction in the heme biosyn-
thetic pathway and the rate-limiting enzyme for
heme synthesis,d-aminolevuilinate dehydratase
(ALAD, EC 4.2.1.24) and porphobilinogen de-
aminase (PBGD, EC 4.3.1.8) in the spleens of the
ICR strain, were remarkably reduced to 51%,
32% and 42%, respectively, in comparison with
each mean value of the control group. In
contrast, these activities were significantly in-
creased in the livers of the C57BL/6J strain, and
a similar trend was observed in the DBA/2J
strain. In the kidneys, the ALAD activity was
significantly reduced in the ICR strain, but no
significant differences in the other two strains
were found.

These results suggest that the influence of
As(V) on the activity of heme biosynthetic
enzymes is most potently manifested in the
spleen tissue of the ICR strain. Copyright
# 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

It is well known that metals inhibit the activities of
the heme biosynthetic enzyme system. In particu-
lar, d-aminolevulinate dehydratase (ALAD) activ-
ity in the second enzyme in the pathway has been
shown empirically, in bothin vitro and in vivo
studies, to be inhibited by many metals.1 Since the
ALAD activity of peripheral blood is strongly
inhibited by lead, this activity is used widely as an
index of exposure to its low concentrations.1

Recently, there have been several occurrences of
inorganic arsenic contamination of drinking water
in several countries, including India, China and
Mexico,2,3 resulting in an increase in the incidence
of chronic arsenic poisoning and leading to major
social problems. In contrast, there have been few
reports of studies on the influence of inorganic
arsenic compounds (As) on the porphyrin metabolic
enzymes. It has been reported that urinary porphy-
rin levels in animals and humans increased after
exposure to As.3–7 These findings point to the
adverse effect of As on heme biosynthetic enzyme
activities and suggest the potential of this system as
a biomarker for the detection of early-stage As
toxicity.8 In our previous investigations on Wistar
rats and ICR mice, we found that the effects of a
single oral administration of As(V) on heme bio-
synthetic enzyme activities varied in magnitude
from one animal species to another and between
the sexes and organs or tissues within a given
species.9–11 In particular, we found that adminis-
tration of As(V) markedly decreased the activities
of the heme biosynthetic enzymes in the spleen of
mice of the ICR strain,9,11 although little effect on
these activities was noted in rat bone marrow
cells.10

It is well known that among several strains of
mice, the selection of a suitable strain for use in a
particular experiment depends upon the objective
of the study.12–15Gross and Hulton14 measured the
activity of d-aminolevulinate synthase (ALAS) in
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15 strainsof inbredmiceandreportedfinding little
differenceamongthem. In contrast,they found a
strain-specific variation in this activity using
experimental 3,5-dicarbethoxy-1,4-dihydro-2,4,6-
trimethylpyridine (DDC)-induced experimental
porphyria.Furthermore,in an investigationof the
ALAD activity in 10 differing strains of mice,
Doyle and Shimke13 reportedfinding an approxi-
matelyeight-foldhigheractivity in thespleensand
an approximately three-fold higher level in the
livers and kidneysof the DBA/2J strain than the
C57BL/6J one. From thesefindings, it could be
surmisedthat the activity levels of the porphyrin-
metabolizingenzymesvary in magnitudefrom one
strain of mouseto another,and that concomitant
differenceswill exist in the effects of chemical
substanceson theseactivities.

Accordingly, in the presentstudy, we investi-
gatedthe influenceof an As(V) compoundon the
activity of three heme biosynthetic enzymes,
ALAS, ALAD and Porphobilinogendeaminase
(PBGD),by usingthreegeneticallydiffering strains
of malemice.

MATERIALS AND METHODS

Chemicals

Sodiumarsenate(Na2HAsO4� 7H2O) wasobtained
from theWakoPureChemicalsCompany(Tokyo).
ALA was obtainedfrom the Daiichi PureChemi-
cals Company (Tokyo). Porphobilinogen(PBG),

protoporphyrin(PROTO)andzinc protoporphyrin
(Zn-PROTO)wereobtainedfrom PorphyrinProd-
ucts(Logan,UT, USA).Otherchemicalsusedwere
of thepurestavailablereagentgrade.

Animals and treatment

Animals usedwerefour-week-oldmalemice from
the Jcl:ICR, C57BL/6JJcl andDBA/2J Jcl strains
(ShizuokaLaboratoryAnimalsCo.Ltd, Hamamat-
su, Japan).Theseanimals were allocated to six
groups,eachcontainingfive or six animals,and
receiveda singleoral doseof sodiumarsenate(Na2
HAsO4� 7H2O, As(V)), at 54mgmlÿ1 kgÿ1 body
weight.The injection volumewasusedin orderto
averagethebodyweightof themicein eachgroup.
Eachcontrol mousereceivedthe samevolume of
5% glucose solution without the metals. All
animalswerehousedin stainlesssteelcagesin an
air-conditionedroomat24� 1 °C, with freeaccess
to a normalcommercialdiet andwaterfor 18h.

Enzyme preparation from liver,
kidneys, spleen and blood

Mice were sacrificedunder ether anesthesia.10,11

Heparinized blood was collected and the liver
perfusedthroughthe portal vein with cold saline.
Kidneys and spleenswere carefully removedand
weighed.Liver, kidneys and spleenswere hom-
ogenizedin 0.25M sucrosesolution (containing
0.01M potassiumphosphate,0.01M NaHCO3, pH
8.0). Supernatantand precipitationfractionswere
preparedfrom thehomogenatesby centrifugationat

Table 1 Effectsof sodiumarsenate(Na2HAsO4) on theweightsof body,liver, spleenandkidneyof differentstrains
of malemice

Body weight (g)
Liver weight Spleenweight Kidney weight

Before After (g) (g) (g)

ICR Jcl
Control 29.8� 2.03 31.3� 0.95 2.80� 0.13 0.13� 0.03 0.51� 0.02
Na2HAsO4� 7H2O 27.9� 0.49 29.8� 0.98* 2.00� 0.22** 0.09� 0.01* 0.49� 0.04

C57BL/6JJcl
Control 18.7� 0.54 19.8� 0.22 1.50� 0.11 0.06� 0.01 0.22� 0.01
Na2HAsO4� 7H2O 18.9� 0.80 19.7� 0.60 1.30� 0.15 0.05� 0.00 0.25� 0.02**

DBA/2J Jcl
Control 16.6� 0.36 17.3� 0.57 0.90� 0.12 0.06� 0.01 0.22� 0.01
Na2HAsO4� 7H2O 16.8� 0.75 16.6� 0.72 0.90� 0.12 0.05� 0.01 0.23� 0.02

Valuesrepresentmeans� SD of five or six mice pergroup.Significantdifferencesfrom correspondingcontrols(Studentt-test):
* P <0.05;
** P <0.01.
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48800g for 30min.10,11 The precipitationfraction
was further washed twice with 0.25M sucrose
solution,resuspendedin thesamesolutionandused
for the ALAS assay.The supernatantfraction and
whole-blood lysateswere used for the assayof
ALAD andPBGD.

Enzyme assay

The activities of ALAS,16 ALAD 17 and PBGD18

were assayedaccordingto the methodsdescribed
previously.

Other procedures

Proteinwasdeterminedby themethodof Lowry et
al.18 with a modification.19 Erythrocyteporphyrins
were determined by the method reported pre-
viously.20 The hematocrit value was determined
by a capillary tubemethod.

The meansand the SD were calculatedand the
statisticalsignificanceof the differencesbetween
the treatedandthe control groupswasdetermined
usingStudent’st-test.

RESULTS

Weights of body, liver, spleen and
kidneys

In comparisonwith the control group,weightsof
body, liver and spleen of ICR mice decreased
significantly after the administration of As(V).
However, the kidney weight of C57BL/6J mice

increasedsignificantlyrelativeto thecontrolgroup
(Table1).

Contents of hemoglobin (Hb),
hematocrit (Ht) and porphyrin
values of peripheral blood

No influenceof As(V) administrationwasobserved
on Hb contentandHt valuesin anystrainof mice,
but a tendency to decreasewas seen in the
porphyrincontentof the erythrocytesof ICR mice
(Table2).

ALAS activity in spleen and liver

TheALAS activity in thespleensof thecontrolICR
mice was 0.77� 0.23nmol ALA formed (mg of
protein) ÿ1 h, ÿ1 which was approximatelyfive
times higher than that (0.16� 0.04nmol ALA
formed (mg of protein)ÿ1 h ÿ1) in the spleensof
the C57BL/6J mice. The ALAS activity in the
spleensof the ICR mice after the As(V) adminis-
tration was0.39� 0.22nmol ALA formed(mg of
protein) ÿ1 h, ÿ1 representing a decrease of
approximately49%. Significantdifferencesin the
ALAS activity in spleensin the C57BL/6J and
DBA/2J mice were not observed.Only negligible
differencesamongthe three strainsof mice used
wereobservedin theALAS activity in thelivers of
the controls, but after the As(V) administration,
significant elevations (P< 0.01) in the hepatic
ALAS activity in the C57BL/6JandDBA/2J mice
wereobservedat approximately1.7 timesand1.4
timesthecontrol level, respectively(Fig. 1).

Table 2 Contentsof hemoglobin,hematocritandporphyrinsin peripheralblood

Porphyrins(�g/dlRBC)

Hemoglobin(g/dl) Hematocrit(%) Zn-PROTOa FreePROTO

ICR Jcl
Control 13.9� 0.52 41.5� 1.54 104.9� 15.3 28.8� 9.89
Na2HAsO4� 7H2O 13.5� 0.10 40.4� 2.75 88.4� 14.2 17.6� 4.80

C57BL/6JJcl
Control 13.0� 0.65 43.5� 1.48 60.4� 11.4 25.8� 4.44
Na2HAsO4� 7H2O 12.9� 0.84 43.3� 0.76 69.2� 12.9 32.2� 5.06

DBA/2J Jcl
Control 13.8� 0.49 42.6� 1.75 83.7� 5.9 37.8� 6.95
Na2HAsO4� 7H2O 13.5� 0.23 41.4� 1.45 81.3� 17.0 28.8� 9.86

Valuesrepresentmeans� SD of five or six mice pergroup.
a PROTO,protoporphyrin.
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ALAD activity in peripheral blood,
spleen, liver and kidneys

The ALAD activity level in the peripheralblood,
spleen,liver andkidneysof eachcontrol groupof

the DBA/2J, ICR and C57BL/6J mice was high
(Fig. 2). The inhibitory effect of As(V) adminis-
tration on the activity in the peripheralblood and
the spleenshoweda similar pattern,but the effect
wasmuchmorepronouncedin the spleenthanthe
erythrocytes.Levels of the activity in the As(V)-
treatedICR andDBA/2Jmicewerereducedto 68%
and 31% of each control value, respectively.
HepaticALAD activity wassignificantly elevated
in the C57BL/6Jmice of the As(V)-treatedgroup.
RenalALAD activity in theAs(V)-treatedDBA/2J
mice showed the highest value, being approxi-
mately6.7-fold higherthanthat in the treatedICR
mice.

PBGD activity in peripheral blood,
spleen, liver and kidneys

The PBGD activities in the peripheral blood,
spleen,liver andkidneysareshownin Fig. 3. ICR
mice hadthe highestvaluesof PBGD activities in
peripheralbloodandspleen,but thelowestvaluein
thekidneys.Theeffectof As(V) administrationon
the PBGDactivity wassimilar to the effect on the
ALAD activity, with a commoninhibitory pattern
in peripheralblood and spleens,but with a more
pronouncedinhibition in a spleens. Levels of
activity in theAs(V)-treatedICR andDBA/2Jmice
were reducedto 58% and 37% of each control

Figure 1 Effect of sodium arsenateon d-aminolevulinate
synthaseactivity in spleenandliver of differentstrainsof male
mice: &, control group; J, As(V)-treated group. Data
presentedarethe means� SD from five or six mice per group.
Significantdifferencefrom control: a, P< 0.01;b, P< 0.05.

Figure 2 Effectof sodiumarsenateond-aminolevulinatedehydrataseactivity in erythrocytes,spleen,liver andkidneyof different
strainsof malemice:&, controlgroup;J, As(V)-treatedgroup.Datapresentedarethemeans� SD from five or six micepergroup.
Significantdifferencefrom control: a, P< 0.01;b, P< 0.05.
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value, respectively.Moreover, the level of the
PBGD activity in the liver was significantly
elevatedin all As(V)-treatedmice of the C57BL/
6J(P<0.01)andDBA/2J(P<0.05)strains.Levels
of ALAD activity in the kidneysof the C57BL/6J
and the DBA/2J mice wereabouttwo-fold higher
thanthatof ICR mice,butnosignificantdifferences
wereobservedafter theadministrationof As(V).

DISCUSSION

It is well known that the administrationof sodium
arsenate[As(V)] to rats and mice leads to a
remarkableincreasein their urinary uroporphyrin
levels.4–7 WoodsandFowler.4,5 reportedobserving
a 12-fold increasein the urinary uroporphyrinof
male Sprague–Dawley(SD) rats (CD strain)
relative to control levels after allowing them to
drink distilled water containing As(V) at a con-
centration of 85ppm for six weeks. It can be
surmisedthat this phenomenonprobably derives
from a decreasein hepatic uroporphyrinogen
decarboxylase(UROD, EC4.1.1.37)activity (86%
of thecontrollevel of activity), but therehavebeen
reportsthathepaticALAS activity is at anormalor
decreasedlevel.However,therehasbeenvery little
differentiation in this effect betweenAs(V) and
As(III) (sodiumarsenite).

Recently,it hasbeenfound that ALAS consists
of two isozymes:non-specificALAS (ALAS-N)
anderythroid-specificALAS (ALAS-E).1,22 It has
also becomeclear that ALAS-N is regulatedvia
negative feedback by heme. Accordingly, in
hexachlorobenzene-poisonedanimalsand porphy-
ria cutaneatarda,with markedly reducedhepatic
UROD activity, hepaticALAS activity is elevated
via a derepressionmechanismderiving from a
reductionin heme.This leadsto anoverproduction
of theURODsubstrate,uroporphyrinogen,whichis
excretedin large amountsin the urine.1 Conse-
quently, an increase in urinary uroporphyrin
following the administrationof As(V) canonly be
explainedin termsof anelevationof hepaticALAS
activity.

Our previous animal studies on porphyrin
metabolismafter intratrachealor oral administra-
tion of As(V) usingratsandmice haveshownthat
the effectsmay vary with animal species,10 sex11

andtissueor organtype.9–11In particular,different
levelsof theactivity of ALAS, ALAD andPBGDin
hematopoietictissuesof ratsandmicesuggestthat
the regulatory mechanismof heme biosynthesis
might not be thesameamongtheseanimals.9–11

In thisstudy,wediscoveredthatlevelsof ALAS,
ALAD and PBGD activity in the spleen were
remarkablydecreasedafter the administrationof
As(V) to ICR mice.11

It hasbeendemonstratedthatseveraldifferences

Figure 3 Effect of sodiumarsenateon porphobilinogendeaminaseactivity in erythrocytes,spleen,liver andkidneysof different
strainsof malemice:&, controlgroup;J, As(V)-treatedgroup.Datapresentedarethemeans� SD from five or six micepergroup.
Significantdifferencefrom control: a, P< 0.01;b, P< 0.05.
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in the level of porphyrin-metabolizingenzymes
exist among strains of mice.12–15 In the present
study,investigatinginfluencesof acuteoral admin-
istration of As5 � on the activity of porphyrin-
metabolizingenzymesin the representativemouse
strains (ICR, C57BL/6J and DBA/2J), we found
that the liver ALAS activity was significantly
elevatedin the C57BL/6JandDBA/2J mice (Fig.
1) and that the ALAD and PBGD activities were
alsoelevated(Fig.2). Althoughwedid notmeasure
the liver UROD activity in the presentstudy,it is
not unreasonableto predict that a reductionin its
activity would be relatedto an increasein urinary
uroporphyrinafterAs(V) administration,indicating
that the C57BL/6Jstrain is an appropriateanimal
model for abnormalitiesin liver porphyrinmetab-
olism arisingfrom exposureto As(V). In contrast,
thelevelsof ALAS, ALAD andPBGDactivitiesin
the spleensof the ICR mice showeda remarkable
decrease.Although the regulatory mechanismof
hemebiosynthesisin hematopoieticcells remains
speculative,and sideroblasticanemiais the only
known diseasein humansto be associatedwith a
decreasein ALAS activity, this activity may serve
as a useful animal model of this disease.1 To the
best of our knowledge, ours may be the first
reportedexperimentusingICR mice that pointsto
the potentialusefulnessof this strainasan animal
model, which may shed further light on the
underlyingcausativemechanismof hematopoietic
dysfunctions.

Theseresultsindicatethattheinfluenceof As(V)
administration on porphyrin metabolism varies
among different strains of mice and tissuesor
organs, although the findings obtained to date
clearly indicate that the effect of arsenic com-
poundsin causingporphyrin metabolismabnorm-
alities wasstrongerin hematopoieticcells than in
hepatocytes.Futurestudieswill needto investigate
other hemebiosyntheticenzymessuchas UROD
and ferrochelatase,in addition to ALAS, ALAD
andPBGD.

Furthermore,arseniccompoundsdid not inhibit
ALAS, ALAD andPBGDto anynoticeableextent
in vitro (datanotshown).Thispointsstronglyto the
possibility that the reduction in the activity of
hematopoieticenzymesof the spleen after the
administrationof As(V) derivesfrom areductionin
theamountof mRNA encodingtheseenzymes.
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