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FOREWORD

Concise International Chemical Assessment
Documents (CICADs) are published by the International
Programme on Chemical Safety (IPCS) — a cooperative
programme of the World Health Organization (WHO),
the International Labour Organization (ILO), and the
United Nations Environment Programme (UNEP).
CICADs have been developed from the Environmental
Health Criteria documents (EHCs), more than 200 of
which have been published since 1976 as authoritative
documents on the risk assessment of chemicals.

International Chemical Safety Cards on the relevant
chemical(s) are attached at the end of the CICAD, to
provide the reader with concise information on the
protection of human health and on emergency action.
They are produced in a separate peer-reviewed
procedure at IPCS. They may be complemented by
information from IPCS Poison Information Monographs
(PIM), similarly produced separately from the CICAD
process.

CICAD:s are concise documents that provide sum-
maries of the relevant scientific information concerning
the potential effects of chemicals upon human health
and/or the environment. They are usually based on
selected national or regional evaluation documents or on
existing EHCs. Before acceptance for publication as
CICAD:s by IPCS, these documents undergo extensive
peer review by internationally selected experts to ensure
their completeness, accuracy in the way in which the
original data are represented, and the validity of the
conclusions drawn.

The primary objective of CICADs is characteri-
zation of hazard and dose—response from exposure to a
chemical. CICADs are not a summary of all available
data on a particular chemical; rather, they include only
that information considered critical for characterization
of the risk posed by the chemical. The critical studies
are, however, presented in sufficient detail to support the
conclusions drawn. For additional information, the
reader should consult the identified source documents
upon which the CICAD has been based.

Risks to human health and the environment will
vary considerably depending upon the type and extent of
exposure. Responsible authorities are strongly encour-
aged to characterize risk on the basis of locally measured
or predicted exposure scenarios. To assist the reader,
examples of exposure estimation and risk characteriza-
tion are provided in CICADs, whenever possible. These
examples cannot be considered as representing all

possible exposure situations, but are provided as
guidance only. The reader is referred to EHC 170.*

While every effort is made to ensure that CICADs
represent the current status of knowledge, new informa-
tion is being developed constantly. Unless otherwise
stated, CICADs are based on a search of the scientific
literature to the date shown in the executive summary. In
the event that a reader becomes aware of new informa-
tion that would change the conclusions drawn in a
CICAD, the reader is requested to contact IPCS to
inform it of the new information.

Procedures

The flow chart on page 2 shows the procedures
followed to produce a CICAD. These procedures are
designed to take advantage of the expertise that exists
around the world — expertise that is required to produce
the high-quality evaluations of toxicological, exposure,
and other data that are necessary for assessing risks to
human health and/or the environment. The IPCS Risk
Assessment Steering Group advises the Coordinator,
IPCS, on the selection of chemicals for an IPCS risk
assessment based on the following criteria:

e there is the probability of exposure; and/or
e there is significant toxicity/ecotoxicity.

Thus, it is typical of a priority chemical that

e itis of transboundary concern;

e itis of concern to a range of countries (developed,
developing, and those with economies in transition)
for possible risk management;

e there is significant international trade;

e it has high production volume;

e it has dispersive use.

The Steering Group will also advise IPCS on the appro-
priate form of the document (i.e. a standard CICAD or a
de novo CICAD) and which institution bears the respon-
sibility of the document production, as well as on the
type and extent of the international peer review.

The first draft is usually based on an existing
national, regional, or international review. When no
appropriate source document is available, a CICAD may
be produced de novo. Authors of the first draft are
usually, but not necessarily, from the institution that
developed the original review. A standard outline has
been developed to encourage consistency in form. The

! International Programme on Chemical Safety (1994)
Assessing human health risks of chemicals: derivation of
guidance values for health-based exposure limits. Geneva,
World Health Organization (Environmental Health Criteria
170) (also available at http://www.who.int/pcs/).
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CICAD PREPARATION FLOW CHART

Selection of priority
chemical, author
institution, and agreement
on CICAD format

!

Preparation of first draft

!

Primary acceptance
review by IPCS and
revisions as necessary

!

Selection of review
process

!

Peer review

!

Review of the comments
and revision of the
document

!

Final Review Board:
Verification of revisions
due to peer review
comments, revision, and
approval of the document

!

Editing
Approval by Coordinator,
IPCS

!

Publication of CICAD on
web and as printed text

Advice from Risk Assessment
Steering Group

Criteria of priority:

e there is the probability of exposure;
and/or
e there is significant toxicity/ecotoxicity.

Thus, it is typical of a priority chemical that

e it is of transboundary concern;

e itis of concern to a range of countries
(developed, developing, and those with
economies in transition) for possible risk
management;

e there is significant international trade;

e the production volume is high;

e the use is dispersive.

Special emphasis is placed on avoiding
duplication of effort by WHO and other
international organizations.

A usual prerequisite of the production of a
CICAD is the availability of a recent high-
quality national/regional risk assessment
document = source document. The source
document and the CICAD may be produced in
parallel. If the source document does not
contain an environmental section, this may be
produced de novo, provided it is not
controversial. If no source document is
available, IPCS may produce a de novo risk
assessment document if the cost is justified.

Depending on the complexity and extent of
controversy of the issues involved, the steering
group may advise on different levels of peer
review:

. standard IPCS Contact Points
3 above + specialized experts
. above + consultative group
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first draft undergoes primary review by IPCS to ensure
that it meets the specified criteria for CICADs.

The second stage involves international peer review
by scientists known for their particular expertise and by
scientists selected from an international roster compiled
by IPCS through recommendations from IPCS national
Contact Points and from IPCS Participating Institutions.
Adequate time is allowed for the selected experts to
undertake a thorough review. Authors are required to
take reviewers’ comments into account and revise their
draft, if necessary. The resulting second draft is
submitted to a Final Review Board together with the
reviewers’ comments. At any stage in the international
review process, a consultative group may be necessary
to address specific areas of the science. When a CICAD
is prepared de novo, a consultative group is normally
convened.

The CICAD Final Review Board has several
important functions:

e to ensure that each CICAD has been subjected to an
appropriate and thorough peer review;

e to verify that the peer reviewers’ comments have
been addressed appropriately;

e to provide guidance to those responsible for the
preparation of CICADs on how to resolve any
remaining issues if, in the opinion of the Board, the
author has not adequately addressed all comments
of the reviewers; and

o to approve CICAD:s as international assessments.

Board members serve in their personal capacity, not as
representatives of any organization, government, or
industry. They are selected because of their expertise in
human and environmental toxicology or because of their
experience in the regulation of chemicals. Boards are
chosen according to the range of expertise required for a
meeting and the need for balanced geographic repre-
sentation.

Board members, authors, reviewers, consultants,
and advisers who participate in the preparation of a
CICAD are required to declare any real or potential
conflict of interest in relation to the subjects under
discussion at any stage of the process. Representatives
of nongovernmental organizations may be invited to
observe the proceedings of the Final Review Board.
Observers may participate in Board discussions only at
the invitation of the Chairperson, and they may not
participate in the final decision-making process.
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1. EXECUTIVE SUMMARY

This CICAD* on tin and inorganic tin compounds
was prepared jointly by Toxicology Advice &
Consulting Ltd and the Centre for Ecology &
Hydrology. The CICAD was based on three source
documents. The first of these source documents was
prepared by the Nordic Expert Group for Criteria
Documentation of Health Risks from Chemicals and the
Dutch Expert Committee on Occupational Standards and
considered the literature identified as of March 2002
(Westrum & Thomassen, 2002). The second source
document was the monograph prepared by the 55th
meeting of the Joint FAO/WHO Expert Committee on
Food Additives, published in 2001 (JECFA, 2001). The
third source document was the 2003 draft updated
Toxicological profile for tin and compounds, produced
by the US Agency for Toxic Substances and Disease
Registry (ATSDR, 2003). In December 2003,
Toxicology Advice & Consulting Ltd and the Centre for
Ecology & Hydrology carried out comprehensive
literature searches of online databases to identify any
very recent references. Information on the nature of the
peer review and the availability of the source documents
is presented in Appendix 2. Information on the peer
review of this CICAD is presented in Appendix 3. This
CICAD was approved as an international assessment at a
meeting of the Final Review Board, held in Hanoi, Viet
Nam, on 28 September — 1 October 2004. Participants at
the Final Review Board meeting are listed in Appendix
4. The International Chemical Safety Cards for tin(11)
chloride, tin(I1) chloride dihydrate, tin(I1) fluoride,
tin(I1) oxide, tin(IV) chloride, and tin(1V) oxide,
produced by the International Programme on Chemical
Safety (IPCS, 2004a—f), have also been reproduced in
this document.

Tin is a grey-white metal. The most important
inorganic tin compounds include the tin(I1) and tin(1V)
chlorides, tin(Il) oxide, tin(l1) fluoride, and the
potassium and sodium stannates. The 2+ and 4+
oxidation states of tin, also known as tin(Il) and tin(IV),
are both fairly stable.

The annual world production of tin has been
growing slowly in recent years and reached about
268 000 tonnes in 2003. About 10-15% of this figure is
recovered metal. The major tin-producing countries are
China, Indonesia, Peru, Bolivia, Brazil, and Australia,
and significant quantities are also produced in Malaysia
and Thailand. The main use of tin, accounting for about
34% of annual global production, is for solder alloys for
electrical/electronic and general industrial applications.
Tin also finds extensive use (about 25-30% of produc-

! For a list of abbreviations and acronyms used in this report,
please refer to Appendix 1.

tion) as a protective coating for other metals, especially
for food containers. Tin(ll) chloride is commercially the
most important inorganic compound and is used mainly
as a reducing agent in organic and inorganic syntheses
and in the manufacture of metallized glazing, glass, and
pigments. Tin(IV) chloride is used in organic synthesis,
in plastics, as an intermediate in organotin compound
manufacture, and in the production of tin(IV) oxide
films on glass. Tin(Il) fluoride is broadly used in preven-
tive dentistry.

Tin may be released to the atmosphere from both
natural and anthropogenic sources. Tin is a component
of many soils and may be released in dusts from wind
storms, roads, and agricultural activities. Other less
significant natural sources include forest fires and vol-
canic emissions. Gases, dusts, and fumes containing tin
may be released from smelting and refining processes,
industrial uses of tin, waste incineration, and burning of
fossil fuels. The vapour pressure of elemental tin is
negligible; tin and inorganic tin compounds are non-
volatile under environmental conditions. Tin(Il) chloride
is soluble in water, whereas other tin compounds tend to
be only slightly soluble. Tin compounds are likely to
partition to soils and sediments. Inorganic tin may
undergo oxidation—-reduction, ligand exchange, and
precipitation reactions in the environment. The bio-
methylation of inorganic tin has been demonstrated in
pure bacterial cultures, sediments, and decaying plant
material. Inorganic tin compounds may be bioconcen-
trated by organisms, but data are limited.

Average tin concentrations in air are generally
below 0.1 ug/m® (ranging up to 0.8 ug/m®), with higher
concentrations near some industrial facilities. In general,
tin occurs in trace amounts in natural waters. Higher
inorganic tin concentrations are associated with indus-
trial discharges and tributyltin use. In a survey of lakes
and rivers, nearly 80% of samples were found to contain
inorganic tin at concentrations below 1 pg/litre; higher
levels of up to 37 pg/litre were reported near pollution
sources. Inorganic tin concentrations ranging from 0.001
to 0.01 pg/litre have been reported for coastal waters,
with levels of up to 8 pg/litre near pollution sources.
Inorganic tin concentrations in sediment ranged up to
8 mg/kg dry weight in coastal areas and up to
15.5 mg/kg in rivers and lakes. Tin concentrations in the
Earth’s crust are approximately 2-3 mg/kg. Total tin
concentrations in soil can range from <1 to 200 mg/kg,
but levels of 12000 mg/kg may occur in areas of high tin
deposits. Certain ore deposits may contain up to
50 000 mg/kg as tin.

For the general population, the diet is the main
source of exposure to inorganic tin. JECFA recently
concluded that mean tin intakes in seven countries
ranged from <1 up to 15 mg/day per person, but maxi-
mum daily intakes could reach 50-60 mg for certain
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individuals who routinely consume canned fruits,
vegetables, and juices from unlacquered cans. Drinking-
water is not a significant source of inorganic tin and
might contribute approximately 0.012-0.02 mg/day.
Similarly, the low levels of inorganic tin in air mean that
the amount of inhaled tin is very low, probably below
approximately 0.01-0.02 mg/day.

In humans and laboratory mammals, absorption of
inorganic tin from the gastrointestinal tract is low
(generally less than 5%), but is influenced by dose,
anion (compound solubility), and the presence of other
substances. Unabsorbed ingested tin is mostly (95-99%)
excreted in the faeces within 48 h. Absorbed tin
distributes mainly to the bone, but also to the lungs,
liver, and kidneys. Limited evidence suggests that
inorganic tin does not readily cross the blood—brain
barrier. Absorbed tin is mainly excreted in the urine,
with some additional biliary excretion occurring. In
mice, the biological half-life of absorbed inorganic tin
was approximately 30 days.

Transient eye and nasal irritation occurred in
guinea-pigs exposed to tin(1V) chloride by inhalation.
Metallic tin is unlikely to have skin irritation potential,
whereas tin(l1) and tin(IV) chloride are skin irritants. In
some studies, the inclusion of tin(Il) chloride in the diet
for 4-13 weeks produced gastrointestinal tissue changes
indicative of local irritation. The early literature contains
reports of gastrointestinal effects (nausea, abdominal
cramps, vomiting, and diarrhoea) in humans following
consumption of fruit or juice from unlacquered tin cans.
The effects appear to result from local gastric irritation
due to dissolved tin. This aspect is addressed further
below. A small number of individuals have given skin
reactions indicative of a local allergic response when
patch-tested with tin or tin(ll) chloride, but, given its
widespread use, tin would not appear to be an important
skin allergen.

In the early literature, there are a number of cases
where occupational exposure to dust and fumes con-
taining insoluble tin(IV) oxide led to a benign pneumo-
coniosis (stannosis). This condition is characterized by
mottled shadows on the lungs, apparently caused by
tin(1V) oxide deposits. Stannosis is not associated with
fibrosis or loss of lung function.

In laboratory animals, the repeated ingestion of
tin(I1) chloride had adverse effects on the body status of
copper, iron, zinc, and calcium. Tin salt-induced
decreases in the calcium content of bone have led to
reduced bone strength. Reductions in haemoglobin and
effects on red blood cells, leading to anaemia, have been
observed. Certain studies involving repeated adminis-
tration of tin(I1) chloride by the oral route have reported
tissue effects in the liver, kidneys, testes, pancreas, and
brain. In the most comprehensive of the available

lifetime oral studies, there were no microscopic changes
in a wide range of tissues of rats or mice given tin at up
to about 60 mg/kg body weight per day (rats) or 180—
270 mg/kg body weight per day (mice) as tin(ll) chloride
in the diet. In this study, the NOAELSs were 30 mg/kg
body weight per day in rats and 130 mg/kg body weight
per day in mice, with reduced survival seen at the higher
doses.

Tin(1l) chloride gave no clear evidence of carcino-
genic activity when given in the diet to rats and mice for
2 years. More limited bioassays carried out on tin metal,
tin(11) chloride, and a small number of other tin com-
pounds also failed to detect carcinogenic activity. In
short-term screening assays for genotoxicity potential,
tin(11) chloride did not induce mutations in Ames
bacterial tests, mutations or gene conversions in yeast,
DNA damage in rat liver cells in culture, mutations in
mouse lymphoma cells in vitro, or chromosome damage
(micronuclei) in vivo in the bone marrow of mice treated
by intraperitoneal injection. In bacterial rec assays (in
which activity is an indirect indication of DNA damage),
tin(I1) chloride was active in Escherichia coli but (along
with other tin salts) inactive in Bacillus subtilis. In
culture, tin(I1) chloride induced chromosome damage
and SCEs in hamster ovary cells and DNA damage in
human lymphocytes, hamster ovary cells, and plasmid
DNA. Tin(IV) chloride tested in vitro did not damage
DNA in hamster ovary cells but induced chromosome
aberrations, micronuclei, and SCEs in human lympho-
cytes. Tin(l1) fluoride caused DNA damage in cultures
of human lymphocytes, but did not induce micronuclei
formation in the bone marrow following injection into
the peritoneum of mice; Ames tests on this compound
gave no convincing evidence of activity. Limited
evidence is consistent with the suggestion that tin-
induced DNA damage might result from the production
of reactive oxygen species. The mechanism underlying
tin-induced chromosome damage in cultured mammalian
cells is unclear, although it is known that certain inor-
ganic compounds can yield positive results in such
assays as a result of pH or ionic changes in the test
medium.

Only limited data were identified on the potential of
inorganic tin compounds to cause reproductive and
developmental toxicity. No adverse effects were found
in rats when tin (an uncharacterized form, produced by
mixing aqueous tin(Il) chloride with casein prior to
dietary inclusion) was given in the diet for three
generations or when tin(lI1) fluoride, sodium penta-
chlorostannite, or sodium pentafluorostannite were given
in the diet throughout pregnancy. Similarly, repeated
gavage treatment of pregnant rats, mice, and hamsters
with tin(I1) chloride was without adverse effect on the
fetuses.
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Limited data are available on the ability of ingested
tin to adversely affect zinc absorption in humans. In one
volunteer study, plasma appearance of zinc 1-4 h
following a zinc dose was unaffected by concomitant
ingestion of up to 100 mg tin (as tin(I1) chloride).
Another study reported that a single dose of 36 mg tin
(again, as tin(I1) chloride), taken with zinc, resulted in a
lower zinc retention. Moderate disturbances in zinc
excretion rates were reported in a third study in which
the normal diet was supplemented with tin at 50 mg/day
(as tin(11) chloride in fruit juice). Although a no-effect
level for inhibition of zinc absorption has not been
clearly established, the lowest dose reported to have this
effect (36 mg) is about 2.5 to >36 times higher than the
estimated mean population intakes as summarized by
JECFA. However, those who routinely consume canned
fruits, vegetables, and juices from unlacquered cans
could have tin intakes (50-60 mg) that are similar to the
acute (36 mg) or repeated (50 mg) dose levels reported
in some studies to affect zinc absorption or balance.
Whether this would have any clinical effect is likely to
be critically dependent upon an adequate dietary supply
of zinc.

The tin doses involved in the early reports of
gastrointestinal effects following consumption of canned
fruit or juice have been estimated (at 30—-200 mg), but
confidence in the accuracy of these figures is low. Two
recent volunteer studies provide a better insight into
effective doses and, perhaps more importantly, concen-
trations. The first study involved ingestion of tomato
juice to which tin(Il) chloride had been added to give tin
concentrations of 161, 264, or 529 mg/kg (tin doses of
about 40, 66, and 132 mg, respectively). At 161 mg/kg,
one volunteer (of 18) reported mild gastrointestinal
symptoms; typical acute symptoms were seen at 264 and
529 mg/kg. Serum levels of tin did not increase 0.5-4 h
post-dosing at any dose, supporting the view that acute
effects of tin ingestion are dependent upon concentration
(resulting in local gastric irritation) rather than due to
systemically absorbed tin. A second study involved
ingestion of tomato soup containing tin that had
migrated from unlacquered cans. The tin concentrations
studied were <0.5, 201, and 267 mg/kg, providing acute
tin doses of up to about 67 mg. No evidence of any acute
effects was seen in this study. The low-effect or no-
effect dose of approximately 67 mg tin in these studies is
about 4.5 to >67 times higher than the JECFA estimates
of mean population daily intakes and is similar to the
estimated daily intake (50-60 mg) of individuals who
routinely consume fruits, vegetables, and juices con-
tained in unlacquered cans.

Under environmental speciation conditions,
inorganic tin compounds have low toxicity in both
aquatic and terrestrial organisms, largely due to their low
solubility, poor absorption, low accumulation in tissues,
and rapid excretion. Most laboratory testing with aquatic

organisms has been carried out with the soluble tin(I1)
chloride. The most sensitive microalgae are the marine
diatoms Skeletonema costatum and Thalassiosira
guillardii, with 72-h ECxgs of tin(Il) cations, based on
growth inhibition, of around 0.2 mg/litre. Acute
LC/ECsgs of tin(ll) for aquatic invertebrates range from
3.6 to 140 mg/litre, with a 21-day ECs, based on
reproductive success in daphnids, of 1.5 mg of tin(Il) per
litre. Fish toxicity tests clearly show that tin(IV) chloride
is less toxic than the more soluble tin(11) chloride.
Ninety-six-hour LCsgys for fish range from 35 mg of
tin(I1) per litre to >1000 mg of tin(I\V) per litre. Embryo-
larval test results (i.e. 7- to 28-day LCsgs) for fish and
amphibians range from 0.1 to 2.1 mg/litre for tin(ll).

Concentrations showing toxicity to organisms are
generally several orders of magnitude higher than those
found in the environment. The most sensitive test results
were 72-h exposures of diatoms and embryo-larval
amphibian studies, with toxic effects seen at 0.1-0.2 mg
of tin(ll) per litre. Even at these concentrations, toxic
effects caused by inorganic tin are unlikely, even near
sources of local pollution. It should be noted that where
concentrations are expressed as total tin, a percentage is
likely to be in the form of organotins (e.g. tributyltin),
which are more bioavailable and toxic. For more infor-
mation on the environmental fate and toxicity of
tributyltin, please refer to IPCS (1990, 1999).

2. IDENTITY AND PHYSICAL/CHEMICAL
PROPERTIES

Tin (CAS No. 7440-31-5) has the atomic symbol
Sn, the atomic number 50, and an atomic mass of
118.71. Tin occurs naturally as the stable isotopes *2Sn
(0.97%), 1*Sn (0.65%), *°Sn (0.36%), °Sn (14.5%),
Sn (7.7%), 1°Sn (24.2%), *°Sn (8.6%), *°Sn (32.6%),
1229n (4.6%), and *#*Sn (5.8%) (de Biévre & Barnes,
1985). The most commercially significant inorganic tin
compounds include tin(11) chloride, tin(I\V) chloride,
tin(1V) oxide, potassium and sodium stannates, tin(l1)
fluoride, tin(11) difluoroborate, and tin(I1) pyrophos-
phate. Chemical formulae, synonyms, relative molecular
masses, and CAS registry numbers of the important
inorganic tin compounds covered in this CICAD are
listed in Table 1. Table 2 contains other inorganic tin
compounds that also feature in this CICAD.

Pure tin exists in two allotropic crystalline modifi-
cations: grey tin (alpha form) and white tin (beta form).
At low temperatures (at about 18 °C and below), the
grey tin changes to white tin. Physical and chemical
properties of tin and some inorganic tin compounds are
listed in Table 3.
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Table 1: Chemical identification of tin and inorganic tin compounds reviewed in this CICAD.

Relative
molecular

Chemical name Synonyms Chemical formula mass CAS number
Tin Sn 118.7 7440-31-5
Potassium stannate Dipotassium tin trioxide K>SnO; 244.9 12142-33-5
Potassium stannate Potassium stannate trihydrate K>Sn(OH)e 298.9 12125-03-0
Sodium stannate Disodium tin trioxide Na,SnO; 212.7 12058-66-1
Sodium stannate Sodium stannate trihydrate Na,Sn(OH)s 266.7 12027-70-2

12209-98-2%
Tin(1V) bromide Tin tetrabromide; stannic bromide SnBr, 438.3 7789-67-5
Tin(ll) chloride Tin dichloride; stannous chloride SnCl, 189.6 7772-99-8
Tin(1V) chloride Tin tetrachloride; stannic chloride SnCl, 260.5 7646-78-8
Tin(1V) chloride iodide Tin dichloride diiodide; stannic dichloride SnClyl, 443.4 13940-16-4

diiodide

Tin(ll) difluoroborate Stannous fluoroborate Sn(BF,)2 292.3 13814-97-6
Tin(ll) fluoride Tin difluoride; stannous fluoride SnF, 156.7 7783-47-3
Tin(ll) iodide Tin diiodide; stannous iodide Snl, 3725 10294-70-9
Tin(1V) iodide Tin tetraiodide; stannic iodide Snly 626.3 7790-47-8
Tin(ll) oxide Tin oxide; stannous oxide SnO 134.7 21651-19-4
Tin(IV) oxide Tin dioxide; stannic oxide Sno, 150.7 18282-10-5
Tin(ll) pyrophosphate Stannous pyrophosphate Sn,P,0- 411.3 15578-26-4
Tin(ll) sulfate Stannous sulfate SnSO, 214.8 7488-55-3
Tin(IV) sulfate Stannic sulfate Sn(S0y), 310.9 19307-28-9

a

CAS number given in Westrum & Thomassen (2002).

The 2+ (stannous) and 4+ (stannic) oxidation states
are both reasonably stable and interconverted by moder-
ately active reagents. The Sn?*/Sn*" potential is —0.15 V,
and tin(I1) can act as a mild reducing agent. Due to its
amphoteric nature, tin reacts with strong acids and
strong bases but remains relatively resistant to neutral
solutions. A thin protective oxide film forms on tin
exposed to oxygen or dry air at ordinary temperatures;
heat accelerates this reaction. Tin is readily attacked by
hydrogen iodide and hydrogen bromide and less readily
by hydrogen chloride. Hot concentrated sulfuric acid
reacts with tin to form tin(1l) sulfate, whereas the diluted
acid reacts only slowly with tin at room temperature.
Reaction of tin with dilute nitric acid yields soluble tin
nitrates; in concentrated nitric acid, tin is oxidized to
insoluble hydrated tin dioxide. Organic acids such as
lactic, citric, tartaric, and oxalic acid attack tin slowly in
the presence of air and oxidizing substances (Gaver,
1997). Molten tin reacts with phosphorus, forming a
phosphide. Stannates are produced by the action of
strong potassium hydroxide or sodium hydroxide on tin
(Mark, 1983). Tin(IV) chloride reacts with water to
generate colloidal tin oxides (Wiberg et al., 2001).

3. ANALYTICAL METHODS

Tin is readily measured in multielement analyses of
air, water, and solid waste samples by ICP-AES. For
samples that are free of particulate matter, such as
drinking-water, direct aspiration AAS, such as EPA
Method 7870, may be used. Other samples, such as
groundwater, industrial wastes, soils, sediments, sludges,
and other solid wastes, require digestion prior to analysis
to determine total and acid-leachable metal (US EPA,
1992). EPA Method 3050B, which describes acid
digestion of sediments, sludges, and soils, does not list
tin as an analyte; however, it states that other elements
and matrices may be analysed by this method if per-
formance is demonstrated for that analyte in that matrix
at the concentrations of interest (US EPA, 1996).

The standard methods using either flame atomic
absorption (Standard Method 3111B) or electrothermal
atomic absorption (Standard Method 3113B) may be
used for analysis of tin in water, depending on the
sensitivity desired (APHA et al., 1998b,c). Although tin
is not specifically listed as an analyte for the ICP-MS
method (Standard Method 3125), this method may also
be used in most cases and has lower detection limits
(APHA et al., 1998a).
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Table 2: Chemical identification of some further® inorganic tin compounds featured briefly in this CICAD.

Relative
Chemical name Synonyms Chemical formula molecular mass CAS number
Sodium Sodium chlorostannite NaSn.Cls 437.7 102696-35-5
pentachlorostannite
Sodium Sodium chlorostannate Na,SnCls 3544.4 Not found
hexachlorostannate
Sodium Sodium fluorostannite NaSn,Fs 236.7 22578-17-2
pentafluorostannite
Stannane Tin tetrahydride SnH, 122.7 2406-52-2
Tin(Il) orthophosphate Tritin bis(orthophosphate); stannous Sng(PO4)2 546.1 15578-32-2
phosphate
Tin(1V) orthophosphate Stannic phosphate Sn3(POy)4 736.0 Not found
Tin(ll) sulfide Stannous sulfide; tin monosulfide SnS 150.8 1314-95-0
Tin(1V) sulfide Stannic sulfide; tin disulfide SnSs, 182.8 1315-01-1
12738-87-3
Tin(ll) hydroxide Stannous hydroxide; tin dihydroxide Sn(OH), 152.7 12026-24-3
Tin(1V) hydroxide Stannic hydroxide; tin Sn(OH), 186.7 12054-72-7
tetrahydroxide
Tin(ll) chloride dihydrate ~ Stannous chloride dihydrate SnCl,-2H,0 225.6 10025-69-1
Tin(ll) citrate Stannous citrate; tritin dicitrate Sn;((HO)C(COO0)- 734.3 59178-29-9
(CH,CO0)),
Tin(IV) citrate Stannic citrate Not found Not found Not found
Sodium tin citrate Not found Not found Not found Not found
Tin(Il) oxalate Stannous oxalate Sn(CO0), 206.7 814-94-8
Tin(ll) tartrate Stannous tartrate Sn(OOC(CHOH),CO0) 266.8 815-85-0
14844-29-2
Tin(ll) nitrate Stannous nitrate Sn(NOs3), 242.7 Not found
Tin(IV) nitrate Stannic nitrate Sn(NO3)4 366.7 Not found
Tin(ll) oleate Stannous oleate Sn(C;7H3,CO0) 401.2 1912-84-1
Tin(ll) 2-ethylhexanoate Stannous bis(2-ethylhexanoate) Sn(OOCCH(C;Hs)C4Ho)2 405.1 301-10-0
Tin(Il) phytate Stannous phytate Not found Not found Not found

[y

These were not the subject of the source documents and consequently were not included in the search updates. However, data on

these are included when encountered, as they can provide insights into the effects of other inorganic tin compounds.

Table 3: Physical and chemical properties of tin and some inorganic tin compounds.?

Compound (formula)

Melting point (°C)

Boiling point (°C)

Solubility in water

Sn
SnBr,
SnCl,
SnCl,
SnF,
Snl,
Snly
SnO
SnO,
Sn,P,0-
SnS
SnSO,

232
31

247

-33

213

320

143

1080

1630
Decomposes at 400

880
Decomposes at >378

2602
205
Decomposes at 623-652
114
850
714
365
No data
1900

1210

Insoluble
Slightly soluble
Soluble
Slightly soluble (reacts with)
Slightly soluble
Slightly soluble
Slightly soluble
Insoluble
Insoluble
Insoluble
Insoluble
Reacts with

% From Lide (1998-1999).
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Table 4: Analytical methods.

Sample Sample detection Percent
matrix Preparation method Analytical method  limit recovery Reference
Water Acidify with nitric acid ICP-MS 0.05-0.1 ng/g 103 + 3% Brzezinska-Paudyn & Van
Loon (1988)
Water Generate hydride with AAS 0.02 pgllitre No data Rains (1982)
sodium b_orohydrlde or 0.5 pg/litre Thompson & Thomerson
electrolytically, sweep into (1974)
silica cell heated to 700 °C
Water Acidify with nitric acid AAS (direct 0.8 mgl/litre No data USEPA (1986, 1992, 1996);
aspiration) APHA et al. (1998c)
Water Acidify with nitric acid AAS (furnace 5 pgl/litre No data APHA et al. (1998b)
technique)
Water® Acidify with nitric acid ICP-AES No data No data APHA et al. (1998a)
Sediment Digest in oxidizing acid ICP-MS 25-50 ng/g Brzezinska-Paudyn & Van
Loon (1988)
Biological Digest in oxidizing acid ICP-MS 25-50 ng/g Brzezinska-Paudyn & Van
material Loon (1988)

% Tin not listed specifically as an analyte, but can be determined by ICP-AES.

The method recommended by NIOSH for measur-
ing airborne inorganic tin and its compounds, except
oxides, is filter collection followed by acid digestion and
AAS or ICP-AES (NIOSH, 1994a). If the aerosol phase
is believed to contain tin(IV) oxide, the acid solution is
centrifuged and the tin compounds in the supernatant are
determined as above. The precipitate is then treated with
alkali, rendering tin(1V) oxide to a soluble stannate, and
the determination is made as above (Beliles, 1994).
Other acid digestion procedures (aqua regia plus
hydrogen fluoride) are available for simultaneous
measurements of total tin and other elements by, for
example, ICP-AES (Butler & Howe, 1999) or ICP-MS
(Schramel et al., 1997). Radiochemical neutron activa-
tion analysis has been used for the measurement of tin in
human biological materials at background levels
(Versieck & Vanballenberghe, 1991). A field portable
X-ray fluorescence spectrometer has been developed as
a rapid, non-destructive, on-site alternative for analysis
of membrane filters used in NIOSH Method No. 7300
(NIOSH, 1994a) for metals (Bernick & Campagna,
1995). An ICP-AES method with a limit of quantifica-
tion of 30 pg/litre (which equated to 0.8 mg/kg product)
has been used successfully to measure total tin in various
foods (Perring & Basic-Dvorzak, 2002).

Although not specifically listed, tin can be quanti-
fied in water using ICP-MS, according to 1SO 17294-2
(1SO, 2003a). 1SO guidelines also exist to measure tin in
canned milk (e.g. ISO, 2003b) and in fruit (1SO, 1998,
2004).

When selecting samplers for aerosol collection, their
sampling characteristics should comply with internation-
ally accepted sampling criteria, such as those outlined by

the I1SO (2000). NIOSH (1994b) also offers internation-
ally accepted sampling criteria.

Savolainen & Valkonen (1986) reported analysis of
tin in tissue (brain and blood) samples down to a detec-
tion limit of 5 nmol/kg wet weight. Tissue samples were
digested in a mixture of nitric, sulfuric, and perchloric
acids (3:1:1 by volume), with a gradual increase in
temperature to 275 °C. Tin was then converted to
stannane using sodium borohydride and sodium
hydroxide and, after argon purging, was analysed by
AAS.

Analytical methods for total inorganic tin in water,
sediment, and biological material are summarized in
Table 4.

4. SOURCES OF HUMAN AND
ENVIRONMENTAL EXPOSURE

4.1 Natural and anthropogenic sources

Tin occurs naturally in the Earth’s crust, with an
average concentration of approximately 2-3 mg/kg
(Budavari, 2001). Tin compounds are found in various
environmental media in both inorganic and organic
forms. Tin may be released to the environment from
natural and anthropogenic sources. Tin is a component
of many soils, and inorganic tin compounds may be
released in dusts from wind storms, roads, and
agricultural activities. Other less significant natural
sources include forest fires and volcanic emissions.
Releases of tin to environmental media may occur from
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the production, use, disposal, and recovery of tin and tin
compounds. Gases, dusts, and fumes containing tin may
be released from smelting and refining processes,
industrial uses of tin, waste incineration, and burning of
fossil fuels (Lantzy & Mackenzie, 1979; IPCS, 1980;
Byrd & Andreae, 1986; Senesi et al., 1999). Tin may be
released to soil from landfilling of tin-containing wastes,
including used cans (IPCS, 1980). The application of
pretreated municipal sludge and urban refuse as soil
amendments may also introduce tin to soils. Inorganic
tin can be formed as a breakdown product of organotin
degradation (Blunden & Chapman, 1982; Maguire et al.,
1983; Maguire & Tkacz, 1985; Kawai et al., 1998).

Other point sources that might introduce tin to the
soil include application of manure, corrosion of metal
objects, and dispersion of metallic ores during transport
(Senesi et al., 1999).

Total global emissions to the atmosphere from
anthropogenic sources (industrial emissions and burning
of fossil fuels) were estimated at 43 000 tonnes (~90%
of total emissions) in the 1970s. Emissions from natural
sources include continental dusts (~10% of total
emissions), forest fires (<2% of total emissions), and
volcanoes (<1% of total emissions) (Lantzy &
Mackenzie, 1979). Worldwide emissions of tin to the
atmosphere from coal and oil combustion, refuse
incineration, and copper/nickel production facilities were
estimated at 1470-10 810 tonnes in 1983 (Nriagu &
Pacyna, 1988). No more recent data were identified.

4.2 Production and use

Tin is mined chiefly as cassiterite (SnO,). The other
ores are complex sulfides such as stannite (Cu,FeSnS,),
teallite (PbSnS,), canfieldite (AgsSnSs), and cylinderite
(PbSn,FeSh,S,,) (Beliles, 1994). Annual world
production of tin was quite stable at approximately

210 000-230 000 tonnes for decades (Westrum &
Thomassen, 2002) but is growing slowly and reached
268 000 tonnes in 2003 (K. Nimmo & S. Blunden,
personal communication, 2004). Of this, about 10-15%
is secondary metal recovered mainly from scrap waste
and, to a much lesser degree, detinning (Westrum &
Thomassen, 2002; K. Nimmo & S. Blunden, personal
communication, 2004). More than 22 countries produce
tin, but the 6 largest producers in 2001 were China
(36%), Indonesia (23%), Peru (17%), Brazil (6%),
Bolivia (6%), and Australia (4%) (ATSDR, 2003).
Significant quantities are also produced from smelters in
Malaysia and Thailand (Westrum & Thomassen, 2002;
K. Nimmo & S. Blunden, personal communication,
2004). In Europe and North America (e.g. Belgium,
Russian Federation, USA), the tin produced is mainly
secondary; the USA (which is not a primary producer) is
believed to be the world’s largest producer of secondary
tin. In 2002, about 13 000 tonnes of tin from old and
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new scrap were recycled (ATSDR, 2003; Carlin, 2003a).
Tin mining depends on the character of the deposit.
About 20% of the primary deposits are embedded in
underground granitic rock, and recovery methods are
complex; the more important veins or lodes are
secondary deposits (about 80%) in the form of an
alluvial mud in the stream beds and placers, and the
recovery is simpler (Gaver, 1997). The processing of tin
ore following recovery involves smelting. The ore is
mixed with salt and roasted at about 600 °C, washed in
water, and then mixed with anthracite as a reducing
agent and smelted at about 1500 °C. After refining, the
tin is cast into bars (Robertson, 1960, 1964). Smelted ore
may be further refined by heat treatment or electrolytic
processes (Gaver, 1997). Certain ore deposits may
contain tin at up to 50 000 mg/kg (K. Nimmo & S.
Blunden, personal communication, 2004).

Currently, the major use for tin is for solder alloys
for electrical/electronic and general industrial applica-
tions; this use accounts for about 34% of the tin pro-
duced and is growing with the introduction of lead-free
soldering technology. A further 25-30% of tin is used as
a protective coating for other metals, especially for food
containers (K. Nimmo & S. Blunden, personal commu-
nication, 2004). Altogether, about 25 000 million cans
are produced and filled in Europe annually, about 20%
of these having plain internal (unlacquered) tin-coated
bodies. Globally, the total for food packaging is approx-
imately 80 000 million cans (JECFA, 1989; Blunden &
Wallace, 2003). Tin is also used in transportation appli-
cations (ATSDR, 2003; Carlin, 2003b).

An important property of tin is its ability to form
alloys with other metals. Tin alloys cover a wide range
of compositions and many applications. Common solder,
an alloy of 63% tin and lead, is mainly used in the elec-
trical industry; lead-free tin solders containing up to 5%
silver or antimony are used at higher temperatures. A
large number of tin alloys are widely employed,
including those containing lead, antimony, silver, zinc,
or indium; babbit (containing mainly copper, antimony,
tin, and lead; Wood’s metal (50% bismuth, 25% lead,
12.5% tin, and 12.5% cadmium); brasses and bronzes
(essentially tin—copper alloys); pewter (0-95% tin plus
1-8% bismuth and 0.5-3% copper); and dental amal-
gams (silver—tin—mercury alloys) (Bulten & Meinema,
1991). Tin alloys are important in the production of
coatings by electroplating and hot tinning (the most
important of these are tin-zinc, tin—nickel, tin—cobalt,
and tin—copper) (Gaver, 1997; ATSDR, 2003). Among
the newer alloys are niobium-tin and indium-tin alloys
used in superconducting cables and magnets (Stewart &
Lassiter, 2001) and indium-tin oxide for metallic
photonic crystals (Giessen, 2004). Dental amalgam
alloys have been used for centuries. Principally, three-
compound (ternary) alloys of silver, tin, and copper with
smaller amounts of other elements have been widely
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used in dentistry. Today’s dental alloys are composed

of silver (40-70%), tin (12-30%), copper (12-30%),
indium (0-4%), palladium (0.5%), and zinc (0.1%)
(Berry et al., 1994). Tin coatings can be applied to most
metal surfaces by electrodeposition, while in hot-
dipping, molten tin wets and adheres readily to clean
iron, steel, copper, and copper-base alloys. This tin
coating provides protection against oxidation of the base
metal/alloy and aids in subsequent fabrication, because it
is ductile and solderable (Mark, 1983).

Tin(1l) chloride is obtained by dissolving metallic
tin in hydrochloric acid or by reducing a solution of
tin(1V) chloride with metallic tin. The anhydrous salt is
produced by the direct reaction of chlorine and molten
tin or by heating tin with hydrogen chloride gas. It is an
important industrial reducing agent, used in the prep-
aration of glass and plastic for metallizing, metallized
glazing, and electronic components on a plastic base, as
a soldering flux, as a mordant in dyeing, and in the
manufacture of tin chemicals, colour pigments, and
sensitized paper (Graf, 1987; Gaver, 1997; ILO, 1998a3;
K. Nimmo & S. Blunden, personal communication,
2004). Tin(Il) chloride is added to lyophilized Kits to
prepare *™Tc-labelled tracers (which account for about
80% of radiopharmaceuticals). It is important in nuclear
medicine as an essential component in diagnostic agents
used to visualize blood, heart, lung, kidney, and bone
(Francis et al., 1981; Popescu et al., 1984; Rao et al.,
1986). Tin(I1) chloride is also used in certain countries
as a food additive (as a preservative and colour retention
agent) (ATSDR, 2003). Tin(IV) chloride is produced
commercially by the direct chlorination of tin at 110-
115 °C and is used as a dehydrating agent in organic
synthesis, in the production of organotin compounds, in
the production of tin(IV) oxide films on glass, as a
mordant in the dyeing of silks, in the manufacture of
blueprint and other sensitized paper, and as an antistatic
agent in synthetic fibre (Graf, 1987; Gaver, 1997; K.
Nimmo & S. Blunden, personal communication, 2004).

Tin(I1) oxide is prepared from the precipitation of
tin(11) chloride with alkali. It is used as a reducing agent,
in the preparation of stannous salts, and in the prepara-
tion of gold-tin and copper—tin ruby glass (Graf, 1987;
Gaver, 1997). Tin(lV) oxide is produced by the com-
bustion of powdered tin or sprayed molten tin in a hot
stream of air. It is used in the polishing of glass and
enamels, in the manufacture of milk-coloured ruby and
alabaster glass and enamels, as a mordant in printing and
dyeing of fabrics, and in fingernail polish (Graf, 1987).

Tin(I1) fluoride is produced commercially by the
reaction of tin(Il) oxide and aqueous hydrofluoric acid or
by dissolving tin in anhydrous or aqueous hydrofluoric
acid and is used primarily as an ingredient of caries-
preventing toothpaste (Gaver, 1997). Sn?* ions have a
profound and long-lasting inhibiting effect on the oral
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microflora in vivo (Attramadal & Svatun, 1984). Topical
application of tin(ll) fluoride appears to provide dentine
with a layer of tin and fluoride, which might provide
mechanical and chemical protection and be of clinical
significance in restorative dentistry. Sn?* ions possess
antibacterial activity, whereas Sn** ions do not (Svatun
etal., 1977; Ferretti et al., 1982; Rolla et al., 1983;
Ellingsen & Rolla, 1987; Rykke et al., 1991). Tin(Il)
pyrophosphate is prepared from pyrophosphoric acid and
tin(I1) chloride and is used as an ingredient in caries-
preventing toothpaste (Budavari, 2001).

5. ENVIRONMENTAL TRANSPORT,
DISTRIBUTION, AND TRANSFORMATION

5.1 Environmental transport and
distribution
51.1 Air

The vapour pressure of elemental tin is negligible
(Cooper & Stranks, 1966), and the high boiling points of
elemental tin and many inorganic tin compounds
indicate that they are non-volatile under environmental
conditions. However, the wind may carry airborne
particles for long distances before deposition, depending
on the type of emitting source, physical form and
properties (e.g. size, density), physical or chemical
changes that may occur during transport, adsorption
processes, and meteorological conditions (Senesi et al.,
1999).

5.1.2 Water

In the environment, tin compounds are generally
only sparingly soluble in water and are likely to partition
to soils and sediments. In water, inorganic tin may exist
as either divalent (Sn®*) or tetravalent (Sn**) cations
under environmental conditions. Cations such as Sn*
and Sn** will generally be adsorbed by soils to some
extent, which reduces their mobility. Tin(I1) dominates
in reduced (oxygen-poor) water and will readily precip-
itate as tin(I1) sulfide or as tin(l1) hydroxide in alkaline
water. Tin(IV) readily hydrolyses and can precipitate as
tin(1V) hydroxide. The solubility product of tin(1V)
hydroxide has been measured at approximately 10-56
g/litre at 25 °C. In general, tin(1VV) would be expected to
be the only stable ionic species in the weathering cycle
(Wedepohl et al., 1978). Tin(Il) can be hydrolysed into
SnOH*, Sn(OH),, and Sn(OH), at low concentrations,
whereas the Sn,(OH),*" and Sn(OH),** polynuclear
species predominate at higher concentrations (Seby et
al., 2001). On release to estuaries, inorganic tin is
principally converted to the insoluble hydroxide and is
rapidly scavenged by particles, which are the largest sink
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for the metal. Subsequent release of inorganic tin from
benthic sediments is unlikely, except at highly anoxic
sites (Byrd & Andreae, 1982; Andreae, 1983). Inorganic
tin, as cassiterite, is usually the predominant form in
sediments of estuaries associated with metal mining in
south-west England (Bryan & Langston, 1992). In
seawater, inorganic tin is most commonly present as
SnO(OH3)™ (Bruland, 1983).

Tin is generally regarded as being relatively
immobile in the environment (IPCS, 1980; Gerritse et
al., 1982). However, tin may be transported in water if it
partitions to suspended sediments (Cooney, 1988), but
the significance of this mechanism has not been studied
in detail. Analysis of inorganic tin from an enclosed
harbour revealed that a large percentage (up to 93%) was
present in particulate form (Langston et al., 1987).

5.1.3 Soils and sediments

From the information available, it appears likely
that inorganic tin will partition to soils and sediments
and will not volatilize from water (IPCS, 1980; Cooney,
1988). Transfer coefficients for tin in a soil-plant system
were reported to be 0.01-0.1 (Kloke et al., 1984).
5.1.4 Biota

Marine plants are also important in the cycling of
inorganic tin. Both live macroalgae and decaying plant
material accumulate inorganic tin compounds and
ultimately remove tin from water and release it to the
atmosphere by the formation and release of tetramethyl-
tins (Donard et al., 1987).
5.2 Environmental transformation
Inorganic tin may undergo oxidation—reduction,
ligand exchange, and precipitation reactions in the
environment (HSDB, 2003). The biomethylation of
inorganic tin has been demonstrated in pure bacterial
cultures, sediments, and decaying plant material, with a
variety of products being detected, including mono-, di-,
tri-, and tetramethyltins (Hallas et al., 1982; Tugrul et
al., 1983; Gilmour et al., 1987; Falke & Weber, 1994).
The net methylation rate was found to be independent of
the inorganic tin content of the sediments (Tugrul et al.,
1983). Methylation of tin in sediments was found to be
positively correlated with increasing organic content in
sediment and to follow predominately a biotic pathway
(Hadjispyrou et al., 1998). Inorganic tin may also be
converted to stannane in extremely anaerobic (oxygen-
poor) conditions by decaying algal material (Donard &
Weber, 1988). Conversely, methyltin compounds can
also be demethylated sequentially to inorganic tin by
photolysis (Blunden, 1983).
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5.3 Bioaccumulation

Inorganic tin compounds may be bioconcentrated,
but data are limited. It was estimated that the bioconcen-
tration factors of inorganic tin were 100, 1000, and 3000
for marine and freshwater plants, invertebrates, and fish,
respectively (Thompson et al., 1972). Marine macro-
algae can bioconcentrate the Sn** ion by a factor of 1900
(Seidel et al., 1980). Donard et al. (1987) reported
inorganic tin concentrations of up to 4.4 mg/kg dry
weight in macroalgae. Tin-resistant bacteria contained
tin at 3.7-7.7 g/kg dry weight (Maguire et al., 1984).

There is no information available on the potential
transfer of inorganic tin compounds from lower trophic
levels to higher levels.

6. ENVIRONMENTAL LEVELS AND HUMAN
EXPOSURE

6.1 Environmental levels

Ambient levels of tin in the environment are
generally quite low, except in the vicinity of local
pollution sources. Analytical results based on inorganic
tin have been included where possible. However, many
studies have analysed for total tin only; in these cases,
the data are provided for information, while bearing in
mind that the concentrations may include some organic
tin compounds. The proportion of inorganic tin in total
tin concentrations will vary depending on sampling time
and site.

6.1.1 Air

Tin is detected in air infrequently and at low
concentrations, except in the vicinity of industrial
sources. Air concentrations of tin in US cities from
several studies were as high as 0.8 pg/m>. Average
concentrations are generally below 0.1 pug/m®, with
higher concentrations near some industrial facilities
(IPCS, 1980; US EPA, 1982). Average concentrations
have been estimated to be 0.002-0.03 pg/m® (Biégo et
al., 1999), 0.001 ug/m? in northern hemisphere air (Byrd
& Andreae, 1982), and less than 0.3 ug/m* (JECFA,
1989). Davison et al. (1974) reported that the total tin
content of airborne fly ash from coal-burning power
plants ranged from 7 mg/kg (particle diameter >1.7 um)
to 19 mg/kg (particle diameter 3.3-4.7 um).

Atmospheric tin is associated with particulate
matter, and peak concentrations were found on smaller
respirable particles (1-3 um) (IPCS, 1980). Samples of
airborne inhalable particulate matter were collected in
two urban/industrial areas in Illinois, USA (south-east
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Chicago and East St. Louis) and a rural area in Bond-
ville, also in Illinois, over a 2-year period. Average total
tin concentrations in the coarse (2.5-10 um) and fine
(<2.5 um) particulate fractions were <7 ng/m® and

12 ng/m?®, respectively, for East St. Louis; and <7 ng/m?
for both the fine and coarse fractions in samples from
south-east Chicago as well as the rural site in Bondville
(Sweet et al., 1993). The average total tin concentration
in highway tunnel exhaust aerosol in the Elbtunnel in
Hamburg, Germany, between August 1988 and January
1989 was 10.9 ng/m® (Dannecker et al., 1990). Tin has
been identified in air collected at 6 of the 214 current or
former US EPA National Priorities List hazardous waste
sites where it was detected in some environmental media
(HazDat, 2003).

6.1.2 Water

Tin occurs in trace amounts in natural waters;
however, it is seldom measured (NAS, 1977; IPCS,
1980). Higher inorganic tin concentrations are associated
with industrial discharges and tributyltin use (IPCS,
1980; Maguire & Tkacz, 1985; Maguire et al., 1986).
Inorganic tin concentrations of up to 0.003 pg/litre were
reported for rainwater in the USA during 1981 (Tugrul
et al., 1983). Tin has been identified in groundwater and
surface water at 78 and 36 sites, respectively, of the 214
US EPA National Priorities List hazardous waste sites
where it was detected in some environmental media
(HazDat, 2003). In surface waters, tin was detected in
only 3 of 59 samples from 15 US and Canadian rivers at
concentrations ranging from 1.3 to 2.1 pg/litre, and it
was not detected in 119 samples from 28 US rivers. A
mean tin concentration of 0.038 pg/litre was reported for
surface water in Maine, USA (NAS, 1977; IPCS, 1980).
In a survey of Canadian waters, nearly 80% of samples
were found to contain inorganic tin at concentrations
below 1 pg/litre; higher levels of up to 37 pg/litre were
reported near pollution sources (Maguire et al., 1986).
Mean tin(IV) concentrations in Lake Michigan during
1978 ranged from 0.08 to 0.5 ug/litre (Hodge et al.,
1979). Similarly, mean inorganic tin concentrations of
0.004 pg/litre were detected in the Lamas River, Turkey,
between 1981 and 1983. Industrial pollution was found
to increase inorganic tin levels in the river estuary to up
to 0.7 pg/litre (Yemenicioglu et al., 1987).

Total tin is present in seawater at about 0.2—-3
pg/litre (NAS, 1977; IPCS, 1980). Inorganic tin con-
centrations ranging from 0.001 to 0.01 pg/litre have
been reported for coastal waters, with levels of up to
8 pg/litre near pollution sources (Tugrul et al., 1983;
Valkirs et al., 1986). Tin(IV) concentrations ranging
from 0.003 ug/litre for open seawater to 0.04 pg/litre in
San Diego Bay, California, USA, have been reported
(Hodge et al., 1979). Langston et al. (1987) found that
concentrations of dissolved inorganic tin displayed
extreme variability both temporally and spatially within
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an enclosed harbour and were largely influenced by
localized inputs. Concentrations generally ranged from
<0.005 to 0.2 pg/litre; however, levels of up to

48.7 pg/litre were found near local pollution sources.

Tin concentrations in drinking-water, including the
United Kingdom supply, have been reported to be below
10 pg/litre (Sherlock & Smart, 1984; JECFA, 2001). Tin
concentrations in public water supplies ranged from 1.1
to 2.2 pg/litre in 42 US cities and from 0.8 to 30 pg/litre
in 32 of 175 water supplies in Arizona, USA (NAS,
1977; IPCS, 1980). An average concentration of
6 ug/litre has been reported in US municipal drinking-
water (Hadjimarkos, 1967).

Tin concentrations in fresh snow from the French
Alps collected in 1998 at different altitudes ranged from
0.16 to 0.44 pgl/litre (Veysseyre et al., 2001).

6.1.3 Sediment

Mean total tin concentrations in Antarctic sediment
were 2.1 and 5.1 mg/kg dry weight for the <2 mm and
<63 um fractions, respectively (Giordano et al., 1999).
Inorganic tin was detected in 100 of 235 sediment
samples collected from Canadian waterways. Concen-
trations ranged up to 8 mg/kg dry weight in coastal areas
and up to 15.5 mg/kg in rivers and lakes (Maguire et al.,
1986). Sediment concentrations of inorganic tin in
Toronto Harbour, Canada, during 1983 were found to be
highest (up to 13.8 mg/kg) near areas of tributyltin
contamination (Maguire & Tkacz, 1985). Sediment cores
collected in January 1996 from Central Park Lake in
New York City, New York, USA, contained average tin
concentrations ranging from 4.0 mg/kg at a depth of 44—
47 cm to 67 mg/kg at a depth of 22—24 cm. The average
tin concentration in surface sediments (0- to 2-cm depth)
in Central Park Lake was 32 mg/kg. The similarities
between the history of municipal solid waste incinera-
tion in New York City and the accumulation of trace
metals in the Central Park Lake sediments appear to be
consistent with incineration being the major source of
emissions of several metals to the New York City
atmosphere (Chillrud et al., 1999). Total tin concentra-
tions in sediments from the Wah Chang Ditch and the
north-east corner of Swan Lake, an area that received
runoff from a tin smelter in Texas, USA, during the
1940s and 1950s, were found to be as high as 8000
mg/kg (Park & Presley, 1997). Total tin concentrations
up to 1000 mg/kg dry weight have been reported for
metal-rich sediments in estuaries associated with metal
mining in south-west England (Bryan & Langston,
1992).

6.1.4  Soil

Tin concentrations in soil are generally low, except
in areas where tin-containing minerals are present
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(Bulten & Meinema, 1991). Tin concentrations in the
Earth’s crust are approximately 2-3 mg/kg (Budavari,
2001). Crockett (1998) reported total tin concentrations
in Antarctic soils ranging from 2.5 to 3.1 mg/kg. Total
tin concentrations in soil can range from <1 to 200
mg/kg; however, in areas of high tin deposits, such as
south-west England, levels of 1000 mg/kg may occur
(IPCS, 1980; Schafer & Femfert, 1984). The mean
background soil concentration in the USA is 0.89 mg/kg
(Eckel & Langley, 1988).

Tin concentrations in topsoil (0-7.6 cm) from the
western end of East St. Louis, Illinois, USA, ranged
from <13 to 1130 mg/kg. The raised concentrations are
thought to be the result of current or recent industrial
facilities, including smelters of ferrous and non-ferrous
metals, a coal-fired power plant, chemical producing
companies, and petroleum refineries (Kaminski &
Landsberger, 2000). Tin has been identified in soil at
120 sites and in sediment at 50 sites collected from 214
US EPA National Priorities List hazardous waste sites
where it was detected in some environmental media
(HazDat, 2003).

Concentrations of total tin in sewage sludges from
countries in Europe and North America ranged from 40
to 700 mg/kg dry weight. Manure and poultry wastes
contained tin at concentrations of 3.7-7.4 and 2.0-

4.1 mg/kg dry weight, respectively (Senesi et al., 1999)

6.1.5 Biota

Total tin concentrations in marine macroalgae
varied between 0.5 and 101 mg/kg dry weight and
clearly demonstrated that most species of aquatic flora
bioconcentrate tin from seawater (Eisler, 1989). Local
and imported edible seaweeds obtained in British
Columbia, Canada, were found to contain total tin
concentrations ranging from <0.01 to 0.46 mg/kg dry
weight (van Netten et al., 2000).

Total tin concentrations in muscle and liver samples
of juvenile Japanese common squid (Todarodes
pacificus) collected from three locations in and near
Japanese coasts were 0.04-0.05 mg/kg wet weight and
0.08-0.13 mg/kg wet weight, respectively (Ichihashi et
al., 2001). Inorganic tin concentrations in fish collected
from the Great Lakes in North America (1982-1984)
ranged up to 0.9 mg/kg wet weight (Maguire et al.,
1986).

Mean total tin concentrations in the feathers of
seabirds from the North Pacific and water birds from the
coast of Namibia ranged from 0.2 to 15.2 mg/kg dry
weight (Burger & Gochfeld, 2000, 2001; Burger et al.,
2001).
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Total tin concentrations in the kidneys of mink
(Mustela vison) collected from the Kootenay River and
lower Fraser River in British Columbia, Canada, were
6.25 and 5.5 pg/g dry weight, respectively. Tin concen-
trations in the livers of mink from the upper and lower
Fraser River were 5.5 and 5.2 pg/g dry weight, respec-
tively. Tin concentrations were <4 pg/g dry weight in
the livers of otters (Lontra canadensis) collected from
the Kootenay, lower and upper Columbia, and upper
Fraser rivers and 2.7 pg/g in livers of otters from the
lower Fraser River (Harding et al., 1998). Mean total tin
concentrations in striped dolphins (Stenella coeruleo-
alba) from the Mediterranean Sea ranged from 0.4
mg/kg wet weight in lung tissue to 1.3 mg/kg in liver
(Cardellicchio et al., 2002). Total tin concentrations in
the livers of Antarctic fur seals (Arctocephalus gazella)
were less than 0.4 mg/kg dry weight (<0.1 mg/kg wet
weight) (Malcolm et al., 1994).

6.1.6 Food

Data presented in ATSDR (2003) indicate that
organic tin accounts for only a small fraction of total tin
in most foods. On that basis, in this section, tin figures
are total tin, but essentially represent inorganic tin.

In most unprocessed foods, inorganic (and total) tin
levels are generally less than 1 mg/kg. Higher concentra-
tions can arise as tin(Il) in canned foods due to dissolu-
tion of the tin coating or tin plate. Tin levels are usually
below 25 mg/kg in lacquered food cans, but may exceed
100 mg/kg in unlacquered cans. Tin concentrations in
canned foods increase with storage time and temper-
ature. Once opened, the tin content in foods stored in
metal cans increases more quickly over time, since tin
can rapidly dissolve in the presence of oxygen. Acidic
foods are more aggressive to the tin coating in metal
cans, and canned acidic foods have higher tin contents.
Oxidizing agents (nitrates, iron salts, copper salts, sulfur)
accelerate detinning, whereas tin salts, sugars, and
gelatin reduce the dissolution rate. Can size and the
nature of the base steel might also affect the detinning
rate (JECFA, 1989; Blunden & Wallace, 2003).

Tin concentrations of vegetables, fruits and fruit
juices, nuts, dairy products, meat, fish, poultry, eggs,
beverages, and other foods not packaged in metal cans
are generally below 2 mg/kg. Tin concentrations in
pastas and breads have been reported to range from
<0.003 to 0.03 mg/kg. Mean tin concentrations ranging
from <1 to 1000 mg/kg have been found in foods
packaged in unlacquered or partially lacquered cans,
whereas the average tin concentration in foods in
lacquered cans has been reported to be up to 6.9 mg/kg
(Biégo et al., 1999; Ysart et al., 1999; JECFA, 2001).
Data from the Can Manufacturers Institute indicate that
more than 90% of tin-lined cans used for food today are
lacquered (CMI, 1988). Only light-coloured fruit and
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fruit juices are packed in unlacquered cans, since tin
helps maintain the colour of the fruit (JECFA, 2001).

Local and imported edible seaweeds obtained in
British Columbia were found to contain tin in concen-
trations ranging from 0.01 to 0.46 mg/kg dry weight
(van Netten et al., 2000). A study in Lithuania in 1990-
1992 found an average of 0.22 mg/kg in raw milk
(Ramonaityte, 2001). In a dietary tin intake study for
adults in France, a range of fresh foods contained tin at
concentrations of <0.003-0.2 mg/kg (average 0.03
mg/kg) (Biégo et al., 1999). Foods in lacquered cans
contained tin at concentrations generally below 10
mg/kg and ranging from 0.5 mg/kg (in cherries) up to
13.4 mg/kg (in mushrooms) (Biégo et al., 1999). Tin
concentrations ranged from 24 to 156 mg/kg in food
from unlacquered cans, the highest concentration being
detected in tomatoes (Biégo et al., 1999). Canned
vegetables and fruit products were found to have mean
tin concentrations of 44 and 17 mg/kg fresh weight,
respectively, in a 1994 total diet study in the United
Kingdom (Ysart et al., 1999). A study of metal concen-
trations in canned milk products in Lithuania in 1990-
1992 found mean tin concentrations in evaporated
sterilized milk, concentrated sterilized milk, and
sweetened condensed milk of 85, 89, and 40 mg/kg,
respectively. Tin concentrations in canned milk were
shown to increase during storage (Ramonaityte, 2001).

Studies in the United Kingdom showed mean
concentrations of tin in the diet of 1-2 mg/kg. The
primary sources of tin were said to be canned goods
(Evans & Sherlock, 1987). Tin density figures for
selected diets in France, New Zealand, and the United
Kingdom ranged from 1.2 to 4.4 mg/kg (JECFA, 2001).

6.1.7 Indoor dust

Analysis (using energy-dispersive X-ray fluores-
cence) of dust in eight US homes found tin at <10 mg/kg
(the detection limit) in five cases and at 12, 14, and
73 mg/kg in the other three cases. These houses were
selected because they were near the homes of men
employed as electric cable splicers. Dust in the homes of
these workers contained higher tin concentrations (45—
242 mg/kg), and levels were higher in the laundry area
(geometric mean 117 mg/kg) than in the rest of the
house (66 mg/kg), suggesting that the tin source was
occupational contamination of the clothing (Rinehart &
Yanagisawa, 1993).

6.2 Human exposure: environmental

The major source of tin for the general population is
food. Intake from the diet is highly dependent on the
type and amount of canned food consumed (JECFA,
1989). For those consuming no canned food, intake
might be approximately 3 mg/day (Sherlock & Smart,
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1984). Individuals who routinely consume canned fruit,
vegetables, and juices from unlacquered cans could
ingest 50-60 mg tin daily, assuming about four servings
per day (Johnson & Greger, 1982; Sherlock & Smart,
1984). An adult consuming 1 litre of juice with a tin
content of 100 mg/litre (from unlacquered cans) daily
would ingest 100 mg of tin per day from this source
alone (JECFA, 1989). People with low incomes or living
in institutions such as nursing homes, boarding schools,
or prisons may routinely select or be served canned food
and juices because of economic factors and ease of
storage, and those who consume about four daily
servings of food from open, unlacquered cans could
consume about 200 mg of tin per day (Greger & Baier,
1981; Greger, 1988; JECFA, 2001).

JECFA has summarized data on estimates of mean
dietary tin intakes for Australia, France, Japan, the
Netherlands, New Zealand, the United Kingdom, and the
USA. In Australia, results of a total diet study produced
estimated mean tin intakes (for six sex—age groups)
ranging from 0.4 to 5.2 mg/day, with the highest 95th
percentile being 7.4 mg/day (Marro, 1996). Using the
DIAMOND method of modelling nutrition data, the
Australia New Zealand Food Authority estimated a
mean intake of 1.9-2.4 mg/day for consumers aged 2—-70
years, with a 95th percentile value of 10 mg/day (Baines,
2000). Australian surveys produced intake figures of
2.2-2.7 mg/day, with a 95th percentile of 12 mg/day
(Baines, 2000). For French adults, it was estimated that
the mean dietary intake of tin would be 0.05 mg/day
from a fresh food diet, 0.34 mg/day from a diet with
usual canned foods in lacquered cans, and 7.4 mg/day
from a diet with usual canned foods in unlacquered cans
(Biégo et al., 1999). In Japan, the average tin intake of
456 women in 22 cities and villages during the winters
of 1990-1995 was estimated to be 0.64 mg/day (based
on duplicate food samples and food composition data-
bases), although this was probably an underestimate,
because not all food types were included (Shimbo et al.,
1996). Dutch total diet studies, based on the consump-
tion by 18-year-old men of 221 food items within 23
food commodity groups, produced average tin intakes of
1.7 mg/day during 1976-1978 and 0.65 mg/day (maxi-
mum 1.8 mg/day) in 1984-1986 (van Dokkum et al.,
1989). Based on analysis of selected foods in the 1997—
1998 New Zealand total diet study, the estimated mean
dietary intakes of tin ranged from 2.9 mg/day (for
children aged 1-3 years) to 7.5 mg/day for adult female
vegetarians. Canned spaghetti, baked beans, apricots,
tomatoes, and peaches contributed 77% of the dietary
exposure of men aged 19-24 years and of children aged
1-3 years (Vannoort et al., 2000). In the 1974-1975
New Zealand total diet study, it was estimated that
young New Zealand men eating 3.5 kg of food per day
might ingest a mean of 15 mg of tin per day (Dick et al.,
1978). In the United Kingdom, results from total diet
studies suggest that tin intake has been falling (mean
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daily intakes were 4.4, 2.4, and 1.8 mg in 1976, 1994,
and 1997, respectively), possibly due to use of an
increasing proportion of lacquered cans (Ysart et al.,
1999; UK MAFF, 2000; JECFA, 2001). However, a
study in 35 female vegetarians in the United Kingdom
(using a duplicate-diet sampling method) found a mean
intake of 3.8 mg/day (range 0.03-16 mg/day), about
twice as high as reported for the general population (UK
MAFF, 2000). JECFA did not identify any reliable esti-
mates for the US diet, noting that tin was not measured
in the USA’s total diet study, but small studies provided
mean estimates of 1 mg/day from a diet without canned
food (Schroeder et al., 1964) and 1.5-3.5 mg/day for
(undefined) adults (Schroeder et al., 1964; Tipton et al.,
1969). JECFA noted that a small, early study focusing
on metabolism had claimed that a diet containing
“substantial amounts of canned vegetables, fruit juices,
and fish could supply as much as 38 mg/day” (Schroeder
et al., 1964).

Drinking-water is not considered a significant
source of tin. If it is assumed that concentrations of tin in
drinking-water are 6-10 pg/litre (see section 6.1.2) and
that adults consume 2 litres/day, these figures suggest an
intake of 12-20 ug/day from this source (JECFA, 1989,
2001).

Inhaled air represents very low tin exposure. Based
on tin levels in air of <0.3 pg/m*® (JECFA, 1989), an
adult inhaling 20 m® of air per day would in general
inhale less than 6 pg/day. Air concentrations of tin in
US cities ranging from below the detection limit to
0.8 pg/m® (US EPA, 1982) imply an inhaled dose of up
to about 16 pg/day. Based on estimated average tin
concentrations of 0.002-0.03 pg/m?® (Biégo et al., 1999),
an adult is unlikely to inhale more than 0.6 ug of tin per
day. Exposures are presumably higher near emission
sources such as waste incineration and non-ferrous metal
production (Byrd & Andreae, 1982) (see section 6.1.1).
6.3 Human exposure: occupational
Most of the operations associated with the extrac-
tion of tin ore are wet processes, but tin and tin(1V)
oxide dust and fumes may escape during bagging of
concentrate, in ore rooms, and during smelting opera-
tions (mixing plant and furnace tapping), as well as
during the periodic cleaning of bag filters used to
remove particulate matter from smelter furnace flue gas
(ILO, 1998a). Tin reclamation from tin-plated steel
trimmings, rejects from companies manufacturing tin
cans, rejected plating coils from the steel industry, tin
drosses and sludges, solder drosses and sludges, used
bronze and bronze rejects, and metal-type scrap also
involve possible exposure to tin dusts and fumes (ILO,
1998Db). Gases, dusts, and fumes containing tin may be
released from smelting and refining processes, industrial
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uses of tin, waste incineration, and burning of fossil
fuels (IPCS, 1980; Senesi et al., 1999; ATSDR, 2003).

No systematic data on occupational exposure levels
in tin production or processing were found by the
authors of the Nordic/Dutch source document (Westrum
& Thomassen, 2002). The Norwegian occupational
exposure database EXPO contains data from all samples
analysed at the National Institute of Occupational Health
in Oslo since 1984. Most of these samples have been
collected due to the desire of different enterprises to
control their exposures and are likely to represent
“worst-case measurements” (Rajan et al., 1997). Of the
3407 air filter samples (8-h personal monitoring)
analysed for tin, 420 contained amounts above the
detection limit (0.002 mg/m?). In Table 5, the branches
and job functions with tin exposures above 0.05 mg/m?
are listed, together with the mean and range of concen-
trations.

Limited information on past occupational exposure
to tin was found in the older literature. Analysis of dust
samples collected in the vicinity of a worker grinding tin
ore in a tin smelting works in Liverpool, United King-
dom, showed that the dust fraction with particle size
<5 um contained more than 33% metallic tin and no
detectable silica. The tin ore handlers were said to be
“exposed to considerable quantities of dust” (Robertson,
1960). In this smelting works, concentrations of total tin
or tin(I1) oxide were not measured, but particles <5 pum
in diameter were collected using a Hexlet in “places
where dust concentration was likely to be especially
high.” Preliminary figures for concentrations (in mg/m?)
of tin as particles <5 pm in diameter in the workroom air
were as follows: check sampling shed, 2.22; and dracco
room (an area containing filters for furnace gases), 1.50.
In addition, air samples were taken near workers:
smelting furnace man, 1.55; refining furnace man, 0.82;
orehouse skipman, 0.34; plumber, 0.12; electrician, 0.05;
and engineer, 0.02. The methods of sampling and
analysis were not described (Robertson, 1964). An
environmental survey to determine the type of exposure
in a Chilean tin foundry showed air concentrations of
metal tin between 8.6 and 14.9 mg/m® (Oyanguren et al.,
1958).

In a review, Alessio et al. (1994) reported that tin
concentrations in ambient air in three copper alloy
industries ranged from 1 to 4 pg/m®. Atmospheric
concentrations of tin of 16 and 0.2 pg/m® were reported
for manual metal arc mild steel welding and arc stainless
steel high nickel welding, respectively. A tin concentra-
tion of 1 ug/m?® was found for silver brazing.

Tin concentrations in the particulate matter in the
ambient air at art glass manufacturing plants measured
by personal samples from oven charger and batch mixer
workers ranged from 0.1 to 3.5 pg/m® from three plants
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Table 5: Branches and job functions in EXPO where tin concentrations of >0.05 mg/m3 air were detected.

Mean tin concentration Tin concentration range

Branch/job functions Number of samples (mg/m?) (mg/m®)
Defence activities/spraying 3 0.20 0.01-0.46
Metal coating/surface coating 2 0.32 0.20-0.45
Electronic production/surface coating 2 151 0.09-2.93
Railway repair/termite welding 6 1.07 0.01-5.68
Metal casting/cleaning 2 0.29 0.25-0.34

that use arsenic as a fining agent (an agent that is added
to disperse air bubbles in glass). Tin was not detected in
the particulate matter in the air at three other plants that
used antimony compounds instead of arsenic (Apostoli
etal., 1998).

Tin production may also involve exposure to silica,
lead, and arsenic in the mining of the sulfide ores of tin,
as well as to bismuth and antimony in the roasting and
smelting process. Exposure to these toxic metals might
also occur during the preparation and use of tin alloys
and solders. Tin mining might involve exposure to
radon, thorium, and uranium (Fox et al., 1981; Qiao et
al., 1989, 1997; Taylor et al., 1989; Hodgson & Jones,
1990; Oresegun & Babalola, 1990; Forman et al., 1992;
Beliles, 1994).

7. COMPARATIVE KINETICS AND
METABOLISM IN LABORATORY ANIMALS
AND HUMANS

7.1 Absorption

Generally, absorption of tin from the gastrointestinal
tract is low in humans and laboratory animals, including
rats, mice, rabbits, cats, and dogs (JECFA, 2001; Stewart
& Lassiter, 2001), but it may be influenced by aqueous
solubility, dose, anion, and the presence of other
substances. In vitro studies using rat small intestine
suggested that absorption of tin occurs by passive
diffusion (Kojima et al., 1978).

In a balance study in which eight healthy volunteers
were given a control diet providing 0.11 mg of tin per
day for 20 days, mean faecal excretion was 55% of the
daily dose, suggesting a mean net absorption of 45% at
this low dose (although the range was wide, varying
from —4 to 71%). When the diet was supplemented (with
tin(I1) chloride) to provide an additional 50 mg of tin per
day for 20 days, mean faecal excretion was 97% of the
daily dose, suggesting a net absorption of 3% (range —7
to 9%) at this higher dose (Johnson & Greger, 1982).
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Four human volunteers with tin blood levels of
<2 ng/ml (<17 nmol/litre) each consumed 60 mg of tin
in the form of fruit juice from an unlacquered can, and
blood samples were taken after 2, 5, and 24 h. The two
females had detectable tin blood levels (3 ng/ml) only in
the 5-h samples. The two males had peak blood tin
concentrations of 4.7 ng/ml after 2 h and 3.9 ng/ml after
24 h (Byrne & Kosta, 1979).

Anodic stripping voltammetry was used to study tin
concentrations in the urine of 89 men and 85 women
(aged 20 years or more) in the Japanese prefecture of
Aichi over a 3-year period from 1986 to 1988. For
79 subjects, data were available for each year. Expressed
as Jug/g creatinine, the mean tin concentration was
significantly higher in women (5.9 + 3.0; range 1.9-
16.0) than in men (3.7 £ 2.2; range 0.8-13.4; P < 0.001).
Distributions of concentrations were lognormal in both
sexes. Mean concentrations tended to increase with age
in both men (3.3 £ 2.5 at 20-29 years, 4.7 + 2.2 at >60
years) and women (5.1 + 3.6 at 20-29 years, 7.3 + 2.7 at
>60 years). In men, mean concentrations increased
significantly, in a dose-related manner, with frequency
of fish consumption (2.9+1.8,3.5+2.0,and 4.7 +2.9
for consumption on 1-2, 3—4, and 5-7 days per week,
respectively). A similar dose-related increase was seen
in females (5.3 +£1.9,5.8+3.1,and 6.3 + 3.2 for
consumption on 1-2, 3-4, and 5-7 days per week,
respectively), although the differences between groups
were not statistically significant. Organotin contamina-
tion of fish was the suggested explanation for these
findings. Urinary tin concentrations showed no relation-
ship with the level of consumption of canned food
(Hayashi et al., 1991).

Following single gavage administration of ***Sn(11)
or 33n(1V) as the citrate or fluoride to rats, absorption
was estimated to be 2.85% and 0.64% of the 20 mg/kg
body weight dose for the 2+ and 4+ oxidation states,
respectively, based on 48-h recovery of radioactivity in
the urine and tissues. Absorption was lower when tin
was given as the pyrophosphate, presumably due to this
anion’s greater tendency to form insoluble tin complexes
(Hiles, 1974). These figures are in line with reports that
absorption of tin(I1) chloride is generally below 5%
(Kutzner & Brod, 1971; Furchner & Drake, 1976;
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Fritsch et al., 1977; Sullivan et al., 1984). In one case,
rats reportedly absorbed 7.65% of a single oral dose of
tin(IV) chloride (Kojima et al., 1978). The recovery of
99% of administered tin in the faeces and the lack of
detectable urinary tin in the 24 h following ingestion of
tin (7—20 mg/kg body weight) in orange juice by rats and
cats indicate a very low gastrointestinal absorption of tin
(Benoy et al., 1971). The presence of certain organic
acids can increase tin absorption from the gastrointes-
tinal tract (Kojima et al., 1978).

No increase in blood levels of tin was seen when
male Wistar rats were given tin(ll) chloride in the
drinking-water at up to 250 mg/litre for 1-18 weeks (tin
dose probably between 8 and 21 mg/kg body weight per
day). At a tin(ll) chloride concentration of 500 mg/litre,
tin concentrations in blood rose in the first week and
remained at 2—7 ug/litre (equivalent to 2-5 times control
values) for the rest of the study. The data suggest that
mucosal barriers are effective in preventing tin absorp-
tion at low doses but are overcome at higher doses
(Savolainen & Valkonen, 1986).

Rabbits fed tin at 2 mg/kg body weight per day for
5 days (as tin(Il) chloride) had blood tin concentrations
of 2.3 pg/litre after 24 h and 0.7 pg/litre after 120 h. Tin
was not detected (detection limit not stated in the source
document) in the controls (Zareba & Chmielnicka,
1992).

Adequate data on uptake following inhalation or
dermal exposure appear to be lacking (Westrum &
Thomassen, 2002).

7.2 Distribution

Inorganic tin distributes mainly to bone, but also to
the lungs, liver, kidneys, spleen, lymph nodes, tongue,
and skin. Certain data indicate that tin may have a higher
affinity for the thymus than for other organs. Laboratory
animal data suggest that inorganic tin does not readily
cross the blood-brain barrier (Hiles, 1974; Furchner &
Drake, 1976; Hasset et al., 1984; Savolainen &
Valkonen, 1986; JECFA, 2001).

Tin was seldom present in the lung tissue of new-
born babies in the USA. In adults, the tin content in
human lung tissue was higher in the USA than in Africa
(Schroeder et al., 1964). These data suggest that tin
levels in the human lung increase with age, and the
likely source might be polluted air.

In an analysis of the tin content in tissue samples
from adults who had died in accidents, the highest
concentrations were found in the bone ash (4.1 mg/kg),
followed by the lymph nodes, lungs, liver, and kidneys
(1.5, 0.8, 0.4, and 0.2 mg/kg wet weight, respectively),
whereas levels in muscle (0.07 mg/kg wet weight) and
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brain (0.06 mg/kg wet weight) were lower (Hamilton et
al., 1973). Autopsy samples from 78 deceased Spaniards
contained mean tin concentrations of 0.47, 0.27, 0.25,
0.24, and 0.16 mg/kg in the bone, brain, kidneys, lungs,
and liver, respectively (Garcia et al., 2001). Analysis of
tissue samples from 20 deceased Spanish subjects
(without known occupational tin exposure) found
highest and lowest tin levels in bone (mean 6.2 mg/kg)
and brain (mean 1 mg/kg), respectively (Llobet et al.,
1998). Median tin concentrations (in mg/kg wet weight)
in samples from adult US citizens were as follows:
adrenal, 5.1; lung, 3.4; liver, 1.8; kidney, 1.5; spleen,
0.8; muscle, <0.4; and brain, 0.3 (Tipton & Cook, 1963).
In healthy Japanese males, tin concentrations of 9.8
mg/kg dry weight in hilar lymph nodes and 1.5 mg/kg
dry weight in lung tissue were reported (Teraoka, 1981).
Analysis (using AAS) of several human organs from 11—
13 adult males found mean concentrations (mg/kg dry
weight) as follows: liver, 1.05; kidney cortex, 0.83;
heart, 0.75; lung, 0.45; rib bone, 0.61; and testis, 2.08
(Chiba et al., 1991). The tin concentration in liver speci-
mens from 11 US citizens ranged from 0.14 to 0.17
mg/kg wet weight (determined by neutron activation
analysis), and the tin concentration in Japanese human
liver specimens (n = 23) ranged from 0.08 to 1.12 mg/kg
wet weight (determined by AAS) (Chiba et al., 1994).
An average tin concentration of 12.8 mg/kg wet weight
was reported in the thymus of two children (Sherman et
al., 1985). Tin was detected at 4.6—15 mg/kg in adipose
tissue samples from nine US subjects in a 1982 survey
(Stanley, 1986).

In humans with no occupational exposure to tin
compounds, blood tin concentrations of 2-9 pg/litre are
reported (detection limit 2 pg/litre) (Hamilton et al.,
1973; Kazantzis, 1994). Others reported normal tin
concentrations of 11.6 + 4.4 nmol/litre (mean £ SD) in
plasma and 21.7 £ 6.7 nmol/litre in red blood cells in
12 humans (8 women, 4 men, mean age 77.8 years)
(Corrigan et al., 1992). Background tin concentrations of
<1 pg/litre in serum and urine have been reported
(Versieck & Vanballenberghe, 1991; Schramel et al.,
1997), and a 95th upper percentile of 20 pg/litre in urine
was calculated for a group of 496 US residents (Paschal
et al., 1998).

Autopsy analysis of the internal organs of 7 Japan-
ese metal industry workers and 12 Japanese males
without occupational exposure found elevated concen-
trations of tin in the lungs, spleen, liver, and kidneys of
chromate plating and chromate refining workers. In one
chromate refining worker, marked concentrations of tin
were found in the hilar lymph nodes (100 mg/kg dry
weight) and lungs (100 mg/kg dry weight) (Teraoka,
1981).

Following a single gavage dose of 20 mg/kg body
weight of radiolabelled **Sn(11) or **Sn(1V) as the
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fluoride or citrate, the tissue distribution of tin in rats
after 48 h as a percentage of the administered tin(lI1) or
tin(1V), respectively, was as follows: skeleton, 1.0% and
0.24%; liver, 0.08% and 0.02%; and Kidneys, 0.09% and
0.02%. When oral tin doses of 20 mg/kg body weight
were given on 6 days/week for 4 weeks, only the bone
contained higher tin concentrations after day 28 than
after day 1. The half-time of tin in the femur was esti-
mated to be 34-40 days. The investigator concluded that,
of the soft tissues, only liver and kidneys are likely to
accumulate significant amounts of tin as a result of the
oral ingestion of tin salts. No **Sn was found in the
brain of rats 48 h following administration of **Sn(I1)
or *3Sn(1V) as citrate or fluoride as a single oral dose

(4 mg), as oral doses of 20 mg/kg body weight on

6 days/week for 4 weeks, or as a single intravenous dose
(0.4 mg) (Hiles, 1974).

Studies on the retention of the radionuclide **Sn
administered as tin(11) chloride intraperitoneally in rats
showed that most of the tin retained in the body was
deposited in the bone, followed by muscle, pelt, liver,
and kidneys. In contrast to all other organs, the relative
amount of tin in bone increased during the study
(Furchner & Drake, 1976).

A study of the pharmacodynamics of several tin
compounds in rabbits, using **Sn(11) chelates also
labelled with *™Tc¢ (meta-stable technetium-99), showed
that free Sn”* ions localize mainly in bone. The distri-
bution of ***Sn in bone was similar to that of calcium
and other bone-seeking metal ions (Dewanjee &
Wahner, 1979).

Tin concentrations of 0.1-0.29 mg/kg wet weight
and 0.69 mg/kg dry weight have been reported in the
bone tissue of unexposed mice (Chiba et al., 1991).

The concentrations of tin in the tibias of rats fed
diets supplemented with tin(I1) chloride (100-2000 mg
of tin per kg of diet) were more than 5 times greater than
the tin concentrations in the kKidneys and nearly 20 times
greater than the concentrations in the liver. No other
organs were analysed. Tin accumulated in the tibia and
kidneys in a dose-dependent manner (Johnson & Greger,
1985).

After lifelong administration of about 0.37 mg of tin
per kg body weight per day as tin(l1) chloride in the
drinking-water of rats, mean tin concentrations were
increased approximately 2- to 3-fold in the liver, heart,
lungs, and spleen, but the differences were not statis-
tically significant. Bone was not examined (Schroeder et
al., 1968). In mice, a similar study (reported intake of
about 0.37 mg/kg body weight per day) found tin levels
of 1.2-4.5 mg/kg wet tissue in kidneys, liver, heart,
lungs, spleen, and thyroid, compared with less than
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0.5 mg/kg in tissues in the control group (Schroeder &
Balassa, 1967).

A 2-year carcinogenesis study of tin(Il) chloride
administered at 1000 or 2000 mg/kg in the diet to F344
rats and B6C3F1 mice showed a dose-dependent differ-
ence in the concentration of tin in examined organs (i.e.
bone, liver, and kidneys). For the low and high doses, tin
levels in bone were, respectively, 9 and 38 mg/kg in
male rats and 23 and 41 mg/kg in female mice. Tin
concentrations in the kidneys were, respectively, 17 and
30 mg/kg in male rats and 0.7 and 0.9 mg/kg in female
mice. In the liver, tin concentrations were, respectively,
0.2 and 0.4 mg/kg in male rats and 0.4 and 0.5 mg/kg in
female mice. In both species, tissue levels tended to be
higher in the females. Untreated rats and mice had tin
concentrations that were below the detectable limits,
which ranged from 0.01 to 0.1 mg/litre of “digested
tissue” (NTP, 1982).

Some data indicate that the tin content is higher in
the thymus than in other representative organs. In four
young adult dogs, the tin concentration in thymus was
about twice the concentrations in the spleen or muscle
(Sherman & Cardarelli, 1988). Analysis of unexposed
adult Lewis rats, adult COBS mice, and adult A/KI mice
showed thymus tin concentrations of 20, 5.5, and 4.3
mg/kg, respectively. Tin concentrated in the thymus
gland as the gland atrophied with age (Sherman et al.,
1986).

The tin content of the brain (7-19 nmol/kg wet
weight) of Wistar rats given tin(ll) chloride dihydrate at
100 mg/litre in the drinking-water for 18 weeks was not
significantly different from that in control rats (5-10
nmol/kg). At 250 mg/litre, brain tin was increased after
15 weeks (19 = 8 nmol/kg) and 18 weeks (38 £ 8
nmol/kg). At 500 mg/litre, the tin content of the brain
rose steadily throughout the 18 weeks to about 80
nmol/kg (Savolainen & Valkonen, 1986).

In pregnant rats fed tin at 20 mg/kg body weight per
day as radioactive tin(Il) or tin(IV) fluoride, no tin was
found in fetal or placental tissues on day 10 of preg-
nancy. On day 21, fetuses of dams administered tin(1l)
fluoride apparently contained approximately 0.2% of the
cumulative dose (Hiles, 1974). Fetal tin values were
slightly elevated (0.8-1.3 mg/kg body weight) in
Sprague-Dawley rats on day 20 of gestation when the
maternal diets contained tin salts (tin(ll) fluoride,
sodium pentachlorostannite, or sodium pentafluoro-
stannite) at 125-625 mg/kg in the feed (about 10-50 mg
of tin per kg body weight per day). The increases were
generally dose-related. Untreated rats had fetuses
containing 0.64 mg of tin per kg body weight (Theuer et
al., 1971). Others have reported briefly that “consider-
able” tin concentrations were noted in embryos of rats
exposed to tin(ll) chloride (Chmielnicka et al., 1981).
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Data are very limited but suggest the possibility of a low
level of transfer across the placenta (ATSDR, 2003).

7.3 Biotransformation

Few data on biotransformation are available. The
difference in the relative affinity of the kidneys and liver
for tin(11) and tin(1V) indicates a valence stability of the
administered tin (Hiles, 1974). The difference observed
between tin(I1) and tin(IV) chloride in their effects on
the immune response in C57BL/6J mice (see section 8.7)
also suggests that these two oxidation states are not
readily interconverted in vivo (Dimitrov et al., 1981).
Together, these data suggest that tin cations are not
rapidly oxidized or reduced during absorption and
systemic transportation in mammals.

7.4 Excretion

Ingested tin is largely unabsorbed and excreted
mainly in the faeces, with additional slow elimination of
the absorbed fraction in the urine (JECFA, 2001).

In a mineral balance study, eight adult human males
ate food providing 0.11 mg or 50 mg of tin per day (as
tin(I1) chloride) for 20-day periods. Their urinary excre-
tion was 29 + 13 pg/day (mean + SD) and 122 + 52
ug/day, respectively, representing 36% and 2.4% of the
dose, respectively. Mean faecal excretion accounted for
55% and 97% at the low and high daily dose, respec-
tively (Johnson & Greger, 1982). A review stated that, in
humans, 20% of absorbed tin was cleared with a half-
time of 4 days, a further 20% with a half-time of 25
days, and the remaining 60% with a longer half-time of
400 days. No further details were given (Magos, 1986).
When nine healthy adults were given diets consisting of
fresh foods (10 mg of tin per day), cold-stored canned
foods (26 mg of tin per day), or warm-stored canned
foods (163 mg of tin per day) for 24 days, faecal
excretion accounted for the whole dose, and none was
detected in the urine (Calloway & McMullen, 1966).

Rats and cats given (by stomach tube) orange juice
supplying tin (derived from containers) at 7-20 mg/kg
body weight excreted 99% of the dose in the faeces
within 48 h (Benoy et al., 1971).

In laboratory animals, the small proportion of tin
that is absorbed following ingestion is mainly excreted
via the kidneys (Kutzner & Brod, 1971; Hiles, 1974;
Furchner & Drake, 1976; IPCS, 1980; Widdowson,
1992).

In the 48 h following a single oral tin dose of 20
mg/kg body weight as ***Sn(11) or ***Sn(1V) fluoride or
citrate, female rats excreted 95% of the radiolabel in the
faeces and less than 1% in the urine. After a single
intravenous dose of **Sn(11) or **Sn(1V) at 2 mg/kg
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body weight, 35% and 40% of the doses, respectively,
were excreted in the urine. Twelve per cent of the tin(Il)
appeared in the faeces, but only 3% of the tin(IV),
indicating that the biliary route is more important for
tin(11) than for tin(1VV) compounds (Hiles, 1974).

Tin was given as "*Sn(ll) chloride orally,
intraperitoneally, or intravenously to mice, rats,
monkeys, and dogs. After parenteral administration,
whole-body activities could be described by four-
component exponential expressions, similar for all
species studied. Following intravenous injection of
tin(I1) chloride into rats (11 kBg/rat), elimination
proceeded with component half-times of 0.4, 4.9, 25,
and 90 days (Furchner & Drake, 1976).

For rat liver and kidney, the biological half-life of
tin(ll) has been estimated to be 10-20 days. For bone,
the half-life of tin(1l) and tin(1V) is approximately 20—
100 days (Hiles, 1974; Brown et al., 1977; Fritsch et al.,
1977; Bulten & Meinema, 1991). A biological half-life
of approximately 30 days was estimated for inorganic tin
in mice, using a whole-body counting method (Brown et
al., 1977).

7.5 Biological monitoring

Biological monitoring requires an understanding of
the relationships between exposure, external dose,
toxicokinetics, internal dose, and effects. Although
adequate ultrasensitive analytical techniques (ICP-MS
and radiochemical neutron activation) have been
developed for the measurement of tin in tissues and
urine (see section 3), relationships between tin dose and
biological indicators have not yet been established for
inorganic tin (Versieck & Vanballenberghe, 1991;
Schramel et al., 1997).

7.6 PBPK models

The ICRP has developed a model for ingested tin,
based on an empirical model developed by Furchner &
Drake (1976). The fraction of ingested tin that is
absorbed from the human gastrointestinal tract (uptake
to blood) is assumed to be 0.02 (i.e. 2%). Absorbed tin is
assumed to enter the blood, from where 50% is imme-
diately transferred to excreta (specific routes not
specified in the model), 35% is transferred to bone
mineral, and 15% is uniformly distributed to all other
tissues. Elimination of tin from any tissue or organ is
assumed to occur in three phases, with individual half-
times of 4, 25, and 400 days, respectively, during which
periods some 20%, 20%, and 60% of tissue burdens,
respectively, are eliminated (ICRP, 1981, 2001).

The ICRP has also developed a human model for
inhaled tin (ICRP, 1994). Sulfides, oxides, hydroxides,
halides, and nitrates of tin and tin(IV) orthophosphate
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are classed as Type M; all other compounds of tin are
classed as Type F. For Type F compounds, rapid 100%
absorption is assumed to occur within 10 min of material
deposition in the bronchi, bronchiole, and alveolar
interstitial regions. Fifty per cent of each Type F com-
pound deposited in the extrathoracic region transfers to
the gastrointestinal tract. There is rapid absorption of
approximately 25% of the tin deposited in the extrathor-
acic region during nose breathing and 50% absorption
during mouth breathing. For Type M compounds,
approximately 70% of the tin deposited in the alveolar
interstitial regions is eventually transferred to blood, and
there is rapid absorption of about 10% of the tin depos-
ited in the bronchi and bronchiole regions and 5% of the
tin deposited in the gastrointestinal tract. Approximately
2.5% of the deposit in the gastrointestinal tract is rapidly
absorbed during nose breathing, and 5% is rapidly
absorbed during mouth breathing (ICRP, 1994).

8. EFFECTS ON LABORATORY MAMMALS
AND IN VITRO TEST SYSTEMS

8.1 Single exposure

By the oral route, tin metal itself is described as
practically innocuous (JECFA, 2001). In NTP studies,
using groups of five animals per sex, the acute oral LDsg
for tin(I1) chloride was in excess of 1.5 g/kg body weight
(the highest dose tested) in rats. In the corresponding
study in mice, the LDsg was in excess of 1.2 g/kg body
weight, but all mice died at 2.4 g/kg body weight (NTP,
1982). For tin(I1) chloride, other studies report LDsy
values equivalent to 1.1-1.7 g of tin per kg body weight
in rats. Sodium pentafluorostannite showed higher
toxicity, with LDs, values (again expressed as tin) of
0.15-0.38 and 0.40 g/kg body weight in rats and mice,
respectively. Acute oral administration induced central
nervous system effects, including ataxia, general
depression, limb weakness, and flaccid paralysis. Both
compounds induced pathology in the kidneys, charac-
terized by swelling, discoloration, and tubular necrosis
with subsequent regeneration (Conine et al., 1975;
JECFA, 2001; Westrum & Thomassen, 2002). Oral LDs,
values have also been recorded in mice as 2.7 g/kg body
weight for sodium tin citrate (Omori et al., 1973) and
0.25-1.2 g/kg body weight for tin(Il) chloride (Pelikan et
al., 1968). Necrosis in the liver and spleen were seen in
mice treated orally with a single dose of tin(l1) chloride
(Pelikan et al., 1968). Tin(1l) chloride disrupted haem
synthesis when given orally to rabbits at 100 mg of tin
per kg body weight, but not at 10 mg/kg body weight
(Chmielnicka et al., 1992).

Changes (“widespread tiny densities™) were seen on
X-ray examination of the lungs of rats 4 months after an
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intratracheal instillation of 50 mg of metallic tin dust (in
saline) from a tin smelting works (no further details on
composition were given). These changes were said to be
similar to those seen in workers exposed occupationally
to the same material. Histologically, there was no fibrous
response of any kind up to a year in the rats (Robertson,
1960).

Acute toxicity of inorganic tin compounds by intra-
venous and intraperitoneal injection is considerably
higher than acute toxicity by the oral route. For example,
an acute LDs, value of 15 mg of tin per kg body weight
has been reported in rats treated with tin(l1) chloride by
the intravenous route (Conine et al., 1975).

8.2 Short-term exposure

There were no effects on survival, growth, food
utilization, blood or urine composition, serum bio-
chemistry, organ weights, or the gross and microscopic
appearance of a range of tissues and organs when groups
of 10 male and 10 female Wistar rats were fed tin(I1)
chloride, tin(I1) orthophosphate, tin(I1) sulfate, tin(11)
oxalate, or tin(ll) tartrate at up to 0.1% in the diet for
4 weeks. At 0.3% and above, these compounds caused
growth retardation, decreased food efficiency, mild
anaemia, and slight histological changes in the liver. In
similar studies, dietary concentrations of up to 1% tin(ll)
oleate, tin(l1) sulfide, or tin(1V) oxide for 4 weeks were
tolerated without adverse effect by rats (10 per sex per
group). Overall, the NOEL of the tin salts studied was
0.1%, or 22—-33 mg of tin per kg body weight per day in
an unsupplemented diet containing “a liberal amount of
iron and copper.” The investigators suggested that the
NOEL might be lower in diets that are marginal in iron
and copper. Dietary supplements of iron had a marked
protective effect against tin-induced anaemia, whereas a
decrease in dietary iron exacerbated this effect. The
growth depression caused by tin was not alleviated by
enriching the diet with iron and copper (de Groot, 1973).

The NTP has carried out studies in which tin(I1)
chloride was administered to F344/N rats and B6C3F1/N
mice (five per sex per species per group) at 1900, 3800,
7500, 15 000, or 30 000 mg/kg in the diet for 2 weeks
(up to about 950 and 2400 mg of tin per kg body weight
per day in rats and mice, respectively). All animals
survived treatment. The rats showed a dose-related
decrease in growth and, at the top dose, lost weight and
had roughened coats and distended abdomens. In mice,
the only effect was reduced growth in the females at
15 000 mg/kg diet and above (NTP, 1982).

No significant toxicity was seen when Wistar rats
(10 per sex per group) were given sodium pentafluoro-
stannite at 20 mg/kg body weight per day for 30 days by
stomach tube (equivalent to 13.4 mg of tin per kg body
weight per day). At 100 mg/kg body weight per day
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(67 mg of tin per kg body weight per day) and above,
there was a dose-related reduction in growth. At the top
dose (175 mg/kg body weight per day, equivalent to
117 mg of tin per kg body weight per day), degenerative
changes were seen in the proximal tubular epithelium of
the kidneys in 15-20% of the animals. At 15 days, a
dose-related decrease in haemoglobin was found,
although this was statistically significant only in males
given 100 mg/kg body weight per day and above. Serum
glucose levels were decreased, possibly related to
reduced food intake (Conine et al., 1976).

Dose-related decreases in growth and haemoglobin
level were noted in weanling Wistar rats given tin at 0,
250, or 500 mg/kg in the diet (as tin(Il) chloride) for 4
weeks (about 0, 15, and 30 mg of tin per kg body weight
per day, respectively). Crypt depth, villus length, and
cell turnover were increased in parts of the intestine
(Janssen et al., 1985).

Several studies report effects of tin administration
on the bones. The calcium content of the femur (both
epiphysis and diaphysis) was reduced in a dose-related
manner in male Wistar rats given tin at 1, 3, 10, or 30
mg/kg body weight (as tin(Il) chloride) every 12 h for
3 days. The effect was statistically significant at 6 mg/kg
body weight per day and above. Serum calcium was
decreased at 20 mg/kg body weight per day and above
(Yamaguchi et al., 1980a). The distal epiphysis com-
pressive strength decreased significantly in the femoral
bone in Wistar rats administered 300 mg of tin (as tin(Il)
chloride) per litre drinking-water and laboratory chow
contaminated with tin at 52.4 mg/kg for 4 weeks. This
effect was not seen at 150 mg of tin per litre drinking-
water. Feed and water intake were not reported (Ogoshi
et al., 1981). The calcium content in the tibia of rats fed
100 mg of tin per kg in the diet as tin(I1) chloride
(approximately 7 mg of tin per kg body weight per day)
for 28 days was decreased (Johnson & Greger, 1985).
When gavage doses of 1 mg of tin per kg body weight
(as tin(11) chloride) were given to male Wistar rats at 12-
h intervals for 28-30 days (i.e. 2 mg of tin per kg body
weight per day), there was an increase in the tin content
of the femoral diaphysis and epiphysis, decreased
calcium content in bone, and decreased acid and alkaline
phosphatase activities in the femoral epiphysis (Yama-
guchi & Okada, 1980; Yamaguchi et al., 1981a).

Other investigators have studied the effects of
inorganic tin compounds on body balance of important
minerals. Plasma and tissue (kidney, spleen, and tibia)
concentrations of copper, iron, and zinc were unaffected
in a group of seven Wistar rats fed diets containing 1 mg
of tin per kg (as tin(11) chloride; about 0.07 mg of tin per
kg body weight per day) for 28 days, but were slightly
reduced at 10 mg of tin per kg in the diet (about 0.7 mg
of tin per kg body weight per day). Greater effects were
seen at 50 mg of tin per kg in the diet (about 3.5 mg of
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tin per kg body weight per day) (Pekelharing et al.,
1994). Copper metabolism was unaffected in Sprague-
Dawley rats given up to 100 mg of tin per kg in the diet
as tin(11) chloride (about 7 mg of tin per kg body weight
per day) for 27 days; however, at 500 mg of tin per kg in
the diet (about 39 mg of tin per kg body weight per day),
copper levels were reduced in the plasma, liver, and
kidneys, and zinc retention in the tibia, kidneys, liver,
and plasma was decreased. Only small changes in iron
metabolism were observed (Johnson & Greger, 1984,
1985). Administration of 100 mg of tin per kg in the diet
for 4 weeks to weanling rats reduced copper levels in the
duodenum, liver, kidneys, and femur and zinc levels in
the kidneys and femur (Reicks & Rader, 1990; Rader et
al., 1990). Oral administration of tin(ll) chloride (2 mg
of tin per kg body weight per day) to rabbits for 1 month
decreased zinc and copper concentration in bone marrow
and increased iron concentrations in liver and kidneys
(Zareba & Chmielnicka, 1989). Iron status (tissue iron,
haemoglobin, haematocrit, red blood cell count, plasma
iron, total iron binding capacity, and transferrin
saturation) in rabbits was not influenced by the inclusion
of tin in the diet at <100 mg/kg (as tin(l1) chloride) for
28 days, but these parameters were decreased at higher
(not specified in the source document) dietary tin con-
centrations. Food intake and body weights were not
reported (Beynen et al., 1992).

A study in Wistar rats fed on diets containing 1, 10,
50, 100, or 200 mg of tin per kg (as tin(l1) chloride) for
28 days (1 mg/kg was equivalent to about 0.07 mg of tin
per kg body weight per day) found that blood haemo-
globin concentration and percentage transferrin satura-
tion decreased in a linear manner with increasing dietary
tin concentration (Pekelharing et al., 1994).

Gavage adminitration of tin at 1, 3, 10, or 30 mg/kg
body weight (as tin(I1) chloride) every 12 h for 3 days to
male Wistar rats resulted in dose-related decreases in
gastric acid secretion, duodenal alkaline phosphatase,
and liver phosphorylase. These reductions were statisti-
cally significant only at 20 mg/kg body weight per day
and above (Yamaguchi et al., 1980a).

Oral doses of 2 mg of tin per kg body weight per
day for 5 days (as tin(I1) chloride) did not affect haem
biosynthesis in a group of five rabbits, based on exam-
ination of ALAD in whole blood, liver, kidneys, brain,
spleen, and bone marrow, concentrations of free erythro-
cyte protoporphyrins, activity of ALA synthetase in the
liver and bone marrow, urinary ALA, and co-protopor-
phyrins (Zareba & Chmielnicka, 1992).

8.3 Medium-term exposure

In NTP studies, food grade purity (98.5%) tin(I1)
chloride was given to F344/N rats (groups of 10 per sex)
at 0, 500, 1000, 1900, 3800, or 7500 mg/kg in the diet
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for 13 weeks. An equivalent study in B6C3F1/N mice
was carried out using dietary concentrations of 0, 1900,
3800, 7500, 15 000, and 30 000 mg of tin(I1) chloride
per kg. A wide range of tissues and organs from the
control and top-dose animals were examined micro-
scopically. All rodents survived treatment. No effects
were seen in either species at up to 1900 mg/kg diet,
equivalent to about 170, 400, and 600 mg/kg body
weight per day in rats (both sexes), male mice, and
female mice, respectively. Both species showed gross
distension of the caecum and reddened gastric mucosa at
3800 mg/kg diet (about 330, 900, and 1200 mg/kg body
weight per day in rats, male mice, and female mice,
respectively) and above. Growth was reduced at the top
dose in each species. Microscopically, the tissues were
normal (NTP, 1982).

There were no effects on survival, growth, food
utilization, blood or urine composition, serum biochem-
istry, organ weights, or the gross and microscopic
appearance of a range of tissues and organs when Wistar
rats (10 per sex per group) were given up to 1% tin(1l)
oxide or 0.1% tin(1l) chloride in the diet for 13 weeks.
Growth retardation, decreased food efficiency, slight
anaemia, and minor liver tissue changes were seen when
tin(I1) chloride was given at 0.3% in the diet and above.
At 1% tin(1l) chloride (about 315 mg of tin per kg body
weight per day), marked growth retardation and some
deaths occurred. This group showed moderate testicular
degeneration, severe pancreatic atrophy, spongy white
matter in the brain, acute bronchopneumonia, enteritis,
distended intestine, and distinct changes in the liver
cytoplasm, with mild proliferation in the bile duct
epithelium. The NOEL of tin salts examined was 0.1%
or 22-33 mg of tin per kg body weight per day in an
unsupplemented diet containing “a liberal amount of
iron and copper.” The investigators suggested that the
NOEL might have been lower in diets that are marginal
in iron and copper. Dietary supplements of iron had a
marked protective effect against tin-induced anaemia,
whereas a decrease in dietary iron exacerbated the effect.
The growth depression caused by tin was not alleviated
by enriching the diet with iron and copper (de Groot et
al., 1973).

Slower growth, mild anaemia, increased relative
liver and kidney weights, irritation of the gastrointestinal
tract, “mild” histological changes in the liver, and pan-
creatic damage (ranging from necrosis of individual
acinar cells to complete destruction of the pancreas)
were observed in Wistar rats fed tin(I) chloride for
13 weeks (gradually increased from 163 mg of tin per kg
body weight per day in weeks 0—4 to 310 mg of tin per
kg body weight per day in weeks 8-13) (der Meulen et
al., 1974).

In a study of the effect of tin(Il) chloride on
biochemical and bone indices in groups of 5-6 Wistar
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rats, oral doses of 0.6, 2, or 6 mg of tin per kg body
weight per day were given (in two daily doses, 12 h
apart) for 90 days. The 6 mg/kg body weight per day
dose level caused significant decreases in femur weight,
lactate dehydrogenase and alkaline phosphatase activ-
ities in serum, succinate dehydrogenase activity in the
liver, and calcium content and acid phosphatase activity
in the femur. The 2 mg/kg body weight per day dose
produced significant reductions in succinate dehydrog-
enase activity in the liver and in the calcium content and
acid phosphatase activity in the femur. At 0.6 mg/kg
body weight per day, a slight non-significant decrease in
calcium content in the femoral epiphysis was observed.
The results suggested a LOEL for inorganic tin orally
administered of 0.6 mg/kg body weight per day (Yama-
guchi & Okada, 1980; Yamaguchi et al., 1980b). In a
study in which tin(I1) chloride was added to the diet of
male Wistar rats at 0, 10, 50, 100, or 250 mg of tin per
kg for 90 days (approximately 0, 0.5, 2.5, 5, and 12.5 mg
of tin per kg body weight per day), serum calcium and
calcium content of the femoral epiphysis were signifi-
cantly reduced at 2.5 mg/kg body weight per day and
above. At 5 mg/kg body weight per day and above, there
were additionally decreases in serum inorganic phos-
phate, femur diaphysis calcium, and femur epiphysis
acid phosphatase. No effects were seen at 0.5 mg/kg
body weight per day (Yamaguchi et al., 1981b).

Fatty degeneration with lymphocytic infiltration and
atrophy of the exocrine tissue of the pancreas was seen
when groups of 10 male Sprague-Dawley CD rats were
given tin(I1) chloride in the diet at 4000 mg/kg (equiva-
lent to 240 mg/kg body weight per day) for 6 months
(Fritsch et al., 1978).

In rabbits, oral administration of 10 mg of tin per kg
body weight per day (as tin(ll) chloride) for 4 months
caused transient anaemia during weeks 6-10. A transient
high serum iron concentration and a high total iron bind-
ing capacity and saturation index were also observed
(Chmielnicka et al., 1993).

8.4 Long-term exposure and
carcinogenicity

In the most comprehensive carcinogenicity study
available, F344/N rats and B6C3F1/N mice (groups of
50 males and 50 females per species per dose group)
were given food grade purity (98.5%) tin(l1) chloride at
0, 1000, or 2000 mg/kg in the diet for 104-106 weeks. A
wide range of tissues and organs were examined micro-
scopically. Based on food intake and body weight data
given in the original report, estimated average intakes
(expressed as mg of tin per kg body weight per day) for
the control, 1000, and 2000 mg/kg groups are approxi-
mately 0, 30, and 60 for male and female rats, 0, 90, and
180 for male mice, and 0, 130, and 270 for female mice,
respectively. Westrum & Thomassen (2002) presented
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estimated tin doses for male rats and female mice at
selected weeks, and these are reproduced in Table 6.
Treatment had no effect on food consumption or growth,
but survival of the male rats and female mice was some-
what lower in the high-dose group. No evidence of
carcinogenic activity was seen in the female rats or male
mice. In the male rats, there were apparent increases in
thyroid C-cell adenomas and C-cell adenomas/carcino-
mas combined (see Table 7). However, when compared
with the laboratory’s historical control rate (32/288;
mean 11.1%, maximum 20%) of thyroid C-cell tumours,
only the incidence in the low-dose group was signifi-
cantly (P < 0.01) raised. The incidence of C-cell hyper-
plasia did not differ between control and treated groups.
The male rats also showed an apparent increase in lung
adenomas, with a statistically significant positive trend
with dose (see Table 6). However, individual compar-
isons between the high-dose group and the low-dose or
control groups were not statistically significant, the 6%
incidence in the high-dose group was within the labora-
tory’s historical control range (6/289; overall mean
2.1%, range 0-6%), and results of statistical tests on
incidences of combined lung adenomas and carcinomas
were not significant. In the female mice, statistical trend
analysis suggested increases in hepatocellular adenoma/
carcinoma combined and in histiocytic malignant lym-
phoma (see Table 8). However, when the incidences of
total lymphomas or lymphomas/leukaemias were con-
sidered, statistical significance no longer remained, and
the incidence of liver tumours in the high-dose group did
not differ significantly from the laboratory’s historical
control incidence (24/297; mean 8%, range 4-18%).
Overall, the NTP experts judged tin(11) chloride not to be
carcinogenic in this study, but cautioned that the thyroid
C-cell tumours in male rats might possibly have been
associated with the test chemical (NTP, 1982). (In this
study, the incidence of retinal degeneration was consid-
erably increased in the high-dose male rats and low-dose
female rats [60-74%] compared with the other groups
[4-16%]. This was believed to be due to proximity to
fluorescent lighting and may reflect poor group distri-
bution of cage locations [NTP, 1982].)

Table 6: Calculated doses in the NTP 105-week study.?

Tin concentration (mg/kg
body weight per day)

Study

Species/sex week Low dose High dose
Male rats 5 41 89
25 30 68

62 26 55

104 20 35

Female mice 5 182 348
26 134 272

65 92 203

104 137 290

% From NTP (1982).
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Table 7: Key primary tumours in male rats in the NTP 105-
week study.?

Low- High-
Control dose dose
Tumours group group group
C-cell adenoma 2/50 9/49° 5/50
(thyroid)
C-cell adenoma/ 2/50 13/49° 8/50"
carcinoma combined
(thyroid)
Lung adenoma® 0/50 0/50 3/50

% From NTP (1982).
® P <0.05, Fisher's exact test.
P < 0.05, Cochran-Armitage trend test.

c

Table 8: Key primary tumours in female mice in the NTP
105-week study.?

Low- High-

Control dose dose

Tumours group group group

Hepatic adenoma/ 3/49 4/49 8/49°
carcinoma combined”

Histiocytic malignant 0/50 0/49 4/49

lymphoma®

% From NTP (1982).

P < 0.05, life table and incidental tumour trend tests; P =
0.067, Cochran-Armitage trend test.

P = 0.038 life table pairwise test, comparison with control

group.
P < 0.05, Cochran-Armitage trend test.

Survival, growth, serum chemistry, and urinalysis
were normal when groups of 30 male and 30 female
Cpb:WU rats were given tin(ll) chloride at 0, 20, 40, or
80 mg/kg in the diet for 115 weeks. Haemoglobin and
haematocrit values were decreased in all tin groups at
weeks 4 and 13, but values during the second year of the
study were similar to controls. A complete autopsy was
performed, and the principal organs and tissues were
examined microscopically. Spleen weight was increased
(apparently at the top two dose levels), but the organ was
microscopically normal. There was no evidence of
carcinogenic activity (Sinkeldam et al., 1981).

In a very limited study, groups of 56 male and
56 female Long-Evans rats were given drinking-water
containing tin(11) chloride (at 5 mg of tin per litre,
equivalent to about 0.37 mg of tin per kg body weight
per day) from weaning until natural death. The control
rats (possibly 56 males and 76 females) were given
drinking-water without added tin. The control diet
contained 0.28 mg of tin per kg, which would probably
have supplied about 0.014 mg of tin per kg body weight
per day. In the tin group, survival was reduced in the
females, and (at 18 months) males had lower body
weight. Serum biochemistry and urine composition
appeared to be unaffected. Tin-treated rats had a higher
incidence of fatty degeneration of the liver and of
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vacuolar changes in the renal tubules. No evidence of
carcinogenicity was seen, but the low dose administered
means that the sensitivity of the study is limited
(Schroeder et al., 1968; Kanisawa & Schroeder, 1969).
It is worth noting that no such liver and kidney changes
were found in F344 rats given much higher tin(I1)
chloride doses (up to 60 mg of tin per kg body weight
per day) in the NTP study (NTP, 1982).

In another very limited study, 54 male and 54
female Charles River mice were given tin(ll) chloride in
the drinking-water (at 5 mg of tin per litre, equivalent to
about 0.37 mg of tin per kg body weight per day) from
weaning until natural death. Controls (34 males, 46
females) received drinking-water without added tin. For
both groups, an additional dose of about 0.02 mg of tin
per kg body weight per day was supplied by background
levels of tin in the diet. Tin treatment had no adverse
effect on growth, survival, or the gross and microscopic
appearance of an unspecified range of tissues. There was
no evidence of carcinogenicity, but the low dose admin-
istered means that the sensitivity of the study is limited
(Schroeder & Balassa, 1967).

No significant difference was seen in the develop-
ment of lung tumours when groups of 20 strain A mice
(a strain susceptible to lung tumour development) were
given multiple intraperitoneal injections of tin(l)
chloride over 30 weeks. Total doses given were 240,
600, and 1200 mg/kg body weight, and the ratios of
numbers of surviving animals to initial numbers were
18/20, 12/20, and 4/20, respectively (Stoner et al., 1976).

Several other limited carcinogenicity studies are
available. No evidence of carcinogenic activity was seen
in mice given 1000 or 5000 mg of tin per litre as sodium
hexachlorostannate in the drinking-water or 5000 mg of
tin per kg as tin(l1) oleate in the diet for 1 year (Walters
& Roe, 1965). Similarly, there was no clear evidence of
carcinogenicity when small groups (approximately 30)
of rats were given sodium hexachlorostannate at
2000 mg/kg in the diet or tin(1l) 2-ethylhexanoate at
500-1000 mg/kg in the diet for up to 18 months (Roe et
al., 1965). In both the above studies, the small group
sizes and/or short treatment duration would have limited
the studies’ ability to detect weak carcinogens. Follow-
ing subcutaneous implantation of tin foil, Wistar rats did
not develop tumours (Oppenheimer et al., 1956). Intra-
cranial implantation of metallic tin cylinders in 33 male
Marsh mice, of which only 10 mice survived beyond
10 months, resulted in local gliosis, but no local tumours
developed (Bischoff & Bryson, 1976a). After intra-
thoracic injection of tin needles (4 mg) into 43 male
Marsh mice, the implants were engulfed by giant cells
with some adjacent nodular fibroplasia and a new net-
work of capillaries. Survival (up to 19 months) was
unaffected, and no increase in intrathoracic tumours was
seen (Bischoff & Bryson, 1976b).

25

In summary, the available laboratory animal studies,
mostly limited in nature, have not shown tin metal,
tin(11) chloride, or a small number of other tin com-
pounds to be carcinogenic. However, the most compre-
hensive study suggested that C-cell tumours of the
thyroid gland in male rats might have been associated
with the administration of tin(Il) chloride. In this life-
time NTP study, a comprehensive tissue examination
found no non-neoplastic changes in rats and mice given
dietary tin at up to 60 or 270 mg/kg body weight per
day, respectively (as tin(ll) chloride). A more limited,
earlier study reported increased incidences of fatty
degeneration of the liver and possibly vacuolar changes
in the renal tubules of rats (of a different strain) given tin
at about 0.4 mg/kg body weight per day (as tin(ll)
chloride) in the drinking-water for a lifetime.

8.5 Genotoxicity and related end-points

In NTP studies, anhydrous tin(Il) chloride and
tin(11) chloride dihydrate were not mutagenic in Ames
tests. Tin(I1) chloride was tested at up to 0.33 mg/plate
in Salmonella typhimurium strains TA98, TA100,
TA1535, and TA1537, with and without metabolic
activation fractions (S9) derived from the liver of rats or
hamsters. A preincubation step was used, and the top
dose was limited by either (not disclosed) solubility or
toxicity (Mortelmans et al., 1986). Tin(ll) chloride
dihydrate was not mutagenic at up to 10 mg/plate (there
was no preincubation step) in S. typhimurium strains
TA98, TA100, TA1535, TA1537, and TA1538, with and
without S9 (Prival et al., 1991). Tin(IV) chloride gave no
evidence of mutagenic potential in a more limited study
using only S. typhimurium strains TA98 and TA100
(Hamasaki et al., 1993). Tin(I1) fluoride gave no con-
vincing evidence of mutagenic activity when tested in S.
typhimurium strains TA98, TA100, TA1535, TA1537,
and TA1538. There was some evidence of a weak dose—
response in strain TA100, but only in the presence of a
metabolic activation system (S9 liver fraction from
Aroclor-pretreated rats) and on one type of modifed
(high-citrate) medium (Gocke et al., 1981). Tin(Il)
chloride did not induce mutations in Escherichia coli
strain WP2 (Prival et al., 1991).

Several tin compounds have failed to give evidence
of an ability to induce DNA damage in Bacillus subtilis,
as assessed by the relative survival of wild-type and
DNA repair-deficient strains (rec assays) on exposure to
tin. Using B. subtilis strains H17(rec’) and H45(rec),
four tin salts (tin(11) chloride, tin(IV) chloride, tin(I1)
sulfate, and sodium stannate) gave no evidence of an
ability to cause DNA damage, although the investigators
noted that the two chlorides were highly toxic to the
bacteria, which would have reduced the sensitivity of the
test (Kada et al., 1980). Tin(ll) chloride, tin(IV) chlor-
ide, and sodium stannate were similarly inactive in this
assay in the absence of any added metabolic activation
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fraction (Nishioka, 1975). The literature contains another
report of a rec assay test with B. subtilis in which tin(IV)
chloride, when tested at up to 10 mg, gave no evidence
of an ability to damage DNA (Hamasaki et al., 1992).

Indirect evidence of the ability of tin(ll) chloride to
damage bacterial DNA comes from studies of relative
survival of treated wild-type and DNA repair-deficient
strains of E. coli. When E. coli were incubated with
tin(I) chloride at 0-75 pg/ml, there was a concentration-
related decrease in survival. At all tested concentrations
(5 ug/ml and above), survival of the wild strain (AB
1157) was higher than that of the strains that were
deficient in DNA repair ability (AB 1886, AB 2463, AB
2494, AB 2480, and I1C 204), suggesting that tin(ll)
chloride caused DNA damage (Silva et al., 1994, 2002).
Other studies showed that tin(11) chloride (0-75 pg/ml)
caused lysogenic induction of E. coli K-12 and micro-
scopically visible E. coli B filamentation (Bernardo-
Filho et al., 1994).

The SOS chromotest, a simple colorimetric assay of
the induction of the bacterial gene sfiA in E. coli, indi-
cated effects at 2-3 mmol of tin(Il) chloride per litre, but
the high degree of bacterial toxicity complicates inter-
pretation of the data (Olivier & Marzin, 1987). Tin(IV)
chloride did not produce DNA damage in an SOS
chromotest (Hamasaki et al., 1992).

When incubated with tin(11) chloride, plasmid DNA
(pUC9.9) showed a decrease in supercoiling, indicating
the induction of single-strand DNA breaks (Silva et al.,
2002). Plasmid DNA studies using varying doses of
tin(I) chloride and oxygen suggested that the mech-
anism might involve reactive oxygen species (Dantas et
al., 1999).

Tin(1l) chloride did not induce mutations or gene
conversions in strain D7 of the yeast Saccharomyces
cerevisiae (Singh, 1983).

Tin(11) chloride gave no evidence of genotoxicity
potential in sex-linked recessive lethal mutation assays
in Drosophila melanogaster, conducted under the NTP.
The protocols involved 3-day feeding of adult fruitflies
at 6540 mg/kg in the diet or intraperitoneal injection at a
concentration of 12 180 mg/litre and scoring of lethal
mutations in three broods (Foureman et al., 1994).
Tin(1l) chloride was also non-mutagenic in a wing spot
test in D. melanogaster. The protocol involved feeding
the larvae for 48 h (Tripathy et al., 1990). Tin(II)
fluoride was mutagenic in a sex-linked recessive lethal
mutation assay in D. melanogaster when fed to the adult
flies at 0-25% for 24 h. However, sodium fluoride was
more potent than tin(11) fluoride, suggesting a role for
the fluoride anion. Other tin salts were not tested
(Mitchell & Gerdes, 1973). There was no induction of
sex-linked recessive lethal mutations in three successive
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broods produced by D. melanogaster fed 1.25 mmol of
tin(I1) fluoride per litre (described as “close to the
LDsy”) in 5% saccharose (Gocke et al., 1981).

Tin(1l) chloride at concentrations of 50, 150, 350, or
500 umol/litre produced dose-related DNA damage, as
detected by alkaline sucrose gradient analysis in Chinese
hamster ovary cells. Treatment of cells with tin(1V) as
tin(1V) chloride produced no such DNA damage. There
was no loss in colony formation 6 days after either
treatment (McLean et al., 1983a).

Tin(1l) as tin(I1) chloride (5, 10, 25, or 50 umol/li-
tre) was readily taken up by human white blood cells and
caused a dose-dependent increase in DNA strand breaks
that was more extensive than that caused by equimolar
amounts of chromium(V1), a known carcinogen and
DNA-damaging agent. Tin(IV) as tin(IV) chloride did
not cause DNA damage and, in contrast to other studies,
was not taken up by cells (McLean et al., 1983b). Tin(lI)
chloride, phytate, and fluoride all caused DNA damage
(strand breaks) in human white blood cells, although this
potential was not realized when the tin was chelated with
EDTA (Swierenga & McLean, 1983). Others have
reported DNA damage in human peripheral blood
nuclear cells treated in vitro with 0.4 pumol of tin(11)
chloride per litre (Dantas et al., 1999). In a comet assay
(an assay that can detect DNA damage at the single cell
level) using K562 human leukaemia cells, incubation
with tin(I1) chloride at 0.06-0.9 mmol/litre resulted in a
concentration-dependent increase in DNA damage and a
reduction in K562 cell viability. There was evidence that
this DNA damage was repairable (Dantas et al., 2002a).

Tin(1l) chloride did not induce unscheduled DNA
synthesis in rat liver cells, but enhanced the ability of a
known genotoxin to do so (Swierenga & McLean, 1983).

An NTP study found no evidence of mutagenic
activity when tin(11) chloride (up to about 0.1 mg/ml;
slightly toxic) was incubated with mouse lymphoma
cells, with and without rat liver S9 (Myhr & Caspary,
1991).

In NTP studies, tin(Il) chloride induced chromo-
some aberrations and SCEs in Chinese hamster ovary
cells, both with and without rat liver S9 (Gulati et al.,
1989).

According to a report published only as an abstract,
tin(1V) chloride at 10 and 20 pg/ml induced concentra-
tion-dependent increases in the frequency of chromo-
some aberrations, micronuclei, and SCEs in human
lymphocytes in vitro (Talukder et al., 1989). Incubation
of human lymphocytes from 27 male donors with tin(1V)
chloride at 2 or 4 pg/ml for 70 h resulted in 2- to 3-fold
increases in the incidences of chromosome aberrations
and SCEs (Ganguly et al., 1992). When human



Tin and inorganic tin compounds

lymphocytes from 52 donors were incubated with
tin(1V) chloride at 4 pug/ml for 48 h, there were signifi-
cant elevations of chromosome aberrations and micro-
nuclei formation (Ganguly, 1993). Mitotic index and cell
cycle kinetics (replicative index) were depressed in all
three studies.

A comet assay found evidence of DNA damage in
the peripheral blood cells of patients intravenously
injected with a radiopharmaceutical containing tin(I1)
chloride and radiolabelled with “"Tc. DNA damage
increased in the first 2 h following treatment but was not
detectable at 24 h. The investigators concluded that
damage could be ascribed to both tin(Il) chloride and
%mT¢, The tin(11) chloride “dose” was reported to range
from 0.092 to 0.416 “uM” (Dantas et al., 2002b). This
“dose” is in fact a concentration expressed in umol/litre.
If the units should have been reported as umol, then the
doses were only 20-80 pg per person.

Tin(1l) chloride did not induce micronuclei in the
bone marrow when given by intraperitoneal injection to
groups of 4-5 male mice at 0, 26.3, 52.5, 105, or 210
mg/kg body weight per day for 3 days (Shelby et al.,
1993). Two intraperitoneal doses of 0, 9.8, 19.6, or 39.5
mg of tin(11) fluoride per kg body weight given 24 h
apart to NMRI mice (groups of two per sex per dose
level) did not induce micronuclei in the bone marrow
erythrocytes (Gocke et al., 1981).

To conclude, in short-term screening assays for
genotoxicity potential, tin(ll) chloride did not induce
mutations in Ames bacterial tests, mutations or gene
conversions in yeast, DNA damage in rat liver cells in
culture, mutations in mouse lymphoma cells in vitro, or
chromosome damage (micronuclei) in vivo in mice
treated by intraperitoneal injection. In bacterial rec
assays (in which activity is an indirect indication of
DNA damage), tin(Il) chloride was active in E. coli but
(along with other tin salts) inactive in B. subtilis. In
culture, tin(11) chloride induced chromosome damage
and SCEs in hamster ovary cells and DNA damage in
human lymphocytes, hamster ovary cells, and plasmid
DNA. Tin(1V) chloride tested in vitro did not damage
DNA in hamster ovary cells but induced chromosome
aberrations, micronuclei, and SCEs in human lympho-
cytes. Tin(ll) fluoride caused DNA damage in cultures
of human lymphocytes, but did not induce micronuclei
formation when injected intraperitoneally into mice;
Ames tests on this compound gave no convincing
evidence of activity. There is some evidence that tin-
induced DNA damage may arise from a secondary
mechanism involving reactive oxygen species. The
mechanism underlying the induction of chromosome
damage in mammalian cells in culture has not been
determined, although it is recognized that such events
can occur as a result of changes in ionic strength or pH
in the medium.
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8.6 Reproductive toxicity
8.6.1 Effects on fertility

In a multigeneration study, CPB:WU rats were
given tin in the diet at 0, 200, 400, or 800 mg/kg for
three generations. To simulate the “form of the tin likely
to be found in canned food,” tin(ll) chloride was allowed
to react in agqueous medium with the casein content of
the diet. The iron content was increased for the F,
generation onwards. Tin did not affect growth of the
parents, fertility, numbers of offspring per litter, or birth
weight (Sinkeldam et al., 1979).

8.6.2 Developmental toxicity

In the multigeneration study in CPB:WU rats
described above, tin did not affect numbers of offspring
per litter or birth weight. Increased mortality of F,
offspring during the first half of lactation was corrected
by increasing the iron content of the mothers’ diet. Tin
reduced offspring growth and haemoglobin levels during
lactation but not thereafter. On pathological examination
of rats from the F3, and F3, generations, the Fz, pups
showed microscopic changes in the liver and spleen at
weaning but not at 4 weeks of age (Sinkeldam et al.,
1979).

Within this multigeneration study, a teratogenicity
study was carried out using 20 F,, females per dose
level. On visceral and skeletal examination, there was no
increase in the incidence of fetal malformations (Sinkel-
dam et al., 1979).

When groups of 9-10 female Sprague-Dawley rats
were given diets containing tin at 0, 125, 156, 250, 312,
500, or 625 mg/kg (as tin(I1) fluoride) throughout
pregnancy (to day 20), there were no effects on the
numbers of litters, resorptions, or live fetuses per litter.
Mean placental and fetal weights were also unaffected
(Theuer et al., 1971).

In the same series of studies, the numbers of litters,
resorptions, and live fetuses per litter and the mean
placental and fetal weights were unaffected by the
inclusion of tin (as sodium pentachlorostannite) at 125,
250, or 500 mg/kg in the diet of groups of nine female
Sprague-Dawley rats, throughout pregnancy (Theuer et
al., 1971).

Other groups of nine female Sprague-Dawley rats
were also given 125, 250, or 500 mg of tin per kg in the
diet, but as sodium pentafluorostannite, throughout
pregnancy. There were no effects on the numbers of
litters or live fetuses or on placental and fetal weights.
An apparent increase in resorptions was noted in the
low- and high-dose groups, which was due to three rats
(one low-dose, two high-dose) producing no live fetuses.
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The observation was not considered toxicologically
significant (Theuer et al., 1971).

Gavage administration of tin(ll) chloride at 0, 0.5,
2.3, 11, or 50 mg/kg body weight per day to rats and
mice (on days 6-15 of pregnancy) or hamsters (on days
6-10 of pregnancy) did not affect nidation, fetal sur-
vival, or the incidences of fetal malformations in soft
and skeletal tissue (Food and Drug Research Labora-
tories, 1972).

8.7 Other toxicity

8.7.1  Local tissue irritation

Transient irritation of the eyes and nose was noted
when guinea-pigs were exposed by inhalation to tin(IV)
chloride at 3000 mg/m?® air, 10 min daily for “several
months” (Pedley, 1927).

Application of aqueous solutions of 2% tin(11)
chloride or 0.5% tin(Il) fluoride on pieces of gauze to
the intact skin of rabbits for 18 h produced no skin
irritation. At abraded skin sites, 0.5% tin(I1) chloride or
0.1% tin(l11) fluoride caused polymorphonuclear leuko-
cyte infiltration, whereas application of 1% tin(I1)
chloride or 0.25% tin(I1) fluoride resulted in pustule
development and complete destruction of the (abraded)
epidermis (Stone & Willis, 1968).

Following uncovered application for 1 min (and
histological examination 6 h later), a threshold concen-
tration for skin irritation in rats of 5% was established
for both tin(11) chloride and tin(1V) chloride (in ethanol).
For the oral mucosa, equivalent threshold concentrations
for irritation were 3% (tin(11) chloride) and 0.05%
(tin(1V) chloride) (Larsson et al., 1990).

Diffusely reddened gastric and duodenal mucosa, as
well as mucosal hypertrophy and hyperplasia in the
entire small bowel, were seen at autopsy in a study in
which Wistar rats were fed a diet containing tin(I1)
chloride for 13 weeks. The tin dose was gradually
increased from 163 mg/kg body weight per day during
weeks 0—4 up to 310 mg/kg body weight per day in
weeks 8-13 (der Meulen et al., 1974). Ridge-like villi,
increased migration of epithelial cells along the villus,
increased villus length, a decreased number of villi per
unit surface, and increased total length and weight of the
small intestine were seen after feeding rats diets con-
taining tin(I1) chloride at 250 or 500 mg/kg for 4 weeks
(Janssen et al., 1985).

8.7.2 Other toxic effects

Intraperitoneal or intravenous injections of metallic
tin powder (200 mg in saline) produced a striking
plasmacellular hyperplasia in the draining lymph nodes
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and spleen of Lewis rats (Levine & Sowinski, 1982;
Levine et al., 1983). Depending on the rat strain, the
lymph node response to metallic tin varied from a very
mild response to insoluble foreign particles to a marked
granulomatous hyperplasia (August rats) and intense
plasmacellular hyperplasia (Lewis rats and F; hybrids of
Lewis rats) (Levine & Saltzman, 1996). Pretreatment
with tin salts (including tin(I1) chloride and tin(I1)
sulfate) in drinking-water prevented the plasmacellular
response to subsequently injected metallic tin for up to
2 months after the pretreatment (Levine & Sowinski,
1983). The production of plasma cell hyperplasia by
metallic tin and the prevention of such response by tin
salts are apparently unique to this metal (Levine &
Saltzman, 1991).

To study the potential of inorganic tin compounds to
affect the immune system, male C57BL/6J mice were
given tin(11) chloride and tin(1V) chloride at approxi-
mately 5 and 3.5 mg of tin per kg body weight, respec-
tively, by intraperitoneal injection. Sheep red blood cells
were given by the same route 72 h later, and immuno-
toxicity assays were carried out on days 5, 7, 10, and 13
following sheep red blood cell injection. In plaque-
forming assays using spleen cells, on day 5, tin(IV)
chloride significantly suppressed both IgM and 1gG
antibody production; tin(l1) chloride also appeared to
suppress (to a non-significant extent) IgM production,
but to stimulate IgG production. By day 7, antibody
production was unaffected by either compound. In an
antigen rosette formation test (measuring agglutination
of red blood cells around lymphocytes), the response
was significantly stimulated by tin(l1) chloride and
suppressed by tin(1V) chloride; these effects had
disappeared by day 13. Cellular immunity was assessed
in a leukocyte adherence inhibition test (measuring a
reduction in the proportion of spleen cells adhering to
glass). Tin(I1V) chloride had no obvious effect in this
assay, but tin(11) chloride significantly increased the
degree of inhibition, indicating immunostimulation (at
days 7-13). Finally, neither compound demonstrated
delayed-type hypersensitivity in an assay measuring
footpad thickness 24 h following injection of sheep red
blood cells into one footpad (Dimitrov et al., 1981).

Other data also suggest that tin chlorides might be
able to affect the mouse immune response. For example,
intraperitoneal injection of tin(l1) chloride (about 20 mg
of tin per kg body weight per day for 3 days) suppressed
both primary and secondary immune response param-
eters in mice, suggesting that tin suppresses part of the
immune response in which IgM antibody production is
important and that the IgG production in the primary
response is suppressed or delayed (Hayashi et al., 1984).
In mice, the intratracheal instillation of tin(I1) chloride
(0.01 or 0.1 mg, approximately 6 or 60 ug tin, corres-
ponding to 0.24 and 2.4 mg of tin per kg body weight,
respectively) in saline increased the mortality induced by
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subsequent bacterial infection (by aerosolized Group C
Streptococcus sp.). A similar action was reported for
intratracheal instillation of fly ash, carbon, bentonite,
and a number of metal oxides and inhalation of “soluble
metals” (Hatch et al., 1985).

Tin compounds can alter various enzyme activities.
For example, tin(l1) fluoride inhibited hepatic mixed-
function oxidase enzyme activity in Charles River CD
albino rats when given at 30 mg of tin per kg body
weight by single intraperitoneal dose (Shargel &
Masnyj, 1981). When fed to rats, diets containing tin(11)
chloride (100 mg of tin per kg diet) for 4 weeks caused
reduction in hepatocellular antioxidant metalloenzyme
activities of superoxide dismutase and glutathione
peroxidase. Impairment in hepatocellular antioxidant
protection favours the peroxidation of fatty acids (Reicks
& Rader, 1990). In mice, intravenous injection of tin(I1)
chloride resulted in significant inhibition of the P450
cytochrome-dependent hepatic drug metabolizing
enzymes such as azo-reductase and aromatic hydrox-
ylase (Burba, 1983). Pretreatment of mice with tin(Il)
chloride (50 mg/kg body weight per day for 2 days)
induced coumarin 7-hydroxylase in liver and kidney
(Emde et al., 1996).

Tin(1l) tartrate (20 mg of tin per kg body weight,
single intraperitoneal injection) caused a decrease in
glutathione in partially hepatectomized Sprague-Dawley
rats, allowing an increase in lipid peroxidation, which
damaged the hepatocytic membranes (Dwivedi et al.,
1984). The inhibitory effect of tin on sulfhydryl-
containing enzymes, particularly hepatic glutathione
reductase and glucose 6-phosphate dehydrogenase, may
be caused by the sulfhydryl group forming a metal
mercaptide complex with coordinate covalent bonds,
leading to decreased catalytic activity. The depression in
enzyme levels may also be due to the interaction of tin
with the biological ligands not directly involved in the
active centre of the enzyme, through the formation of an
unacceptable substrate complex for enzyme catalysis
(Dwivedi et al., 1983).

Tin(1l) compounds can adversely affect the erythro-
cytes (Chiba & Kikuchi, 1978; Chiba et al., 1980;
Dwivedi et al., 1985b; Johnson & Greger, 1985; Zareba
& Chmielnicka, 1985; see section 8.7). Tin(ll) chloride
(~3-30 mg of tin per kg body weight, single subcuta-
neous dose) and tin(l1) tartrate (~9 mg of tin per kg body
weight, single intraperitoneal dose) induced haem
oxygenase in rat liver and kidney (Kappas & Maines,
1976; Maines & Kappas, 1977a; Kutty & Maines, 1984;
Dwivedi et al., 1985b). The Sn** ion is more potent as an
inducer of haem oxygenase-1 in rat cardiac tissue than is
the Sn** ion, administered subcutaneously as tin(1V)
citrate (single dose, 60 mg of tin per kg body weight)
(Neil et al., 1995). Increased renal haem oxidase activity
was observed (together with depleted renal cytochrome
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P450) in rats given tin(l1) chloride (63 mg/kg body
weight, subcutaneously, twice weekly for 8-15 weeks)
(Sacerdoti et al., 1989; Escalante et al., 1991; Laniado-
Schwartzman et al., 1992). Haem is essential for cell
respiration, energy generation, and oxidative biotrans-
formation. Metal ions directly regulate cellular content
of haem and haem proteins by controlling production of
ALA synthetase and haem oxygenase. Thus, metal ions
may impair the oxidative function of cells, particularly
those dependent on cytochrome P450. As a result, the
biological impact of chemicals that are detoxified or
metabolically transformed by the P450 system is greatly
altered (Maines & Kappas, 1977a; Dwivedi et al.,
1985b). Chelation of the metal ion into the porphyrin
ring is not necessary in order to regulate the enzymes of
haem synthesis and oxidation (Maines & Kappas,
1977b). Tin(1l) fluoride and other tin(11) halides form
complexes with haemoproteins such as hepatic cyto-
chrome P450 and haemoglobin (Dahl & Hodgson,
1977). Substitution of the central iron atom of haem by
tin leads to a synthetic haem analogue (tin(1V)-proto-
porphyrin) that regulates haem oxygenase in a dual
mechanism, which involves competitive inhibition of the
enzyme for the natural substrate haem and simultaneous
enhancement of new enzyme synthesis (Drummond &
Kappas, 1982; Sardana & Kappas, 1987).

The activity of ALAD in the erythrocytes of Harlan-
Sprague-Dawley rats fed tin at 2000 mg/kg in the diet
(as tin(11) chloride) for 21 days was reduced to 55% of
the control value (Johnson & Greger, 1985). When
tin(11) chloride was given at 2 mg/kg body weight to
Wistar rats by subcutaneous, intraperitoneal, or intra-
gastric routes every other day, ALAD activity was
clearly decreased after two doses, whereas seven doses
resulted in almost complete enzyme inhibition (Zareba
& Chmielnicka, 1985). ALAD was inhibited by tin(I1)
chloride, but not by tin(IV) chloride. The inhibition was
rapidly reversed (Chiba & Kikuchi, 1978; Chiba et al.,
1980). ALA synthetase and ALAD were inhibited by
tin(l) tartrate (Dwivedi et al., 1985b). Tin(Il) concen-
trations of 1.5 pmol/litre increased the activity of
isolated and purified ALAD from human red blood cells
by approximately 30%. At greater concentrations, tin
was an inhibitor of the enzyme, probably due to binding
to allosteric sites (Despaux et al., 1977). A protective
effect of zinc with respect to ALAD activity in blood
and ALA levels in urine was observed after combined
administration of tin(ll) chloride and zinc sulfate in
rabbits (Chmielnicka et al., 1992). One subunit of the
ALAD enzyme contains one zinc atom and eight
sulfhydryl groups (Tsukamoto et al., 1979). Tin
presumably attacks one sulfhydryl group and binds
weakly at the zinc-binding site of the enzyme (Chiba &
Kikuchi, 1984). Intraperitoneal injection of selenium (as
sodium selenite) simultaneously with tin(I1) chloride in
ICR mice completely prevents tin-induced ALAD
inhibition. It has been suggested that selenium protects
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essential thiol groups in ALAD that are otherwise
blocked by tin (Chiba et al., 1985a, 1985b; Chiba &
Shinohara, 1992).

Oral administration of tin(ll) chloride (2 mg of tin
per kg body weight per day) to rats had inhibitory effects
on calcium content, acid and alkaline phosphatase activ-
ity, and collagen synthesis in femoral bone (YYamaguchi
et al., 1980b, 1981a, 1982a, 1982b). When tin was given
orally at 60 mg/kg body weight per day for 3 days (as
tin(I1) chloride), insulin secretion and hepatic phosphor-
ylase activity were inhibited in rats (Yamaguchi et al.,
1978a, 1978b), as were active transport of calcium and
mucosal alkaline phosphatase activity in the duodenum,
and bile calcium content was increased (Yamaguchi &
Yamamoto, 1978; Yamaguchi et al., 1979). In rats, tin
directly inhibits bone formation independently of
calcium homeostasis. Administration of 1.0 mg of tin(II)
chloride per kg body weight to weanling male rats at 12-
h intervals for 28 days inhibited collagen synthesis prior
to suppression of DNA synthesis in the femoral
epiphysis (Yamaguichi et al., 1982b).

Slight but statistically significant increases in
cerebral and muscle acetylcholinesterase activity were
seen in groups of six male Wistar rats given 1.11 or
2.22 mmol of tin(I1) chloride per litre in drinking-water
(about 21 and 42 mg of tin per kg body weight per day,
respectively) for 18 weeks, whereas no effect was seen
at 0.44 mmol/litre (about 8 mg of tin per kg body weight
per day) (Savolainen & Valkonen, 1986). Studies of frog
neuromuscular transmission suggest that activation of
the N-type calcium channel is involved in the tin(Il)
chloride-induced increase in calcium entry into the nerve
terminals (Hattori & Maehashi, 1992). Tin(Il) chloride
itself may facilitate the transmitter release from nerve
terminals in mammalian (mouse) as well as in amphibian
(frog) species (Hattori & Maehashi, 1993). An intra-
peritoneal dose of tin(l1) chloride (5-30 mg of tin per kg
body weight) suppressed gastric secretion in rats. The
mechanism of inhibition was assumed to be associated
with an inhibition of nerve transmission as well as
reduction of gastrin release from G cells (Yamaguchi et
al., 1976, 1978c). Injection of tin(I1) chloride can
stimulate or depress the central nervous system of rats
(Silva et al., 2002).

8.8 Mode of action

Tin is ubiquitous in animal tissues. There is evi-
dence that tin is essential for growth in rats (Schwarz et
al., 1970; Schwarz, 1974a, 1974b; IPCS, 1980; Yokoi et
al., 1990; ATSDR, 2003), but no essential function has
been shown in other mammals, including humans
(Schwarz et al., 1970; Hiles, 1974; IPCS, 1980; Alfrey,
1981; Nielsen, 1984; Dwivedi et al., 1985a; Sherman et
al., 1986; Cardarelli, 1990; Tsangaris & Williams, 1992;
ATSDR, 2003).

30

Studies in rats show that ingestion of inorganic tin
(as tin(I1) chloride) interferes with the body status and
handling of copper, iron, and zinc. The mechanism is
unknown, but possibly tin impairs absorption of these
metals (Johnson & Greger, 1984; Beynen et al., 1992;
Pekelharing et al., 1994; Yu & Beynen, 1995).

Limited data suggest a possible neurotoxic effect of
tin(1l) chloride. Cerebral and muscle acetylcholinester-
ase activities were slightly increased in rats given tin(I1)
chloride in the drinking-water for 18 weeks (Savolainen
& Valkonen, 1986). The possible mechanism is
unknown, but calcium, magnesium, and manganese
cations also activate acetylcholinesterase (Tomlinson et
al., 1981), suggesting a possible effect on the deacyla-
tion phase of enzyme—substrate reactions (Tomlinson et
al., 1981; Savolainen & Valkonen, 1986). Studies of frog
neuromuscular transmission suggest that activation of
the N-type calcium channel is involved in the tin(I1)
chloride-induced increase in calcium entry into the nerve
terminals (Hattori & Maehashi, 1992). Tin(ll) chloride
itself may facilitate the transmitter release from nerve
terminals in mammalian (mouse) as well as in amphibian
(frog) species (Hattori & Maehashi, 1993). Suppressed
gastric secretion in rats given an intraperitoneal dose of
tin(11) chloride (5-30 mg of tin per kg body weight)
might be associated with inhibition of nerve transmis-
sion as well as reduction of gastrin release from G cells
(‘Yamaguchi et al., 1976, 1978c).

9. EFFECTS ON HUMANS

No clearly irritant reactions were seen when 73
nickel-sensitive patients were patch-tested with metallic
tin (Menné et al., 1987) or when other subjects were
patch-tested with metallic tin or 1% tin(ll) chloride in
petrolatum (de Fine Olivarius et al., 1993). Irritant
reactions were noted in patients patch-tested with 5% or
10% tin(11) chloride in petrolatum (de Fine Olivarius et
al., 1993).

Patch tests with metallic tin in 73 nickel-sensitive
patients revealed six positive allergic skin reactions (as
well as four “doubtful” reactions) (Menné et al., 1987).
Patch-testing with 1% tin(I1) chloride in petrolatum and
with a tin disc suggested that some patients are sensi-
tized to tin (de Fine Olivarius et al., 1993). In 199
patients with suspected allergic reactions to metals,

13 had positive patch tests with 2% tin(11) chloride in
petrolatum (Rammelsberg & Pevny, 1986). One out of
50 craftsmen in the ceramics industry had a positive
reaction when patch-tested with 2.5% metallic tin
dispersed in petrolatum (Gaddoni et al., 1993). A worker
who produced metal patterns for body parts on trucks
and was exposed to airborne dust from an alloy that
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contained tin had dermatitis around the eyes, forehead,
and wrists. He had a positive patch test to 1% tin(ll)
chloride in petrolatum (Nielsen & Skov, 1998). Con-
sidering its widespread use, it is unlikely that tin is an
important contact allergen.

In groups of 10-11 humans, the acute ingestion of
36 mg tin (as tin(I1) chloride) together with 0.5, 4, or 6
mg zinc (as *ZnCl, solutions) or with 4 mg of ®°Zn (in a
turkey-based meal) inhibited *®Zn absorption, as
measured by whole-body counting of the retention of
85Zn after 7-10 days. According to the authors, the dose
required to inhibit zinc absorption under the conditions
in this study was well in excess of that supplied by the
normal diet (Valberg et al., 1984). However, others were
unable to demonstrate any clear inhibition of the plasma
appearance of zinc after 1-4 h when human volunteers
ingested a single dose of 25, 50, or 100 mg of tin (as
tin(I) chloride) with 12.5 mg of zinc (Solomons et al.,
1983). Moderate disturbances in zinc and selenium
excretion rates were reported in eight adult males when
the normal diet (supplying 0.11 mg of tin per day) was
supplemented with 50 mg of tin per day (as tin(11)
chloride in fruit juice) for 20 days, in a cross-over design
study. Faecal and urinary excretion rates of copper, iron,
manganese, magnesium, and calcium were unaffected,
as were haematocrit and serum ferritin levels (Greger et
al., 1982; Johnson & Greger, 1982; Johnson et al.,
1982).

There are a number of reports of acute gastrointes-
tinal illness following the intake of fruit or fruit juice
from unlacquered tin cans, as well as a smaller number
of controlled volunteer trials. These reports have been
summarized comprehensively (JECFA, 2001; Blunden
& Wallace, 2003). Corrosion of these containers had led
to detinning, with tin concentrations reaching 200-2000
mg/kg in the food (Capar & Boyer, 1980; Greger &
Baier, 1981). Ingested doses have been estimated as 30—
200 mg (Warburton et al., 1962; Barker & Runte, 1972;
Nehring, 1972; Svensson, 1975). Symptoms most
frequently reported were nausea, abdominal cramps,
vomiting, and diarrhoea. The median incubation period
was 1 h (range 15 min to 14 h), and the median duration
of symptoms was 12 h (Barker & Runte, 1972). Concen-
trations may be more critical than dose in causing these
effects. JECFA has concluded that limited human data
indicate that acute manifestations of gastric irritation
may arise, in certain individuals, from the consumption
of 150 mg of tin per litre in canned beverages or 250 mg
of tin per kg in other canned foods. As some canned
foods containing up to 700 mg of tin per kg produced no
detectable effects, it may be that certain individuals are
particularly sensitive or that the chemical form of tin is
important (JECFA, 1989, 2001).

In a randomized, double-blind, cross-over study, a
group of 18 healthy volunteers (males and females who
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had fasted for at least 7 h) consumed 250 ml of tomato
juice to which tin(l1) chloride had been added to give tin
concentrations of 161, 264, or 529 mg/kg. The control
juice contained <0.5 mg of tin per kg. The only reaction
in the 161 mg/kg group considered to be treatment-
related was mild gastrointestinal symptoms in one vol-
unteer (of 18). At 264 mg/kg, 3 of 18 subjects reported a
total of 7 gastrointestinal symptoms, of which 2 were
mild and 5 were moderate. Treatment at 529 mg/kg was
discontinued, after 4 of 5 subjects reported a variety of
mild and moderate gastrointestinal symptoms. Blood
samples taken before dosing and at 0.5-4 h after dosing
did not reveal increased serum levels of tin, supporting
the view that effects are due to local irritation rather than
to systemically absorbed tin (Boogaard et al., 2003).

In a second such study carried out at the same
centre, another group of 23 healthy volunteers consumed
250 ml of tomato soup containing tin that had migrated
from the unlacquered cans. Tin concentrations were <0.5
(controls), 201, and 267 mg/kg. The incidences of sub-
jects reporting an adverse effect (3/23, 0/23, and 4/23 in
the control, low-dose, and high-dose groups, respec-
tively) bore no clear relationship with dose. The seven
self-reported events were distributed among the classi-
fications “gastrointestinal,” “central and peripheral
system,” and “psychiatric,” and the study provided no
evidence of significant toxicity from the acute ingestion
of 267 mg of tin per kg in tomato soup (a tin dose of
about 67 mg) (Boogaard et al., 2003).

The differences in toxicity seen in these studies
might reflect differences in chemical speciation. In the
soup study, 52% of the tin content was present in solid
matter, whereas only 15% of the tin was found in solid
matter in the freshly prepared mixture of juice and tin(I1)
chloride that was ingested by the volunteers. Low-
molecular-weight species (<1000 daltons) in the super-
natant accounted for about 59% and 32% of the tin
content of the juice and soup, respectively. Within 24 h,
the proportion of tin associated with solid matter in the
juice/tin(11) chloride mixture increased from 15% to
35%, indicating gradual complexation. It was suggested
that the concentration of low-molecular-weight tin
species and the nature of the chemical species formed
are important factors determining the extent of gastric
irritation (Boogaard et al., 2003).

There are several case-reports of a benign pneumo-
coniosis called stannosis (identified by chest roentgeno-
grams) in workers exposed to tin(1V) oxide dust and
fumes for 3 years or more in tin smelting works, scrap
metal recovery plants, and hearth tinning. In general, no
information on exposure levels was available (Bartak et
al., 1948; Pendergrass & Pryde, 1948; Cutter et al.,
1949; Dundon & Hughes, 1950; Spencer & Wycoff,
1954; Schuler et al., 1958; Cole & Davies, 1964; Sluis-
Cremer et al., 1989). A chest roentgenogram revealed a
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“peculiar widespread mottling of both lung fields by
discrete shadows” in a man who had been employed in
the tending of a detinning furnace for 18 years. The
employment was terminated 8 years before chest
examination. At autopsy 10 years later, the tin content of
wet lung tissue was 1100 mg/kg (Dundon & Hughes,
1950).

In a health assessment of the employees, including
ex-employee pensioners, from a United Kingdom tin
smelting works, chest X-ray examinations provided
radiological evidence of a benign pneumoconiosis in
121 out of 215 workers. The X-ray changes were either
widespread, tiny, dense shadows or softer, larger, more
nodular opacities and were found in workers handling
raw ore, smelting furnace house workers, and refinery
furnace men. Employment time ranged from 3 to 50
years. None of the affected men had any clinical symp-
toms or signs of pneumoconiosis, and there was no X-
ray evidence of fibrosis or significant emphysema. Only
men engaged in “dusty” work experienced X-ray
changes. No significant X-ray changes were seen in
fitters, joiners, or electricians, who were exposed only to
the “general dustiness” of the works for up to 50 years,
or in ingot casters, who worked with molten tin (Robert-
son & Whitaker, 1955; Robertson, 1960). Lung function
measurements (forced expiratory volume and airway
resistance) were normal. Mortality at the tin smelting
works was lower than expected (observed 131, expected
166 deaths) in comparison with the male United King-
dom population for the period 1921-1955. The concen-
trations of tin (in mg/m°) associated with particle size
<5 pum (Hexlet sampler) were given in section 6.3. The
number of samples and strategy and methods of
sampling and analysis were not described, and total
airborne tin concentrations were not measured
(Robertson, 1964).

Autopsy findings were given for seven tin workers
with abnormal radiographs. None had died of pulmonary
disease. Aggregates of macrophages containing dust
were seen around respiratory bronchioles and less
commonly around segmental bronchi, in the alveoli, in
the interlobular septa, and in the perivascular lymph-
atics. The mild focal emphysema observed was assumed
to be clinically insignificant and was considerably less
severe than that seen in coal workers’ pneumoconiosis.
No fibrosis was present. Chemical and X-ray diffraction
analysis showed that the lungs contained tin(IV) oxide.
X-ray emission microanalysis identified tin in a minute
particle of dust in lung phagocytes (Robertson et al.,
1961). A survey carried out over a number of years of
workers exposed to condensation aerosols formed during
the smelting of tin and consisting mainly of tin(1V)
oxide found that the total silica concentration in the
aerosols did not exceed 3% and that the total dust
concentration in air varied between 3 and 70 mg/m?®.
Workers developed pneumoconiosis after 6-8 years of
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employment. No cases of pneumoconiosis were
observed 10 years after the dust concentration had been
reduced to 10 mg/m?>. No further details were given
(Hlebnikova, 1957).

Symptoms such as wheezing, cough, chest pain,
and dyspnoea on exertion, reported in workers handling
tin(1V) chloride, were probably due to elevated levels of
hydrogen chloride formed by the combination of tin(IV)
chloride and water in the presence of heat (Levy et al.,
1985).

The lung cancer experience of tin miners in China
(principally in Yunnan province) and England has been
assessed. In the English studies (covering 1939-1986),
an increased mortality from cancer of the lung was seen
in a cohort of Cornish tin miners, but the data indicated
the main risk factors to be tobacco smoking and radon
exposure (Fox et al., 1981; Hodgson & Jones, 1990). In
the Chinese studies of workers at the Yunnan Tin
Corporation, 1724 lung cancer cases were registered
during the period 1954-1986, of whom 90% had a
history of working underground. Tin was not considered
a contributing factor; the major causes were believed to
be radon, arsenic, tobacco, and diet (Qiao et al., 1989,
1997; Taylor et al., 1989; Forman et al., 1992). A nested
case—control study of lung cancer in four Chinese tin
mines revealed an increased risk of lung cancer; the
main risk factors were smoking and arsenic exposure,
along with cumulative exposure to dust containing
crystalline silica (Chen & Chen, 2002).

Uraemic patients might be especially prone to
accumulate trace elements from environmental sources,
and elevated tin levels have been found in muscle,
serum, liver, and kidney of such patients. As tin affects
kidney enzyme activity in animals, it has been suggested
that tin might be involved in a degenerative feedback
effect in uraemic patients (Rudolph et al., 1973;
Nunnelley et al., 1978). In a Belgian case—control study
(n =272 men and women), a significantly increased risk
(odds ratio 3.72, 95% confidence interval 1.22-11.3) of
chronic renal failure was found for occupational
exposure to tin. Exposures were reconstructed from self-
reported occupational histories by three industrial
hygienists independently (Nuyts et al., 1995).

Plasma and red blood cell tin concentrations were
higher in patients with Alzheimer disease (plasma 21.6
nmol/litre and red blood cells 32 nmol/litre) than in
those with multi-infarct dementia (12.4 and 19.9
nmol/litre) and controls (11.6 and 21.7 nmol/litre)
(Corrigan et al., 1991, 1992). There were negative
correlations between tin levels and the red blood cell
polyunsaturated fatty acid levels in the Alzheimer
disease patients (16 women, 8 men, mean age 77.4
years, SD 8.3 years), and the authors suggested that tin
may be involved in lipid peroxidation in that illness
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(Corrigan et al., 1991). Later studies involving the
analysis of tin in hippocampal tissues obtained post-
mortem from patients with Alzheimer disease and
controls found no significant difference in tin concen-
trations in the tissues (Corrigan et al., 1993).

In summary, occupational exposure to tin(I1V) oxide
dust or fumes has induced stannosis, with no indication
of fibrosis or apparent disability beyond chest X-ray
opacities. In one case—control study, an increased risk of
chronic renal failure was reported. Excretion rates of
zinc and selenium were moderately changed in subjects
who ingested about 0.7 mg of tin per kg body weight per
day for 20 days.

10. EFFECTS ON OTHER ORGANISMS IN
THE LABORATORY AND FIELD

Most laboratory testing with aquatic organisms has
been carried out with the soluble tin(l11) chloride, leading
to a classification of moderately toxic to aquatic organ-
isms. However, speciation under environmental condi-
tions favours the tin oxide compounds, which have low
toxicity in organisms largely due to their low solubility,
poor absorption, low accumulation in tissues, and rapid
excretion.

10.1  Aquatic environment

The toxicity of inorganic tin to aquatic organisms is
summarized in Table 9. The most sensitive microalgae
are the marine diatoms Skeletonema costatum and
Thalassiosira guillardii, with 72-h ECsgs of tin(11),
based on growth inhibition, of around 0.2 mg/litre.
Acute LC/ECsps of tin(l1) for aquatic invertebrates range
from 3.6 to 140 mg/litre, with a 21-day ECsg, based on
reproductive success in daphnids, of 1.5 mg/litre. The
fish toxicity tests clearly show that tin(I\V) chloride is
less toxic than the more soluble tin(l1) chloride. Ninety-
six-hour LCsgs for fish range from 35 mg/litre for tin(ll)
to >1000 mg/litre for tin(1VV). Embryo-larval test results
(7- to 28-day LCsps) for fish and amphibians range from
0.1 to 2.1 mg/litre for tin(ll).

The toxicity of tin(IV) chloride to three pure strains
of sulfate-reducing marine bacteria isolated from a
tributyltin-polluted sediment was determined. Adverse
effects on suspended anaerobic cell cultures were
reported at concentrations ranging from 130 mg of
tin(1V) per litre (500 pumol/litre) to 156 mg/litre
(600 umol/litre) (Lascourreges et al., 2000).

Pawlik-Skowronska et al. (1997) found that tin(I1)
and tin(IV) salts inhibited the growth of planktonic
cyanobacteria (Synechocystis aquatilis). Toxicity
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increased with increasing tin concentrations, time of
exposure, and pH value of the medium (in the pH range
7.0-9.8); tin(1l) seemed to be more toxic than tin(1V). At
the lowest tin(I1) concentration of 1 mg/litre, there was a
36-40% decrease in growth and chlorophyll a content
after 96 h at pH 9.8. The presence of humic acids
reduced the toxicity of tin. At high pH values, anionic tin
species such as SnOsH ™, SnO4%", or SN(OH)e exist,
whereas at neutral or acidic pH values, cationic or
neutral tin species like Sn(OH)*, Sn(OH),**, Sn(OH),, or
SnO are present.

10.2 Terrestrial environment

Kick et al. (1971) found adverse effects on the yield
of spring wheat (expressed as dry weight) at soil
inorganic tin(I1) concentrations of 125 mg/kg; however,
the addition of sludge completely eliminated the toxic
effect due to an increase in soil nutrient content and a
decrease in soil acidity. Sinapis alba seeds showed low
sensitivity to inorganic tin, with 72-h ECxs, based on
root growth inhibition, of 281 mg/litre for tin(ll) (as
tin(11) chloride) and 417 mg/litre for tin(1V) (as sodium
stannate) (Fargasova, 1994).

Inorganic tin (as tin(l1) chloride) had no significant
effect on day-old chicks fed a diet containing 200 mg of
tin per kg for 21 days (Howell & Hill, 1978). A signi-
ficant increase in myopathy was reported in ducklings
during a 4-week exposure to 1000 mg of tin per kg (as
tin(11) chloride) in the diet (Van Vleet, 1982).

Tin(1l) chloride was found to cause 60% repellency
(percentage of mice refusing to eat more than 50% of
wheat treated with 2.0% tin(I1) chloride) in house mice
(Mus musculus) (Schafer & Bowles, 1985).

11. EFFECTS EVALUATION

11.1 Evaluation of health effects

11.1.1 Hazard identification and dose-response

assessment

Occupational inhalation of particles containing
water-insoluble tin compounds has been associated with
a benign pneumoconiosis (stannosis) observed as X-ray
opacities. Where information was given, this effect was
restricted to workers in particularly dusty work areas.
This condition is not associated with fibrosis and appears
not to be associated with any apparent lung dysfunction.
The literature on long-term inhalation of inorganic tin
consists mainly of case-reports in humans, with poor
exposure assessment and old methods of examination.
Reports on effects concerning microscopic pathology
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Table 9: Toxicity of inorganic tin compounds to aquatic species.

Tin
concentration

Organism End-point lon® (mg/litre) Reference
Microorganisms
Bacterium (Pseudomonas 1-h ECs (viability) sn*® 245 Han & Cooney (1995)
fluorescens)
Bacterium (Serratia sp.) 1-h ECs (viability) sn*® 287 Han & Cooney (1995)
Marine bacterium ECso (bioluminescence) sn? 2.3 Thomulka & Lange (1996)
(Vibrio harveyi)
Cyanobacterium 4-h ECs (primary productivity) sn? >5 Wong et al. (1982)
- so (primary productivity n > ong et al.
(Anabaena flosaquae) 4-h ECso (pri ductivity) Sn*tP 5 W l. (1982)
Green alga (Ankistrodesmus 8-day ECso (growth inhibition) ° sn? 12 Wong et al. (1982)
falcatus) 4-h ECs (primary productivity) sn? 14 Wong et al. (1982)
8-day ECs (growth inhibition) © sSn*tP 2 Wong et al. (1982)
4-h ECs (primary productivity) S 12 Wong et al. (1982)
Green alga (Scenedesmus 4-h ECs (primary productivity) sn? >50 Wong et al. (1982)
quadricauda) 4-h ECs (primary productivity) Sn*® >50 Wong et al. (1982)
Diatom (Skeletonema costatum) 72-h ECs, (growth inhibition) © sn? 0.2 Walsh et al. (1985)
Diatom (Thalassiosira guillardii)  72-h ECs, (growth inhibition) © sn? 0.2 Walsh et al. (1985)
Ciliate (Tetrahymena pyriformis) 3-h ECs, (growth inhibition) sn¢ 132 Sauvant et al. (1995)
6-h ECs (growth inhibition) sn¢ 80 Sauvant et al. (1995)
9-h ECs (growth inhibition) sn¢ 90 Sauvant et al. (1995)
Invertebrates
Pulmonate snail (Taphius 24-h NOEC (behaviour) sn? 10 Harry & Aldrich (1963)
glabratus)
Tubificid worm (Tubifex tubifex)  48-h ECs, (immobilization) sn* 140 Khangarot (1991)
96-h ECs, (immobilization) sn* 21 Khangarot (1991)
48-h LCs sn* 54.9 Fargasova (1994)
96-h LCs sn* 30 Fargasova (1994)
48-h LCs sn*e 33.1 Fargasova (1994)
96-h LCsg sn*e 27.5 Fargasova (1994)
Amphipod (Crangonyx 48-h LCs sn* 71.8 Martin & Holdich (1986)
pseudogracilis) 96-h LCsp Sn? 50.1 Martin & Holdich (1986)
Water flea (Daphnia magna) 24-h LCsg sn* 37 Khangarot et al. (1987)
48-h LCs sn* 19.5 Khangarot et al. (1987)
48-h LCs sn* 55 Biesinger & Christensen (1972)
21-day LCso sn* 42 Biesinger & Christensen (1972)
21-day ECs, (reproductive inhibition) ~ Sn** 1.5 Biesinger & Christensen (1972)
48-h LCs sn* 32.9 Cabejszek & Stasiak (1960)
48-h ECs, (immobilization) sn* 21.6 Khangarot & Ray (1989)
Midge (Chironomus plumosus)  48-h LCsp sn* 8.3 Fargasova (1994)
96-h LCs sn* 3.6 Fargasova (1994)
48-h LCsp sn*e 8.3 Fargasova (1994)
96-h LCs sn*e 3 Fargasova (1994)
Fish
Goldfish (Carassius auratus) 7-day LCs, (embryo-larval test) sn* 2.1 Birge (1978)
Carp (Cyprinus carpio) 96-h ECs, (hatching success) sn* 295 Kapur & Yadav (1982)
Mud dab (Limanda limanda) 96-h LCsg sn* 35 Taylor et al. (1985)
Largemouth bass (Micropterus  8-day LCs, (embryo-larval test) sn* 1.9 Birge et al. (1978)
salmoides)
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Table 9 (Contd)

Tin
concentration

Organism End-point lon? (mg/litre) Reference

Rainbow trout (Oncorhynchus 28-day LCso (embryo-larval test) sn? 0.4 Birge (1978); Birge et al. (1978)
mykiss)

Killifish (Oryzias latipes) 48-h LCs sSn*tP 4809 Tsuiji et al. (1986)

Zebra fish (Brachydanio rerio) ~ 96-h LCsp" sSn*tP >1000 Hoechst AG (1995)
Amphibians

Marbled salamander 8-day LCso (embryo-larval test) sn* 0.9 Birge etal. (1978)

(Ambystoma opacum)

Eastern narrow-mouthed toad 7-day LCs, (embryo-larval test) sn* 0.1 Birge (1978)

(Gastrophryne carolinensis)

Tin(ll) chloride unless otherwise stated.
Tin(lV) chloride.

Based on cell yield.

Salt not stated.

Sodium stannate (Na,SnOs).

24- 10 96-h LCss all 35 mg/litre.

S a@ - o a o T 9o

OECD Guideline 203 (fish, acute toxicity test).

and cell toxicity in the respiratory system are scarce. The
information is insufficient to assess the health risk to the
lungs.

Tin metal is not a skin irritant, but tin(I1) chloride
was irritating to human skin, and tin(I1) and tin(1V)
chlorides were irritating to the skin and oral mucosa of
rats.

Occasional cases of allergic contact dermatitis in
humans have been reported. However, the scarcity of
reported reactions, despite its widespread use, suggests
that tin is not an important contact allergen.

On acute ingestion, tin salts (e.g. tin(I1) chloride)
can cause gastrointestinal irritation, nausea, vomiting,
abdominal cramps, and diarrhoea in humans.

Tin absorbed from the gut may interfere with the
status of other important metallic minerals (e.g. zinc).
On repeated ingestion, the critical effect of absorbed tin
might be the decrease of calcium content in bone.
Interference with the status of minerals has been
observed at similar oral doses (0.6-0.7 mg of tin per kg
body weight per day) in humans and laboratory animals.
In laboratory animals, repeated ingestion has led to
changes in enzyme levels in blood, liver, kidney, and
bone and degenerative changes in liver and kidney. In an
old lifetime study, degenerative changes were reported
in the liver and kidneys of rats ingesting about 0.4 mg of
tin per kg body weight per day from the drinking-water,
but such effects were not seen in a later 2-year study, in
which rats and mice ingested tin at much higher (at least
100-fold) doses from the diet. In certain studies, exact
daily doses are difficult to estimate due to the study
designs and lack of information in the reports. The most
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24- and 48-h LCsps at 10 °C, 20 °C, and 30 °C all 480 mg/litre; precipitated in the test solution.

comprehensive long-term study of reasonable quality
involved continuous administration of tin(l1) chloride in
the diet of rats and mice at 0, 1000, or 2000 mg/kg for
2 years. Food consumption, growth, survival, and the
gross and microscopic appearance of a wide range of
tissues and organs were evaluated. In rats, the NOAEL
was 1000 mg/kg diet, equivalent to 30 mg/kg body
weight per day; at the higher dose, survival was
decreased in the males. The male mice showed no
effects (NOAEL 180 mg/kg body weight per day).
Female mice were normal at 1000 mg/kg diet (NOAEL
130 mg/kg body weight per day), but survival was
reduced at 270 mg/kg body weight per day (NTP, 1982).

Good-quality carcinogenicity studies are available
on rats and mice administered tin(I1) chloride in the diet
for 2 years. Other, more limited, investigations of car-
cinogenicity potential have been carried out, notably on
tin metal, tin(I1) chloride, and tin(ll) 2-ethylhexanoate.
None of these studies gave any clear evidence of
carcinogenicity, although there is some doubt regarding
the C-cell tumours in the thyroid gland in male rats in
the best available study.

Investigation of the genotoxicity potential of tin
compounds in vivo is limited, but has not revealed any
evidence of activity. Several in vitro studies also gave
negative results, but inorganic tin compounds have
induced DNA damage in human white blood cells,
hamster ovary cells, and E. coli bacteria, as well as
chromosome damage in hamster ovary cells. Some
evidence suggests that the DNA damage may be a
secondary effect associated with reactive oxygen
species. The mechanism resulting in chromosome
damage has not been determined, although it is known
that certain inorganic salts can give positive results in
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such assays as the result of changes in the ionic strength
or pH of the test medium.

11.1.2 Criteria for setting tolerable intakes/
concentrations

The very limited information on the levels of
exposure in the worker populations where cases of
stannosis have been diagnosed does not allow the setting
of tolerable concentrations for inhaled tin compounds.

Limited data are available on the ability of ingested
tin to adversely affect zinc absorption in humans. In one
volunteer study, plasma appearance of zinc 1-4 h
following a zinc dose of 12.5 mg was unaffected by
concomitant ingestion of up to 100 mg tin (as tin(I1)
chloride) (Solomons et al., 1983). However, others
reported that a single dose of 36 mg tin (again, as tin(Il)
chloride), taken with up to 6 mg zinc (as radiolabelled
zinc dichloride), resulted in a lower zinc retention
(whole-body counting) 7-10 days later (Valberg et al.,
1984). Moderate disturbances in zinc excretion rates
were reported when the normal diet (supplying 0.11 mg
of tin per day) of eight men was supplemented with
50 mg of tin per day (as tin(1l) chloride in fruit juice)
(Greger et al., 1982; Johnson & Greger, 1982; Johnson
etal., 1982).

Early literature contains a number of reports of
gastrointestinal effects (notably nausea, abdominal
cramps, vomiting, and diarrhoea) following the intake of
fruit or juice from unlacquered tin cans. Although the tin
doses involved have been estimated (at 30-200 mg),
confidence in the accuracy of these figures is low.

Two recent volunteer studies provided a better
insight into effective doses and, perhaps more
importantly, concentrations. The first study involved
ingestion of 250 ml of tomato juice to which tin(I1)
chloride had been added to give tin concentrations of
161, 264, or 529 mg/kg. The control juice contained tin
at <0.5 mg/kg. One volunteer experienced mild gastro-
intestinal symptoms at 161 mg/kg (a dose of about 40
mg tin); typical tin-induced acute symptoms were seen at
264 and 529 mg/kg (about 66 and 132 mg tin). Serum
levels of tin did not increase at 0.5-4 h post-dosing at
any dose, supporting the view that acute effects of tin
ingestion are dependent upon concentration (resulting in
local gastric irritation) rather than due to systemically
absorbed tin (Boogaard et al., 2003). A second study,
published by the same investigators, involved ingestion
of tomato soup containing tin that had migrated from
unlacquered cans; consequently, the tin species involved
might be a better match for those that arise in canned
food. The volunteers ingested 250 ml of tomato soup
containing migrated tin at <0.5, 201, or 267 mg/kg.
There was no evidence that consumption at these
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concentrations (up to about 67 mg tin) produced any
acute effects (Boogaard et al., 2003).

11.1.3 Sample risk characterization
11.1.3.1 Exposure of the sample population

For the general population, the major source of tin is
the diet. By comparison, drinking-water and inhaled air
contribute insignificant amounts.

From data on mean tin intake from food for the
populations of seven countries (Australia, France, Japan,
Netherlands, New Zealand, the United Kingdom, and the
USA), JECFA (2001) concluded that tin intakes ranged
from <1 up to 15 mg/person per day.

Certain individuals who routinely consume canned
fruits, vegetables, and juices from unlacquered cans
could ingest 50-60 mg of tin daily (Johnson & Greger,
1982; Sherlock & Smart, 1984; JECFA, 2001).

Those who consume about four servings of food
stored in open unlacquered cans, on a daily basis, might
consume in the region of 200 mg of tin per day (Greger
& Baier, 1981; JECFA, 2001).

11.1.3.2 Health risks in the sample population

Although a no-effect level for inhibition of zinc
absorption has not been clearly established, the lowest
dose reported to have this effect (36 mg) is about 2.5 to
>36 times higher than the estimated mean population
intakes as summarized by JECFA. However, those who
routinely consume canned fruits, vegetables, and juices
from unlacquered cans could have tin intakes (50-60
mg) that are similar to the acute (36 mg) or repeated
(50 mg) dose levels reported in some studies to affect
zinc absorption or balance. Whether this would have any
clinical effect is likely to be critically dependent upon an
adequate dietary supply of zinc.

Of the two recent studies on the acute gastro-
intestinal effects of tin, one showed a LOAEL of
approximately 66 mg of tin (264 mg/kg food). The other,
which may be more relevant, found no evidence of
effects at a similar dose of 67 mg of tin (267 mg/kg
food). This dose is approximately 4.5 to >67 times
higher than the values reported in JECFA (2001) as
estimates of mean population dietary intakes for seven
countries, but similar to the estimated daily intake (50—
60 mg) of those individuals who routinely consume
canned fruits, vegetables, and juices from unlacquered
cans.
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11.1.4 Uncertainties in the evaluation of health
risks

Data on possible effects by inhalation exposure are
rare. It is unclear whether occupational exposure to tin
poses any extra risk to workers with existing renal
disease.

Consumers with a high proportion of the diet con-
sisting of foods or beverages from unlacquered cans may
have higher than average exposure, especially with
regard to canned acid fruits, juice, tomatoes, and tomato
products. These may include people on low incomes, the
elderly, and institutionalized individuals.

Chronic tin consumption might affect mineral
balance in humans. It is unclear to what extent those
individuals whose zinc status is marginal may be at extra
risk due to consumption of tin in food. Such populations
might include those with only low levels of zinc or those
who are in a marginal nutritional status regarding zinc
(e.g. the elderly, children, and pregnant women).

The possible significance of the increase in thyroid
tumours that developed in rats fed tin(Il) chloride in the
diet for 2 years has not been firmly established.

Tin compounds have been subjected to only limited
testing for genotoxicity potential. There is uncertainty
over the mechanism by which some tin compounds
apparently induce DNA damage and chromosome
damage in mammalian cells in culture.

11.2 Evaluation of environmental effects

Ambient levels of tin in the environment are
generally quite low, except in the vicinity of local
pollution sources. Most monitoring studies have
analysed only for total tin, and in these cases the
proportion of inorganic tin will vary depending on
sampling time and site. Therefore, in order to compare
environmental concentrations with toxicity, only
analytical results based on inorganic tin have been
considered in the evaluation.

Tin may be transported in the atmosphere following
the release of particulate matter derived from the com-
bustion of fossil fuels and solid wastes. Inorganic tin
compounds are non-volatile under environmental condi-
tions. Average tin concentrations in air are generally
below 0.1 pg/m?, with higher concentrations near some
industrial facilities.

In general, tin occurs in trace amounts in natural
waters; higher inorganic tin concentrations are associ-
ated with industrial discharges and tributyltin use
(tributyltin degrades ultimately to inorganic tin). In a
survey of lakes and rivers, nearly 80% of samples were
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found to contain inorganic tin at concentrations below

1 pg/litre; higher levels of up to 37 pg/litre were
reported near local pollution sources. Inorganic tin
concentrations ranging from 0.001 to 0.01 pg/litre have
been reported for coastal waters, with levels of up to

8 ug/litre near anthropogenic sources. Concentrations of
inorganic tin displayed extreme variability both tempor-
ally and spatially within enclosed harbours and were
largely influenced by localized inputs. Concentrations
generally ranged from <0.005 to 0.2 pg/litre; however,
levels of up to 48.7 pg/litre were found near local dis-
charges and significant tributyltin usage.

In the environment, tin compounds are generally
only sparingly soluble in water and are likely to partition
to soils and sediments. Inorganic tin concentrations in
sediment ranged up to 8 mg/kg dry weight in coastal
areas and up to 15.5 mg/kg in rivers and lakes. Total tin
concentrations in soil can range from <1 to 200 mg/kg,
but levels of 12000 mg/kg may occur in areas of high tin
deposits.

Inorganic tin may undergo oxidation—reduction,
ligand exchange, and precipitation reactions in the
environment. The biomethylation of inorganic tin has
been demonstrated in pure bacterial cultures, sediments,
and decaying plant material. Inorganic tin compounds
may be bioconcentrated by organisms, but data are
limited.

Under environmental speciation conditions,
inorganic tin compounds have low toxicity in both
aquatic and terrestrial organisms, largely due to their low
solubility, poor absorption, often low accumulation in
tissues, and rapid excretion. Most laboratory testing with
aquatic organisms has been carried out with the soluble
tin(11) chloride. Figure 1 summarizes the toxicity of
inorganic tin to a range of aquatic organisms (data from
Table 8). The most sensitive microalgae are the marine
diatoms, with 72-h ECsgs of tin(ll), based on growth
inhibition, of around 0.2 mg/litre. Acute LC/ECxgs of
tin(Il) for aquatic invertebrates range from 3.6 to 140
mg/litre, with a 21-day ECsp, based on reproductive
success in daphnids, of 1.5 mg/litre. The fish toxicity
tests clearly show that tin(IV) chloride is less toxic than
the more soluble tin(11) chloride. Ninety-six-hour LCsqS
for fish range from 35 mg/litre for tin(1l) to >1000
mg/litre for tin(1V). In longer-term embryo-larval tests
(7- to 28-day LCsgs), results for fish and amphibians
range from 0.1 to 2.1 mg/litre for tin(ll).

In the environment, inorganic tin will partition to
soil and sediment, and, as a consequence, bioavailability
to organisms will tend to be low. Generally, as can be
seen from Figure 1, the acute toxicity to aquatic
organisms is low to moderate. Concentrations showing
toxicity to organisms are generally several orders of
magnitude higher than those found in the environment.
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Figure 1: Toxicity of inorganic tin to aquatic organisms.

The most sensitive test results were 72-h exposures to
diatoms and embryo-larval amphibian studies, with toxic
effects seen at 0.1 to 0.2 mg/litre for tin(ll). Even at
these concentrations, toxic effects caused by inorganic
tin are unlikely, even near sources of local pollution. It
should be noted that where concentrations are expressed
as total tin, a percentage is likely to be in the form of
organotins, such as tributyltin, which are more bio-
available and toxic. For more information on the
environmental fate and toxicity of tributyltin, please
refer to IPCS (1990, 1999).
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12. PREVIOUS EVALUATIONS BY IOMC
BODIES

JECFA has reviewed the toxicological literature on
inorganic tin on a number of occasions (e.g. JECFA,
1989, 2001, 2005).

1 At the 64th JECFA meeting in Rome in February 2005, the
Committee concluded that the data available indicated that it is
inappropriate to establish an acute reference dose for inorganic
tin, since whether or not irritation of the gastrointestinal tract
occurs after ingestion of a food containing tin depends on the
concentration and nature of tin in the product, rather than on
the dose ingested on a body weight basis. Therefore, the
Committee concluded that the short-term intake estimates were
not particularly relevant for the assessment, as they were
estimated likely doses of total inorganic tin. The Committee
reiterated its opinion, expressed at its 33rd and 55th meetings,
that the available data for humans indicated that inorganic tin
at concentrations of >150 mg/kg in canned beverages or
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IARC has not evaluated the carcinogenic potential
of tin compounds. IARC has evaluated inorganic
fluorides, including tin(I1) fluoride, and concluded that
these are not classifiable as to their carcinogenicity to
humans. Evidence for carcinogenicity of inorganic
fluorides was considered inadequate for both humans
and laboratory animals (IARC, 1987).

>250 mg/kg in canned foods may produce acute manifestations
of gastric irritation in certain individuals. Therefore, ingestion
of reasonably sized portions containing inorganic tin at con-
centrations equal to the proposed standard for canned
beverages (200 mg/kg) may lead to adverse reactions. No
information was available as to whether there are subpopula-
tions that are particularly sensitive for such adverse reactions.
The Committee reiterated its advice that consumers should not
store food and beverages in open tin-plated cans. In addition,
the Committee noted that the basis for the PMTDI and PTWI
established at its 26th and 33rd meetings was unclear and that
these values may have been derived from intakes associated
with acute effects. The Committee concluded that it was
desirable to (re)assess the toxicokinetics and effects of
inorganic tin after chronic exposure to dietary doses of
inorganic tin at concentrations that did not elicit acute effects
(JECFA, 2005).
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