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SUMMARY

Objective: To assess the critical issues concerning the use of urinary inorganic arsenic (iAs), including As3, As5,
monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA), as biomarker of internal dose in order to moni-
tor environmental and occupational exposure to inorganic As, considering the influence of diet and drinking water
on excretion of iAs. Methods:The design protocol stipulated collection of weekly urine samples from 6 male subjects
for 5 consecutive months. In all the urine samples, iAs was determined by Hydride Generation-Atomic Absorption
Spectrophotometry (HG-AAS). In the subjects with iAs higher than 35 µg/L, Biological Exposure Index (BEI)
proposed by the American Conference of Governmental Industrial Hygienists (ACGIH), urinary arsenic speciation
was performed by HPLC-ICP-MS. Exposure to airborne As was evaluated monthly using personal environmen-
tal samplers worn for 8 hours. Throughout the study, the participants filled out a daily food diary, also detailing
types of water drunk. Result: Exposure to airborne As was invariably below the limit of detection, equal to 1
ng/m3. A total of 77 urine samples were collected. iAs was always detectable and was higher in 7 urine samples, ob-
tained from 5 of the 6 subjects examined, than the BEI. Among foods with a high As content, the intake of seafood
and fish within 72 hours before providing the sample seems to be the principal source of the iAs concentrations,
while the intake of rice or drinking water showed no influence on this biological marker. Instead, drinking wine
within 24 hours before urine sample collection can cause a significant increase in the excretion of iAs. Conclusions:
In populations that eat large amounts of fish and seafood, the use of iAs to monitor occupational and environmental
exposure to inorganic As seems to present some problems, and urinary As speciation may be essential at least in cases
with iAs measurements above the biological limit values. In any case, a diet sheet reporting all foods eaten within 3
days of urine collection seems to be an indispensable tool to ensure a correct interpretation of the results.
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INTRODUCTION

Even nowadays despite the severe restrictions
imposed on the presence of arsenic (As) in drink-
ing water, food and air in urban areas and work-
places by many international organizations, expo-
sure to inorganic As is responsible for the onset of
carcinogenic effects on the lungs, skin and bladder
in man, as well as non-carcinogenic effects mainly
involving the skin and peripheral circulation sys-
tem (10, 11, 34). In the general population, inor-
ganic As is absorbed largely through the digestive
tract, where the sources of inorganic As include
both drinking water and foods such as rice, seafood
(mollusks and crustaceans) and fish. Absorption by
inhalation seems to be less frequent, affecting
mainly residents near large industrial plants that
release inorganic As in the surrounding area. In-
stead, in the occupational field inorganic As is ab-

sorbed largely by inhalation. This can occur, even if
at lower concentrations than in the past, in non-
ferrous metals industries producing copper, in par-
ticular, as well as in coal-fired electric power sta-
tions, in artistic glass works and the semiconductor
production industry (1).
Unlike inorganic As, organic As is generally con-

sidered non-toxic, like arsenobetaine, or to have a
poorly defined toxicity profile, like the arsenosugars,
arsenolipids and dimethylarsinic acid (DMA) (12).
The main source of exposure to all these As com-
pounds is the consumption of seafood, fish and sea-
weed, while there is a significant content of DMA
also in other foods such as rice and poultry (10).
The differences between inorganic and organic

As compounds are not confined to the toxicity pro-
file but also include their different metabolic pro-
cessing in man after absorption by inhalation or di-
gestion. As3, absorbed as such or derived from the

RIASSUNTO

«Fattori ambientali determinanti l’escrezione urinaria di arsenico inorganico in soggetti della popolazione
generale». Obiettivo: Valutare le criticità presentate dall’arsenico inorganico urinario (iAs), comprendente As3, As5,
acido monometilarsonico (MMA) ed acido dimetilarsinico (DMA), quale indicatore biologico di dose interna nel
monitoraggio dell’esposizione ambientale ed occupazionale ad As inorganico, considerando l’influenza che la dieta e
l ’acqua da bere possono avere nel condizionare la sua escrezione urinaria. Metodi: Il protocollo dello studio
prevedeva la raccolta dei campioni di urine in 6 soggetti maschi ogni settimana per 5 mesi consecutivi. In tutti i
campioni urinari l’iAs è stato determinato in spettrofotometria ad assorbimento atomico con la tecnica di gener-
azione degli idruri (HG-AAS). Nei soggetti che hanno presentato un iAs superiore a 35 µg/L, Indicatore Biologico
di Esposizione (BEI) proposto dall’American Conference of Governmental Industrial Hygienists (ACGIH), è stata
eseguita la speciazione dell’As urinario con HPLC-ICP-MS. L’esposizione ad As aerodisperso è stata determinata
mensilmente con un campionamento ambientale personale della durata di 8 ore. I partecipanti per l’intera durata
dello studio hanno compilato un questionario alimentare giornaliero comprendente anche informazioni sul tipo di
acqua consumata. Risultati: L’esposizione ad As aerodisperso è risultata invariabilmente al di sotto del limite di
rilevabilità pari a 1 ng/m3. Sono stati raccolti complessivamente 77 campioni di urine. iAs è risultato sempre ril-
evabile e superiore al BEI in 7 campioni di urine raccolti da 5 dei 6 soggetti esaminati. Tra gli alimenti ad alto
contenuto di As, il consumo di crostacei/molluschi e di pesce sino a 72 ore precedenti la raccolta delle urine sembrano
essere i principali determinanti delle concentrazioni di iAs, mentre il consumo di riso o acqua non ha mostrato alcu-
na influenza su questo indicatore biologico. Il consumo di vino nelle 24 ore precedenti la raccolta delle urine, invece,
è risultato in grado di determinare un incremento significativo dell’escrezione di iAs. Conclusioni: In popolazioni
con una dieta caratterizzata da elevato consumo di prodotti ittici, l ’utilizzo dell’iAs nel monitoraggio dell’espo-
sizione occupazionale ed ambientale ad As inorganico presenta alcune criticità; in questo caso la speciazione dell’As
urinario sembra essere indispensabile, almeno per le determinazioni di iAs risultate superiori ai valori limite bio-
logici. Un diario alimentare relativo ai 3 giorni precedenti la raccolta delle urine appare uno strumento comunque
indispensabile per l’interpretazione dei risultati.
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reduction of As5, largely in the blood and liver, un-
dergoes a liver biotransformation process that, after
two successive oxidative methylation reactions,
leads to the synthesis of monomethylarsonic acid
(MMA) and DMA (32). Moreover, this process al-
so seems to induce the formation of two highly re-
active intermediate trivalent products, namely
MMA3 and DMA3, that may contribute to cause
the toxic effects of inorganic As, by turning the
methylation sequence into a metabolic activation
rather than a detoxification process (20). The two
methylated inorganic As metabolites are then ex-
creted in the urine together with an unmodified
quota of As3 and As5. Measurement of the relative
urine concentrations of the various As species after
the intake of high quantities of inorganic As
through digestion has shown that 10-30% consists
of As3+As5, 10-20% of MMA and 60-80% of
DMA (31). Instead, as regards the organic As
forms, arsenosugars and arsenolipids are metabo-
lized in man with the formation also of DMA and
then eliminated in the urine, while arsenobetaine
and DMA, absorbed as such, do not seem to un-
dergo any further biotransformation process and
are also eliminated in the urine (12, 23, 27).
Inorganic urinary As (iAs) is the biological

marker most commonly used for the purposes of
monitoring occupational and environmental expo-
sure to inorganic As (9). It is determined by Atom-
ic Absorption Spectrophotometry with the hydride
generation technique (HG-AAS) and includes
both the inorganic As compounds (As3+As5) and
their methylated compounds (MMA+DMA). The
introduction in 1980 of this analytical method to
measure urinary inorganic As made it possible to
exclude from the analysis arsenobetaine, that ac-
counts for the proportionally highest quota of uri-
nary As absorbed in the diet when consuming fish
and seafood (5). However, in view of the different
origin of DMA in man, when obtaining high ex-
cretion values of iAs, of which DMA can be as
much as 2/3 of the entire value, it is difficult to un-
derstand whether the iAs level is a true reflection
of the degree of exposure to inorganic As.
The aim of the present study was to assess the

critical issues concerning the use of iAs as bio-
marker of internal dose for the purposes of moni-

toring environmental and occupational exposure to
inorganic arsenic, bearing in mind the influence of
diet and drinking water in influencing the excre-
tion of iAs.

METHODS

Subjects

The study lasted 5 consecutive months ( July-
November), during which 6 healthy males, all resi-
dent in a coastal area in southern Italy (Manfredo-
nia-Apulia), and all office workers at a company in
the service sector, were examined. At baseline all
the participants were administered a questionnaire
detailing personal data, current and previous work-
ing activities, lifestyle and diet, as well as medical
history to exclude liver and renal disease. There-
after, throughout the study, the subjects filled out a
daily diet sheet from Tuesday to Friday specifying
the types and quantities of food, alcoholic bever-
ages and drinking water consumed throughout the
day (figure 1). No dietary restrictions were imposed
at any time during the study. All subjects gave
written informed consent prior to enrolment.

Environmental monitoring

To exclude a possible exposure to airborne As at
the workplace, monthly environmental monitoring
of As was performed (figure 1), employing active
personal samplers worn by the subjects in the res-
piratory zone for the whole 8-hour work shift. Air-
borne particulate was collected on cellulose ester
membranes to assess the total As concentration in
the inhalable dust fraction. The analyses were con-
ducted by inductively coupled plasma mass spec-
trometry (ICP-MS) with an ELAN 5000
(Perkin–Elmer SCIEX). The limit of detection
(LOD) was 1 ng/m3 and the coefficient of varia-
tion (CV) was 6-9%.

Biological monitoring

The design protocol stipulated collection of a
urine sample every Friday between 4 and 5 pm, 3

374
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hours after lunch (figure 1). All samples were im-
mediately code labelled and frozen to –20°C, then
kept at that temperature until the time of analysis,
conducted blind.
IAs was determined by HG-AAS 5100

(Perkin–Elmer). The LOD was 0.1 µg/L and the
CV 4.5%. In the urine samples with iAs concentra-
tions exceeding the Biological Exposure Index
(BEI) of the American Conference of Governmen-
tal Industrial Hygienists (ACGIH), equal to 35
µg/L, urinary speciation was performed, determin-
ing As3, As5, MMA, DMA and arsenobetaine by
liquid chromatography coupled with mass spec-
trometry (HPLC-ICP-MS), adopting the analyti-
cal method previously reported by Apostoli et al.
(2-4). For all the As species the LOD was 0.5
µg/L, while the CV was 2.5% for As3 and Arseno-
betaine and 5.0% for As5, MMA and DMA. Uri-
nary creatinine was determined with the colorimet-
ric method (16); the LOD was 0.01 mg/dL and
the CV 5%. The urine samples with urinary creati-
nine values exceeding the range 0.3-3.0 g/L, rec-
ommended by WHO for acceptable biological
samples, were excluded from subsequent analyses
(35).
The laboratory that carried out the determina-

tions adheres to the external quality control pro-
gramme organized by the Institute of Occupational
Social and Environmental Medicine of the Univer-
sity of Erlangen, Nuremberg.

Statistical Analysis

SPSS software (version 14.0, Chicago, IL, USA)
was employed for statistical analysis. A normal dis-
tribution was verified by the Kolmogorov-Smirnov
test and non normally distributed variables were
analyzed by parametric tests after logarithmic
transformation. The level of significance was set at
p<0.05.

RESULTS

There was an ample range of age and BMI
among the 6 examined subjects. They all drank al-
most exclusively bottled mineral water, and only 1
referred a smoking habit at the time of the study
(table 1). Among foodstuffs with a high As content,
fish and seafood (including all the types of mollusks
and crustaceans) were those most commonly con-
sumed at all the times investigated, namely within
24, 48 and 72 hours before urine collection, fol-
lowed by rice and poultry, whereas mushrooms were
rarely eaten by these subjects and were not therefore
included in subsequent analyses (table 2). The types
of seafood they most commonly consumed were
cuttlefish (Sepiidae) and octopus (Octopus vulgaris)
among cephalopod seafoods, mussels (Mytilus gal-
loprovincialis) among bivalve mollusks, and prawns
(Caridea) among crustaceans.

ENVIRONMENTAL FACTORS AFFECTING URINARY INORGANIC ARSENIC 375

Figure 1 - Temporal sequence of environmental sampling, urinary sampling and dietary data collection in the 6 study sub-
jects throughout the study period
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The environmental monitoring results showed
that the airborne As concentrations were invariably
below the LOD of 1 ng/m3.
A total of 77 urine samples were collected, all

showing the concentrations of iAs higher than the
LOD (table 3). Moreover, in 7 urine samples ob-
tained from 5 of the 6 subjects examined, the iAs
concentrations were above the BEI of the ACGIH,
and urinary As speciation was performed. The re-
sults showed that the As3 and As5 concentrations
were always below the LOD whereas the MMA,
DMA and arsenobetaine concentrations were al-
ways above (table 4). Arsenobetaine was always the
most common species, and showed particularly

high concentrations in 5 of the 7 samples, followed
by DMA and MMA.The sum of inorganic As and
the urinary methylated metabolites measured
singly by speciation exceeded the limits by 35 µg/L
in 6 of the 7 urine samples.
The influence of a dietary intake of food with a

high As content and wine on the excretion of iAs
was studied by subdividing all the urine samples
according to the number of meals of seafood, fish,
rice or poultry eaten and to the number of glasses
of wine drunk within 24, 48 and 72 hours before
urine collection (figure 2). Both for the consump-
tion of fish and seafood, regardless of the time in-
terval after eating these foods, the iAs concentra-

376

Table 1 -General characteristics of the 6 study subjects

N (%) Mean±SD Median Range

Age (years) 6 46.2±11.3 49.0 27-57

BMI (Kg/m2) 6 27.9±7.9 27.7 19.4-41.5

Smoking habit
- Smoker 1 (17%)
- Non-smoker 3 (50%)
- Ex-smoker 2 (33%)

Alcohol
- <10 g/day 2 (33%)
- 10-30 g/day 3 (50%)
- >30 g/day 1 (17%)

Type of drinking water
- Mineral 5 (83%)
- Mineral + tapwater 1 (17%)
- Tapwater 0 (0%)

Table 2 - Percentage of urine samples of the 6 study subjects who consumed food with a high As content within 24, 48 and
72 hours before collection

Food Urine samples (N. 77)
24 hours 48 hours 72 hours

Seafood (mollusks and/or crustaceans) 20.8 36.4 41.6
Fish 32.5 45.4 58.4
Rice 11.7 20.8 27.3
Poultry 13.0 19.5 24.7
Mushrooms 1.3 6.5 14.3
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tions showed a significant increase according to
how many of such meals had been eaten, with the
sole exception of fish within 72 hours before urine
collection. The intake of wine within 24 hours was
also associated with a significant increase in the ex-
cretion of iAs. Neither rice nor poultry consump-
tion showed any influence on the excretion of iAs,
nor was any relation observed with the consump-
tion of beer or with a high or low (>2L vs <2L)
consumption of bottled mineral water within 24
hours before urine collection.
Lastly, to study the association between iAs val-

ues exceeding the BEI and the intake of seafood,
fish, rice, poultry or wine within 24 hours before
urine collection, the urine samples were subdivided
according to whether the subject had eaten these
foods or not in the time interval. A significant dif-
ference was found only for seafood (p=0.003) and
wine (p=0.004) (figure 3).

DISCUSSION

The aim of the present research was to investi-
gate to what extent the excretion of iAs, used as a
biological marker of exposure to inorganic As, is
critically affected by an influence of the main envi-
ronmental sources of As, especially the dietary in-
take of foods with a high As content within 3 days
of urine collection.
The study subjects had a low exposure to inor-

ganic As and high exposure to organic As, because
they ate a lot of fish and seafood, whereas they
were not occupationally exposed to inorganic As by
inhalation or due to airborne pollution. Neverthe-
less, the iAs concentrations were invariably above
the LOD, and 33.8% of the determinations were
over 15 µg/L, the top limit of the reference range
for the Italian population (19). The overall geo-
metric mean of iAs was 9.3 µg/L, similar to the to-
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Table 3 - Excretion of iAs (µg/L) in each of the 6 subjects analyzed individually

Subject N Mean±SD Geometric Coefficient of Range Percentage of
Urine samples mean variation (%) samples with
collected iAs > 15 µg/L*

1 12 22.5±17.7 17.1 78.9 2.4-65.2 41.7%
2 16 11.1±9.6 7.0 86.3 0.1-37.2 25.0%
3 12 12.3±9.0 7.8 73.6 0.1-36.3 25.0%
4 8 23.2±17.1 18.4 73.8 8.4-50.8 50.0%
5 19 14.2±11.6 9.5 81.5 1.1-46.0 42.1%
6 10 9.3±10.1 4.9 108.6 0.1-34.8 20.0%
Total 77 14.8±13.1 9.3 88.0 0.1-65.2 33.8%

*Italian reference values: 2-15 µg/L

Table 4 - Concentrations of the different As species (µg/L) in the urine samples of the 6 subjects with iAs values exceeding
the BEI of the ACGIH

Subject Hours since iAs As3 As5 MMA DMA Arsenobetaine Sum of Total As
last seafood As3+As5+
meal MMA+DMA

1 21 65.2 <0.5 <0.5 5.2 54.9 178.0 60.6 635.0
1 >72 49.5 <0.5 <0.5 4.2 40.3 85.3 45.0 214.0
2 29 37.2 <0.5 <0.5 1.8 33.0 33.2 35.3 145.0
3 18 36.3 <0.5 <0.5 2.4 33.3 408.0 36.2 567.0
4 20 47.2 <0.5 <0.5 15.0 32.4 415.0 47.9 582.0
4 14 50.8 <0.5 <0.5 6.3 35.0 119.0 41.8 167.0
5 3 46.0 <0.5 <0.5 5.4 28.3 322.4 34.2 448.0
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tal As median minus the arsenobetaine value ob-
served in US subjects of the general population en-
rolled in the NHANES study, who had eaten
seafood within 24 hours before urine collection
(11.0 µg/L) (25). According to previous studies, in
our subjects the excretion of iAs was also found to
be associated with the number of fish or seafood
meals eaten within 72 hours before urine collec-
tion, whereas no relation was found with the intake
of rice, poultry or water (figure 2) (8). Therefore,
the high intake of seafood and fish was confirmed
to be the cause of the concentrations of iAs ex-
ceeding the reference values in our subjects, ac-
cording also to the high content of As in fish from
the Adriatic Sea (6, 29, 30).
DMA is the urinary metabolite that contributes

most heavily to the excretion of iAs, as seen in our
results, too. Overall, these results also seem to con-
firm that in subjects who eat a lot of fish and
seafood, it is not possible to distinguish the organic
or inorganic source of the As, and in particular of
DMA, by determining iAs. Moreover, only the
finding of evidence of a delayed urinary excretion
peak of DMA in the 12-24 hours after eating these
foods would allow us to claim that the endogenous
metabolism quota prevails over the quota absorbed

378

Figure 2 - Trend of iAs concentrations (geometric mean)
in the 77 samples of the 6 subjects grouped according to
the number of meals of seafood, fish, rice and poultry eat-
en or to the number of glasses of wine drunk in the 24 (A),
48 (B) and 72 (C) hours before urine collection

Figure 3 - Percentage of iAs determinations over the BEI
in all the urine samples grouped according to the con-
sumption of foods with a high As content or wine in the
24 hours before urine collection
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as such in the diet (17, 22). These results reveal an
important limit in the use of iAs to assess the car-
cinogenic risk of exposure to inorganic As. In fact,
while DMA values of inorganic origin undoubted-
ly reflect a carcinogenic exposure for man, it is still
difficult to interpret the toxicological contribution
of the DMA form via the metabolism of organic
As compounds. This is especially true of the ar-
senosugars that, unlike arsenobetaine that is be-
lieved to be non-toxic, are still regarded with some
doubt because a possible carcinogenic effect has
not been excluded (12).
To check the influence of eating fish and

seafood on iAs concentrations, subjects undergoing
biological monitoring are often asked to fill out a
diet sheet detailing what they ate for at least 3 days
before the urine collection, or else they are asked to
refrain from eating these foods for the 3 days be-
fore. However, the speciation of urinary As seems
to be a more valid method of gaining information
on the origin of the As absorbed by the organism
(14, 15, 29). In our study speciation was done only
on the samples with iAs concentrations above the
BEI of the ACGIH, that demonstrated levels of
As3+As5 that were always below the LOD, while
arsenobetaine was invariably the species showing
the highest level, and there were always higher per-
centage values of DMA than MMA. In agreement
with the suggestion in previous studies, therefore,
the sum of As3+As5 or of As3+As5+MMA could
prove to be a more valid marker of internal dose
showing recent environmental or occupational ex-
posure to inorganic As than iAs (4, 24). In fact, the
sum of As3+As5 cannot be detected unless the sub-
ject has been exposed to inorganic As, while
MMA, being practically only a product of the me-
tabolism of inorganic As, could provide further in-
dications on the exposure to inorganic As.
Among foods with a high As content, rice may

be the most important source of inorganic As and
DMA, and could pose an even higher carcinogenic
risk in populations that eat it in large quantities,
than that posed by the type of drinking water (21,
33). In our study no relationship was observed be-
tween the intake of rice and excretion of iAs, un-
like what has been reported in volunteers following
a controlled diet and in ethnic groups that use rice

as staple food (7, 26). This absence of a relation-
ship between rice intake and iAs could be attrib-
uted to a masking effect of the large intake of
seafood and fish, which could mask the propor-
tionally lower intake of inorganic As and DMA in
the rarer meals of rice. This demonstrates the poor
validity of iAs in assessing the further contribution
to the As intake induced by eating rice.
Even today, in many areas of the world water

contaminated by As is still the main source of expo-
sure to inorganic As, that can have both carcino-
genic and non-carcinogenic effects on human
health. During the present study the 6 subjects
drank almost exclusively bottled mineral water, but
with different trademark labels even during the
same day. Even if Italian legislation stipulates the
upper limit of 10 µg/L of As, as recommended by
WHO, for both mineral and tap water, mineral wa-
ter could anyway be an occasional source of exposure
to inorganic As, as demonstrated in an investigation
of mineral water samples with 40 different bottling
trademark labels, all available on the market in the
area where our study was conducted and some of
which showed As concentrations that were even
higher than 10 µg/L (18, 28). Nevertheless, in our
subjects the mineral water intake seems to have had
a negligible role in influencing the excretion of iAs.
Cigarette smoking was for many years an impor-

tant non-occupational source of exposure to inor-
ganic As, attributed to the wide use of lead arsen-
ate as a pesticide in the cultivation of tobacco.
More recently, since pesticides with an arsenic con-
tent have been abandoned, the As content in ciga-
rettes has drastically reduced and smoking no
longer seems to be a factor influencing the excre-
tion of iAs, as confirmed also by the results of our
study (6, 13, 29). Instead, conflicting results have
been obtained in the literature on the influence of
alcohol on the intake of arsenic. Although determi-
nations of the As content in wine and beer have
generally yielded low concentrations, it has been
estimated that the intake of these beverages in the
U.S. general population contributes 12% of the di-
etary inorganic As quota (36). Moreover, a rela-
tionship with alcohol has been shown with the ex-
cretion of iAs in subjects resident in areas with a
natural soil contamination by As (10, 13). Our

ENVIRONMENTAL FACTORS AFFECTING URINARY INORGANIC ARSENIC 379
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study confirmed the role of wine as a source of As,
which must be borne in mind when interpreting
the results of biological monitoring.
In conclusion, our results are in line with other

scientific studies that have warned that in popula-
tions that eat large quantities of fish and seafood,
the use of iAs as a biological marker to monitor
environmental and occupational exposure to inor-
ganic As can be critically affected by the high in-
take of these foods before urine collection. In these
cases speciation of As seems to be essential at least
in samples with values of iAs exceeding the biolog-
ical limit values. In any case, a food diary reporting
all food and drink intake for at least 3 days before
urine collection seems to be an indispensable tool
to ensure a reliable interpretation of the results of
iAs measurements.
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THIS ARTICLE WAS REPORTED
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