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PROVISIONAL PEER-REVIEWED TOXICITY VALUES FOR
SOLUBLE TUNGSTEN COMPOUNDS
(Various CASRNs)

BACKGROUND

A Provisional Peer-Reviewed Toxicity Value (PPRTV) is defined as a toxicity value
derived for use in the Superfund Program. PPRTVs are derived after a review of the relevant
scientific literature using established Agency guidance on human health toxicity value
derivations. All PPRTYV assessments receive internal review by a standing panel of National
Center for Environment Assessment (NCEA) scientists and an independent external peer review
by three scientific experts.

The purpose of this document is to provide support for the hazard and dose-response
assessment pertaining to chronic and subchronic exposures to substances of concern, to present
the major conclusions reached in the hazard identification and derivation of the PPRTVs, and to
characterize the overall confidence in these conclusions and toxicity values. It is not intended to
be a comprehensive treatise on the chemical or toxicological nature of this substance.

The PPRTV review process provides needed toxicity values in a quick turnaround
timeframe while maintaining scientific quality. PPRTV assessments are updated approximately
on a 5-year cycle for new data or methodologies that might impact the toxicity values or
characterization of potential for adverse human health effects and are revised as appropriate. It is
important to utilize the PPRTV database (http://hhpprtv.ornl.gov) to obtain the current
information available. When a final Integrated Risk Information System (IRIS) assessment is
made publicly available on the Internet (http://www.epa.gov/iris), the respective PPRTVs are
removed from the database.

DISCLAIMERS

The PPRTV document provides toxicity values and information about the adverse effects
of the chemical and the evidence on which the value is based, including the strengths and
limitations of the data. All users are advised to review the information provided in this
document to ensure that the PPRTV used is appropriate for the types of exposures and
circumstances at the site in question and the risk management decision that would be supported
by the risk assessment.

Other U.S. Environmental Protection Agency (EPA) programs or external parties who
may choose to use PPRTVs are advised that Superfund resources will not generally be used to
respond to challenges, if any, of PPRTVs used in a context outside of the Superfund program.

This document has been reviewed in accordance with U.S. EPA policy and approved for
publication. Mention of trade names or commercial products does not constitute endorsement or
recommendation for use.

QUESTIONS REGARDING PPRTVs

Questions regarding the contents and appropriate use of this PPRTV assessment should
be directed to the EPA Office of Research and Development’s National Center for
Environmental Assessment, Superfund Health Risk Technical Support Center (513-569-7300).
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INTRODUCTION

Tungsten is a metallic element that increases the hardness, toughness, elasticity, and
strength of steel and other metal alloys (HSDB, 2009b). Tungsten is used in electron lamps and
filaments for incandescent lamps (HSDB, 2009b). It is also used in the preparation of green and
blue pigments (HSDB, 2009b). The U.S. military has used tungsten as a replacement for lead
and depleted uranium in munitions since the late 1990s (Osterburg et al., 2014). Tungsten has
very low solubility in water and is not volatile (ECB, 2000). The chemical symbol for tungsten
is W.

Sodium tungstate is a chemical intermediate for metallic tungsten and tungsten
compounds (HSDB, 2009a). Sodium tungstate is used as a flame retardant textile treatment
agent (HSDB, 2009a). In addition, sodium tungstate is a reagent for biological products (HSDB
2009a). Sodium tungstate has high solubility in water and is not volatile (HSDB, 2009a). The
empirical formula for sodium tungstate is NaxO4W (see Figure 1).

Figure 1. Sodium Tungstate Structure

Sodium tungsten dihydrate is used in the fireproofing and waterproofing of fabrics
(O'Neil, 2006). The compound is also a catalyst in oxidation reactions and a corrosion inhibitor
in steel (O'Neil, 2006). Sodium tungstate dihydrate has high solubility in water (O'Neil, 2000).
The empirical formula for sodium tungstate dihydrate is NaaWO422H>0 (see Figure 2).

Figure 2. Sodium Tungstate Dihydrate Structure

Because soluble compounds of tungsten (i.e., sodium tungstate dihydrate and sodium
tungstate) are expected to ionize in the blood (McInturfet al., 2011; McInturf et al., 2008), the
systemic toxicities of the chemicals would be due to elemental tungsten (and not the particular
salt), thus the toxicities of the soluble compounds of tungsten would be expected to be similar on
a molar basis. Therefore, although the subchronic and chronic provisional oral reference doses
(p-RfDs) presented below are derived based on doses for elemental tungsten, the values are
applicable for soluble tungsten compounds (e.g., sodium tungstate dihydrate and sodium
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tungstate). A table of physicochemical properties for sodium tungstate and sodium tungstate
dihydrate are provided below (see Table 1). A summary of available toxicity values for soluble
tungsten compounds from the U.S. EPA and other agencies/organizations is provided in Table 2.

Table 1. Physicochemical Properties of Sodium Tungstate (CASRN 13472-45-2) and
Sodium Tungstate Dihydrate (CASRN 10213-10-2)

Property (unit) 13472-45-2* 10213-10-2°
Boiling point (°C at 760 mmHg) ND ND
Melting point (°C) 698 Decomposes at 100°C
Density (g/cm? at 20°C) 4.18 3.25¢
Vapor pressure (mmHg at 2,327°C) |ND ND
pH (unitless) ND ND
Solubility in water (g/L at 20°C) 742¢ 909
Relative vapor density (air = 1) ND ND
Molecular weight (g/mol) 293.82 329.85¢
2HSDB (2009a).
5O'Neil (2006).
°Lide (2005a); Lide (2005b)
dSigma-Aldrich (2014).
ND = no data.
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Table 2. Summary of Available Toxicity Values for Soluble Tungsten Compounds

(Various CASRN5)
Source/Parameter®®? ‘ Value | Notes Reference
Noncancer
ACGIH (TLV-TWA)
Soluble compounds of tungsten |1 mg W/m® |Basis: central nervous system ACGIH (2013); ACGIH

impairment; pulmonary fibrosis

(2001)

ACGIH (TLV-STEL)

Soluble compounds of tungsten |3 mg W/m? |Basis: central nervous system ACGIH (2013); ACGIH
impairment; pulmonary fibrosis (2001)
ATSDR (MRLs) NV NA ATSDR (2015)
Tungsten
Cal/EPA NV NA Cal/EPA (2015b);
Cal/EPA (2015a)
NIOSH (REL-TWA)
Soluble compounds of tungsten |1 mg W/m* |NA NIOSH (2015)
NIOSH (REL-STEL)
Soluble compounds of tungsten |3 mg W/m® |NA NIOSH (2015)
OSHA (PEL) OSHA (2011); OSHA
Soluble compounds of tungsten |1 mg W/m? |Construction industry (2006)
IRIS NV NA U.S. EPA (2015)
DWSHA NV NA U.S. EPA (2012a)
HEAST NV NA U.S. EPA (2011a)
CARA HEEP NV NA U.S. EPA (1994)
WHO NV NA WHO (2015)
Cancer
IRIS NV NA U.S. EPA (2015)
HEAST NV NA U.S. EPA (2011a)
IARC NV NA IARC (2015)
NTP NV NA NTP (2014)
Cal/EPA NV NA Cal/EPA (2015b);

Cal/EPA (2015a)
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Table 2. Summary of Available Toxicity Values for Soluble Tungsten Compounds

(Various CASRN5)

Source/Parameter™® Value Notes Reference
DWSHA NV NA U.S. EPA (2012a)
ACGIH (WOE) NV Sufficient data were not available to ACGIH (2013); ACGIH
Tungsten recommend carcinogenicity notations |(2001)

2Sources: ACGIH = American Conference of Governmental Industrial Hygienists; ATSDR = Agency for Toxic
Substances and Disease Registry; Cal/EPA = California Environmental Protection Agency; CARA = Chemical
Assessments and Related Activities; DWSHA = Drinking Water Standards and Health Advisories;

HEAST = Health Effects Assessment Summary Tables; HEEP = Health and Environmental Effects Profile;

IARC = International Agency for Research on Cancer; IRIS = Integrated Risk Information System; NIOSH = The
National Institute for Occupational Safety and Health; NTP = National Toxicology Program; OSHA = Occupational
Safety and Health Administration; WHO = World Health Organization.

"Parameters: MRL = minimum risk level; PEL = permissible exposure limit; REL-STEL = recommended exposure
limit—short-term exposure limit; REL-TWA = recommended exposure limit—time weighted average;

TLV-STEL = threshold limit value—short-term exposure limit; TLV-TWA = threshold limit value—time-weighted
average; WOE = cancer weight of evidence.

NA = not applicable; NV = not available

Literature searches were conducted on sources published from 1900 through August 2015
for studies relevant to the derivation of provisional toxicity values for tungsten and sodium
tungstate (CASRN 7440-33-7, 13472-45-2, and 10213-10-2). Searches were conducted using
U.S. EPA’s Health and Environmental Research Online (HERO) database of scientific literature.
The following databases were searched: PubMed, TOXLINE (including TSCATS1), and Web of
Science. The following databases were searched outside of HERO for health-related values:
ACGIH, ATSDR, Cal/EPA, U.S. EPA IRIS, U.S. EPA HEAST, U.S. EPA Office of Water
(OW), U.S. EPA TSCATS2/TSCATSS8e, NIOSH, NTP, and OSHA.

REVIEW OF POTENTIALLY RELEVANT DATA (NONCANCER AND CANCER)

Tables 3A and 3B provide an overview of the relevant database for tungsten and sodium
tungstate and include all potentially relevant repeated-dose short-term-, subchronic-, and
chronic-duration studies. Principal studies are identified. The phrase “statistical significance,”
used throughout the document, indicates a p-value of < 0.05, unless otherwise noted.
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Table 3A. Summary of Potentially Relevant Noncancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry?® Critical Effects NOAEL? BMCL? LOAEL? (comments) Notes”
Human
1. Oral®
ND
2. Inhalation®
ND
Animal
1. Oral®
Short-term 2224 M/22-24 F, 0, 1.3, 39, 78, 125 |Reduced immune 78 40 for 125 (immune Osterburg et |PR
C57BL6 mouse, in drinking water |response to decreased suppression) al. (2014)
sodium tungstate Staphylococcal number of
dihydrate in drinking |ADD: 0, 1.3, 39, |enterotoxin B (decreased cytotoxic
water, 28 d 78, 125 number of activated T cells in
helper and cytotoxic T spleen
cells in spleen, decreased
in situ production of
interferon [IFN]-y)
Short-term 4 M/0 F, Wistar rat, |0, 5, 50 ppm in No effects observed. 6.6 NDr NDr Chatterjee et |PR
sodium tungstate diet al. (1973

dihydrate in diet, 28 d

ADD: 0, 0.65, 6.6
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Table 3A. Summary of Potentially Relevant Noncancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry?® Critical Effects NOAEL? BMCL? LOAEL? (comments) Notes”
Subchronic 10 M/10 F, S-D rat, |0,6,47,78,125 |Goblet cell metaplasia |47 2.3 for goblet |78 (stomach USACHPPM |NPR, PS
sodium tungstate and inflammation of cell metaplasia |lesions) (2007a); The results
dihydrate in ADD: 0, 6, 47, 78, | glandular stomach in males USACHPPM |from this
deionized water via |125 (both sexes). Also, (2007b) study were
gavage, 90 d renal tubular lesions published in
(both sexes) and a
decreased body weight peer-review
(males only) in ed report by
high-dose group. McCain et
al. (2015).
Subchronic 5M/0 F, C57BL/6J |0, 15,200, Decreased body weight |49 78 for 250 (decreased |Kelly et al. PR
mouse, sodium 1,000 mg/L in and bone marrow decreased bone |body weight, (2013)
tungstate dihydrate in |drinking water cellularity in tibiae and marrow decreased bone
drinking water, 16 wk femora. cell count marrow
ADD: 0, 4, 49, cellularity)
250
Subchronic 5 M/6 F, unspecified |0, 0.1, 0.5, 2.0% in |Decreased body weight |NDr NDr 91 Kinard and PR
strain rat, as sodium |diet and mortality. (decreased body |Van de Erve
tungstate in diet, 70 d weight) (1941)
ADD: 0, 91, 455,
1,820 (M) Sodium
tungstate
0, 102, 510, 2,040 produced
F deaths within
30dat0.5or
2% W in diet.

Soluble Tungsten Compounds
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Table 3A. Summary of Potentially Relevant Noncancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry?® Critical Effects NOAEL? BMCL? LOAEL? (comments) Notes”
Subchronic 5 M/5 F, mixed 0, 2, 5, 10% in diet | Decreased body-weight [4,000 NDr 7,325 (decreased |Kinard and PR
Wistar albino and gain in females. body-weight Van de Erve
Minnesota piebald rat, | ADD: 0, 1,325, gain) (1943)
tungsten metal 3,450, 6,550 (M)
powder in diet, 70 d Tungsten
0, 1,450, 4,000, metal at up to
Note: This is the only {7,325 (F) 10% W in diet
available study on the produced no
repeated oral dose deaths after
toxicity of tungsten 70 d.
metal.
Subchronic 10 M/0 F, S-D rat, 0, 100, 200 ppm in |No effects observed. 27.8 NDr NDr Luo et al. PR
sodium tungstate in  |drinking water (1983)
drinking water, 19 wk
ADD: 0, 13.9,
27.8
Chronic 10 M/0 F, S-D rat, 0, 100 ppm in No effects observed. 11.9 NDr NDr Luo et al. PR
sodium tungstate in  |drinking water (1983)
drinking water, 30 wk
ADD: 0, 11.9
Chronic 37 M/35 F (exposed) |0, 5 ppm in No effects observed. 0.7 NDr NDr Schroeder and |PR
52 M/52 F (control), |drinking water Mitchener
Long-Evans rat, (1975b)
sodium tungstate in  |ADD: 0, 0.6 (M)
drinking water, 0,0.7 (F)
lifetime
Chronic 54 M/54 F, white 0, 5 ppm in No effects observed. 1 NDr NDr Schroeder and [PR
Swiss mouse, sodium |drinking water Mitchener
tungstate in drinking (1975a)
water, lifetime ADD: 0, 1 (M)
0,1 (F)

Soluble Tungsten Compounds
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Table 3A. Summary of Potentially Relevant Noncancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry?® Critical Effects NOAEL? BMCL? LOAEL? (comments) Notes”
Reproductive/ |12—16 M/12—16 F, 0, 1.3, 39, 78, 125 |Systemic: Reduced 78 Data not 125 (immune Osterburg et |PR
developmental |C57BL6 mouse, in drinking water |immune response to amenable to suppression) al. (2014)
sodium tungstate Staphylococcal BMD modeling
dihydrate in drinking |ADD: 0, 1.3, 39, |[enterotoxin B in
water, 19 wk (12 wk |78, 125 FO animals at PNW 3
premating, 1 wk (decreased number of
mating, 3 wk activated helper and
gestation, and 3 wk cytotoxic T cells in
post-parturition); F1 spleen, decreased in situ
offspring exposed for production of IFN-y) and
an additional 90 d F1 animals at
approximately
PNWs 15-16 (decreased
number of activated
helper and cytotoxic T
cells in spleen).
Reproductive: No effects | 125 NDr NDr
observed. (reproductive) (reproductive)
Developmental: No NDr NDr NDr
standard developmental |(developmental) (developmental)

endpoints were reported.
Impaired immune
function was observed at
PNWs 15-16; however,
effects could have been
due to the subchronic,
postweaning exposure
rather than
developmental exposure.
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Table 3A. Summary of Potentially Relevant Noncancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry?® Critical Effects NOAEL? BMCL? LOAEL? (comments) Notes”
Reproductive/ |40 M/40 F, S-Drat, |0, 3, 39,78 Systemic: Lack of 78 NDr NDr Mclnturf et al. |PR
developmental |sodium tungstate clinical signs of toxicity, (2011);
dihydrate in deionized | ADD: 0, 3, 39, 78 |body-weight effects, Mclnturf et al.
water via gavage, 70 d clear dose-related (2008)
(14 d premating, 14 d histopathological
mating, 22 d changes, or clear
gestation, 20 d dose-related changes in
post-parturition) neurobehavioral tests of
FO dams (pup retrieval,
open field behavior,
acoustic startle/prepulse
inhibition, Morris water
maze).
Reproductive: No effects |78 NDr NDr
observed. (reproductive) (reproductive)
Developmental: No 78 NDr NDr
effects observed. (developmental) (developmental)
Reproductive/ |15 M/24 F, Wistar rat, |0, 1 mg/mL in Systemic: Body weight |NDr NDr 160 (decreased |Ballester et al. |[PR
developmental |sodium tungstate in  |drinking water decreased in females of body weight) (2007);
drinking water, 12 wk the exposed group, Ballester et al.
and mate with ADD: 0, 147 (M) |compared with controls. (2005)
untreated animals 0, 160 (F)
Reproductive: No effects | 160 NDr NDr
observed. (reproductive) (reproductive)
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Table 3A. Summary of Potentially Relevant Noncancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of
Male/Female, Strain,
Species, Study Type, BMDL/ Reference
Category Study Duration Dosimetry?® Critical Effects NOAEL? BMCL? LOAEL? (comments) Notes”

2. Inhalation?®

ND

aDosimetry: Doses are equivalent tungsten doses in units of mg W/kg-day (doses for sodium tungstate x 62.6%). Tungsten accounts for 62.6% of total molecular weight
of NaxWOj4 (sodium tungstate). Presented BMDL/BMCL values were determined by the EPA for the purposes of this PPRTV assessment. Values are presented as
adjusted daily dose (ADD, in mg/kg-day) for oral noncancer effects.

"Notes: PS = principal study; PR = peer reviewed; NPR = not peer reviewed.

Treatment/exposure duration (unless otherwise noted): short-term = repeated exposure for >24 hours <30 days (U.S. EPA. 2002); long-term (subchronic) = repeated
exposure for >30 days <10% lifespan for humans (more than 30 days up to approximately 90 days in typically used laboratory animal species) (U.S. EPA. 2002);
chronic = repeated exposure for >10% lifespan for humans (more than approximately 90 days to 2 years in typically used laboratory animal species) (U.S. EPA. 2002).

BMR = bench mark response; ER = extra risk; F = female; FEL = frank effect level; M = male; NA = not applicable; ND = no data; NDr = not determined;
PNW = postnatal week; RD = relative deviation; S-D = Sprague-Dawley.
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Table 3B. Summary of Potentially Relevant Cancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of Male/Female,
Strain, Species, Study BMDL/ Reference
Category Type, Study Duration Dosimetry? Critical Effects BMCL? (comments) Notes®
Human
1. Oral (mg/kg-d)?
ND
2. Inhalation (mg/m%)?
ND
Animal
1. Oral (mg/kg-d)*
Carcinogenicity 10 M/0 F, S-D rat, sodium |0, 100, 200 ppm No effects observed. NDr Luo et al. (1983 PR
(tumor promotion) tungstate in drinking water,
19 wk HED: 0, 3.33, 6.67 (No evidence for
+ known carcinogen tumor promotion
NSEE by tungstate was
found.)
Carcinogenicity 10 M/0 F, S-D rat, sodium |0, 100 ppm No effects observed. NDr Luo et al. (1983)
(tumor promotion) tungstate in drinking water,
30 wk HED: 0, 2.86 (No evidence for
+ known carcinogen tumor promotion
NSEE by tungstate was
found.)
Carcinogenicity 37 M/35 F (exposed) 0, 5 ppm No effects observed. NDr Schroeder and PR
52 M/52 F (control), Mitchener (1975b)
Long-Evans rat, sodium HED: 0, 0.1 (M),
tungstate in drinking water, |0, 0.2 (F)
lifetime
Carcinogenicity 54 M/54 F, white Swiss 0, 5 ppm No effects observed. NDr Schroeder and PR
mouse, sodium tungstate in Mitchener (1975a)
drinking water, lifetime HED: 0, 0.1 (M),
0,0.1 (F)
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Table 3B. Summary of Potentially Relevant Cancer Data for
Soluble Tungsten Compounds (Various CASRN5)
Number of Male/Female,
Strain, Species, Study BMDL/ Reference
Category Type, Study Duration Dosimetry?* Critical Effects BMCL*? (comments) Notes”
Carcinogenicity 0 M/10-24 F, S-D rat, 0,0, 150 ppm After 125 d, the group exposed to NDr Wei et al. (1985) |PR
(tumor promotion) sodium tungstate in sodium tungstate tungstate + NMU had statistically significantly

drinking water, sacrificed
125 or 198 d after injection
with known carcinogen,
NMU

HED: 0, 0 + NMU,
4.8 + NMU

increased incidence of mammary carcinomas,
compared with the NMU-only group. After
198 d, both the NMU-only and

tungstate + NMU groups had >90% incidence
of mammary carcinomas. In both subgroups,
the first palpable mass was observed on D 56
in the tungstate + NMU group. In the
NMU-only group, the first palpable mass was
observed on D 71 and D 85 in the 125- and
198-d subgroups, respectively. No mammary
carcinomas were observed in the unexposed
control group. Tungstate-only exposure not
tested.

(Limited evidence
for tumor
promotion by
tungstate was
found.)

2. Inhalation (mg/m3)?

ND

aDosimetry: Doses are equivalent tungsten doses in units of mg W/kg-day (doses for sodium tungstate x 62.6%). Tungsten accounts for 62.6% of total molecular
weight of Na, WO, (sodium tungstate). Presented BMDL/BMCL values were determined by the EPA for the purposes of this PPRTV assessment.

"Notes: PS = principal study; PR = peer reviewed; NPR = not peer reviewed.

ND = no data; NDr = not determined.
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HUMAN STUDIES
Oral Exposures
No studies have been identified.

Inhalation Exposures
No studies have been identified.

A number of epidemiology studies have associated occupational exposure to dusts
containing tungsten (and tungsten compounds such as tungsten carbide and tungsten oxides) and
other metals in the hard metal alloy industry with pulmonary fibrosis, memory and sensory
deficits, and increased mortality due to lung cancer (ATSDR, 2005). However, respiratory and
neurological effects in hard metal alloy workers have been attributed to cobalt, rather than
tungsten (ATSDR, 2005).

Cross-sectional surveys of the U.S. general population have examined possible
associations between levels of metals (including tungsten) in urine or blood and serum thyroid
levels (Yorita Christensen, 2012), cardiovascular and cerebrovascular disease (Agarwal et al.,
2011), and various medical conditions (Mendy et al., 2012). In these studies, however, the
subjects’ route of exposure is unknown. The studies are described in Table C-2 in Appendix C.

ANIMAL STUDIES
Oral Exposures

Overview of Animal Oral Exposure Studies

Noncancer endpoints evaluated in animals repeatedly exposed orally to sodium tungstate
include: (1) comprehensive endpoints as per U.S. EPA Health Effects Testing Guideline Office
of Prevention, Pesticides and Toxic Substances (OPPTS) 870.3100 in Sprague-Dawley (S-D)
rats exposed by gavage for 90 days (USACHPPM. 2007a, b); (2) neurological, systemic, and
reproductive endpoints as per U.S. EPA Testing Guideline OPPTS 870.3650 in S-D rats exposed
by gavage for 70 days before mating, during mating and gestation, and during early postnatal
periods (McInturfet al., 2011; McInturf et al., 2008); (3) hematological and spleen cell endpoints
in response to bacterial toxin injection in C57BL6 mice following 28-day exposure or about
19 weeks of exposure starting 90 days before mating and continuing through gestation and
weaning (Osterburg et al., 2014); (4) body weight and bone marrow cellularity endpoints in
C57BL/6J mice exposed via drinking water for 16 weeks (Kelly et al., 2013); (5) body weight
and histology of esophagus and forestomach in S-D rats exposed via drinking water for 19 or
30 weeks (Luo et al., 1983); (6) body weight and reproductive endpoints in Wistar rats exposed
via drinking water for 12 weeks (Ballester et al., 2007; Ballester et al., 2005); (7) body weight in
Wistar rats exposed via the diet for 28 days (Chatterjee et al., 1973); and (8) body weight in rats
and mice exposed via drinking water for life (Schroeder and Mitchener, 1975a, b).
Comprehensive oral noncancer toxicity assays of sodium tungstate in chronically exposed
animals are not available.

Decreased body weight, increased incidence of lesions in the kidney and glandular
stomach, decreased bone marrow cellularity, and decreased immune responses are the most
clearly identified effects noted in the subchronic-duration studies. In the 90-day gavage rat
study, biologically significantly decreased body weight (12—15%) occurred in males, but not
females, exposed to 125 mg W/kg-day (USACHPPM, 2007a, b). Increased incidences of kidney
lesions (cortical tubule regeneration) were also found in male and female rats at
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125 mg W/kg-day (USACHPPM, 2007a, b). Increased incidences of stomach lesions
(inflammation and goblet cell metaplasia) occurred in male and female rats at 78 and

125 mg/kg-day, but not at 47 mg W/kg-day (USACHPPM., 2007a, b). The 70-day gavage rat
study, in which 78 mg W/kg-day was the highest dose tested, found no exposure-related effects
on reproductive performance or histology of various organ tissues in FO males or females, no
exposure-related histological tissue changes in F1 offspring at Postnatal Day (PND) 20 and 70,
and no biologically significant changes in neurobehavioral endpoints in F1 offspring at PND 4
and 7 (McInturfet al., 2011; McInturf'et al., 2008). No effects on reproductive endpoints were
found in C57BL6 mice following 19 weeks of exposure at doses up to 125 mg W/kg-day
(Osterburg et al., 2014). Similarly, no effects on reproductive endpoints were found in male or
female Wistar rats following 12 weeks of exposure at 147 or 160 mg W/kg-day, respectively,
although statistically significantly decreased body-weight gains were reported for both sexes
(Ballester et al., 2007; Ballester et al., 2005). Decreased responses to bacterial infection
(decreased numbers of activated (CD71+) helper and cytotoxic T cells in the spleen) were found
in FO- and F1-generation mice at 125 mg W/kg-day, but not at 78 mg W/kg-day (Osterburg et al.,
2014). The lowest-observed-adverse-effect level (LOAEL) and no-observed-adverse-effect level
(NOAEL) for decreased splenic response to injection with a bacterial toxic in adult C57BL6
mice after 28 days of exposure are also 125 and 78 mg W/kg-day, respectively (Osterburg et al.,
2014). In the 16-week drinking water mouse study, 250 and 49 mg W/kg-day are the LOAEL
and NOAEL, respectively, for decreased body weight and decreased total bone marrow
cellularity (Kelly et al., 2013).

Studies of similar noncancer endpoints in animals repeatedly exposed orally to tungsten
metal are not available. However, an early series of studies found that sodium tungstate was
more potent than tungsten metal in causing mortality and body-weight changes in rats (Kinard
and Van de Erve, 1943, 1941). Deaths occurred in groups of rats within 30 or 7 days of exposure
to 0.5 or 2% tungsten as sodium tungstate in the diet, respectively (Kinard and Van de Erve,
1941). In contrast, no deaths occurred in groups of rats exposed to 2, 5, or 10% tungsten as
tungsten metal in the diet for 70 days (Kinard and Van de Erve, 1943).

In the only available chronic-duration/carcinogenicity animal studies (Schroeder and
Mitchener, 1975a, b), the study authors reported no evidence for carcinogenic responses in rats
or mice exposed to sodium tungstate in drinking water for life at a concentration of 5 ppm
tungsten (estimated human equivalent doses [HEDs] of 0.1—0.2 mg W/kg-day). Limitations of
these studies include inadequate reporting of histological findings for nonneoplastic lesions,
inclusion of only one exposure level, and absence of an exposure level close to a maximum
tolerated dose (MTD). Body weights of exposed mice and rats were within 10% of the mean for
nonexposed control animals in these studies. No evidence of sodium tungstate’s tumor
promotion capability was found in one rat assay of tumors initiated by N-nitrososarcosine ethyl
ester (NSEE) (Luo et al., 1983). In another rat assay, tumors appeared earlier in rats exposed to
nitroso-N-methylurea (NMU) followed by sodium tungstate in drinking water, compared with
rats exposed to NMU alone (Wei et al., 1985).

Short-Term-Duration Studies

Osterburg et al. (2014)

Groups of male and female C57BL6 mice (22—24/sex/group) were given water ad libitum
containing sodium tungstate dihydrate for 28 days. Sodium tungstate dihydrate was added to the
water bottles at levels calculated to administer ingested doses of approximately 2, 62.5, 125, or
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200 mg/kg-day sodium tungstate based on an estimated water consumption of

4.5 mL/mouse-day. Water consumption was measured daily, and water bottles were changed
2-3 times weekly. Body weights were measured weekly, and quantities of tungstate were
adjusted appropriately in water bottles. Control animals were allowed ad libitum access to
filtered water. Equivalent tungsten doses are calculated to be 0, 1.3, 39, 78, or 125 mg W/kg-day
(tungsten accounts for 62.6% of total molecular weight of Na;WO4). The mice were 8—12 weeks
old when supplied by Charles River Laboratories, Wilmington, Massachusetts and acclimated for
7 days before the start of treatment. At the start of testing, the mice weighed between 19 and

22 g. A low-molybdenum diet was available to all mice ad libitum.

Following the 28-day exposure, mice were injected intraperitoneally (i.p.) with either
sterile saline or 20 ug Staphylococcal enterotoxin B (SEB) to evaluate the adaptive immune
response (11—12/sex/group per treatment). Twenty-four hours later, the mice were sacrificed.
Blood and spleen tissue samples were collected and stained with lymphocyte and/or myeloid
immunophenotyping panels and analyzed by flow cytometry. In situ cytokine production by
splenic T cells was also measured.

No exposure-related effects on survival or clinical signs of toxicity were reported. No
exposure-related changes were observed in body weight or standard hematological endpoints
(e.g., counts of white blood cell [WBC] and red blood cell [RBC], hemoglobin concentration
[Hb], hematocrit [Hct]). No alterations in immunophenotypes of blood cells were reported. In
the spleen, there was no exposure-related difference in the number of helper or cytotoxic T cells
following SEB infection. However, the number of activated (CD71+) helper and cytotoxic T
cells in response to SEB infection were significantly decreased by 43 and 66%, respectively, in
mice exposed to 125 mg W/kg-day, compared with controls (see Table B-2). Levels of CD71—
and CY71+ helper and cytotoxic T cells did not differ among exposure groups in mice injected
with saline (instead of SEB). Additionally, in situ interferon gamma (IFN-y) production was
significantly reduced by about 55% in isolated spleen cells harvested from mice exposed to
125 mg W/kg-day following the SEB challenge, compared with the control (see Table B-2).
Again, no exposure-related effects were observed in mice injected with saline. Taken together,
these data indicate NOAEL and LOAEL values of 78 and 125 mg W/kg-day, respectively, for
immune suppression.

A second group of male and female C57BL6 mice (number not specified) were given
water ad libitum containing 0, 20, or 200 mg tungstate/kg-day (0, 12.5, or 125 mg W/kg-day) for
28 days. After the 28-day exposure, mice were challenged in a delayed-type hypersensitivity
Type IV (Type IV DTH) experiment using 4-hydroxy-3-nitrophenylacetic acid active acid
(NP-O-Su) as a secondary antigen. During the sensitization phase, tungstate exposure continued.
Ten days later, the mice were challenged with an NP-O-Su injection into the right hind foot pad;
the left hind foot pad received a saline injection for comparison. The extent of footpad swelling
was measured with a dial gauge 24 hours postinjection. The Type IV DTH experiment was
repeated using doses of 0, 0.2, 2, or 200 mg tungstate/kg-day (0, 0.1, 1.3, or 125 mg W/kg-day).

In the first DTH experiment, foot-pad swelling was significantly decreased by ~30% in
mice exposed to 12.5 or 125 mg W/kg-day, compared with controls. In the second DTH
experiment, mice exposed to 125 mg W/kg-day also showed a significant decrease in swelling
(~70% compared with controls). No significant, exposure-related changes were observed in
foot-pad swelling in mice exposed to 0.1 or 1.3 mg W/kg-day. The adversity of the diminished
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response is uncertain, and could be viewed as a positive action of tungstate (potentially
therapeutic) in allergically sensitized individuals. Therefore, a NOAEL/LOAEL determination is
not made for the Type IV DTH studies.

Chatterjee et al. (1973)

Groups of male Wistar rats (4/group) were fed ad libitum with basal diet containing 0, 5,
or 50 ppm tungsten (W) as sodium tungstate dihydrate for 28 days. Rats weighed 60—80 g when
they were obtained from CIBA Pharmaceuticals (Bombay, India). Treatment began after a
one-week observation period (age of rats unspecified). Rats were weighed biweekly. No
exposure-related effects on body-weight gain were reported (no other toxicity endpoints were
evaluated). Using the reported starting body-weight range and body-weight-gain data and a
calculated food consumption rate of 0.01 kg/day (based on the allometric equation for laboratory
mammals reported by U.S. EPA (1988): food consumption = 0.056 x (BW®¢6!1) where body
weight was 0.084 kg and 0.081 kg for the 5 and 50 ppm groups, respectively), daily tungsten
intakes were calculated to be 0, 0.65, or 6.6 mg W/kg-day. A NOAEL of 6.6 mg W/kg-day is
determined for lack of body-weight effects in male rats.

Subchronic-Duration Studies

USACHPPM (2007a); USACHPPM (2007b)

The U.S. Army Center for Health Promotion and Preventative Medicine (USCHPPM)
conducted a 90-day oral toxicity study in rats in accordance with EPA Health Effects Testing
Guidelines OPPTS 870.3100. The results of this study were later published in a peer-reviewed
paper by McCain et al. (2015). Groups of 5-week-old S-D rats (10/sex/group) were administered
10, 75, 125, or 200 mg/kg-day sodium tungstate (NaxWO4) as sodium tungstate dihydrate in
water via gavage 7 days/week. Equivalent tungsten doses are calculated to be 6, 47, 78, or
125 mg W/kg-day (tungsten accounts for 62.6% of total molecular weight of Na;WQ4). Control
animals were given deionized water via gavage at the same volume per body weight as all other
dose groups (1 mL/kg). At the start of testing, the rats weighed between 199 and 230 g and were
randomly allocated to treatment groups based on body weight. Gavage doses were adjusted
weekly in accordance with body-weight changes.

Clinical examinations were performed prior to treatment and once weekly during
treatment, and the animals were observed daily for clinical signs of toxicity. Body weights and
feeder weights were measured on Days —3, —1, 0 (day of first dose), and 7, and weekly
thereafter. Ophthalmic examinations were performed before treatment and within a week of
scheduled necropsy. Urinalysis was performed in eight rats/sex/group within 2 weeks of
necropsy (volume, color, appearance, pH, specific gravity, glucose, bilirubin, urobilinogen,
ketone, blood, protein, nitrite, and leukocytes). Following the 90-day exposure period, blood
samples were collected for hematology, blood coagulation, and clinical chemistry.
Hematological endpoints included WBC count and differential, RBC count, hemoglobin,
hematocrit, mean cell volume, mean cell hemoglobin, mean cell hemoglobin concentration, RBC
distribution width, platelets, and mean platelet volume. Blood coagulation was evaluated using
average prothrombin time and average activated prothrombin time. Clinical chemistry endpoints
included alkaline phosphatase, alanine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), calcium, cholesterol, creatinine kinase, creatinine, glucose
(nonfasting), lactate dehydrogenase, total bilirubin, total protein, triglycerides, sodium,
potassium, and chlorine.
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At sacrifice, a complete necropsy to detect gross pathological lesions was conducted on
all animals. Terminal body weight and organ weights for the brain, heart, liver, kidneys, spleen,
adrenals, thymus, epididymides/uterus, and testes/ovaries were recorded. The following tissues
were harvested and embedded in paraffin for histopathological evaluation in the 0, 78-, and
125-mg W/kg-day groups: brain, pituitary, thyroid w/parathyroid, thymus, lungs, trachea, heart,
bone marrow, salivary gland, liver, spleen, kidney, adrenal, pancreas, gonads, uterus, aorta,
esophagus, stomach, duodenum, jejunum, ileum, caecum, colon, urinary bladder, lymph node,
peripheral nerve, thigh musculature, eye, spinal cord (three levels), exorbital lachrymal gland,
and all gross lesions. Sections from select target tissues (kidney, stomach, and epididymides)
were also examined in the 6- and 47-mg W/kg-day groups.

No exposure-related clinical signs of toxicity were observed. Body weight was
biologically significantly decreased by 12—15% in males in the 125-mg W/kg-day group over the
last 3 weeks of the study, compared with controls. Reduced body weight was accompanied by
statistically significant reductions in food consumption in this group (quantitative data were not
reported by the study authors). No exposure-related changes in body weight or food
consumption were observed in lower-dose males and females. No ophthalmic abnormalities
were observed in any group. No significant, dose-related changes were observed in urinalysis,
clinical chemistry, or hematological endpoints. Decreased absolute liver, heart, testes, and
epididymis weights in high-dose males and increased kidney and spleen weights in high-dose
females were reported to have occurred, but no statistically significant dose-related changes in
organ-to-body weight ratios were reported. Pairwise analysis was not conducted, because
analysis of variance (ANOVA) did not indicate significant effects of dose on any organ:body
weight ratio.

Exposure-related histological changes were observed in the stomach, kidneys, and
epididymides. Statistically significantly increased incidences of goblet cell metaplasia and
subacute inflammation were observed in the glandular stomach of males and females in the
78- and 125-mg W/kg-day groups (see Table B-1). Subacute inflammation was characterized by
the presence of eosinophils and a few mononuclear cells throughout the submucosa. The study
authors considered goblet cell metaplasia and subacute inflammation to be nonadverse and
related to a physiologic effect of gavage administration. However, this explanation is not
consistent with the observed absence of lesions in control groups and the dose-related increases
in treated groups. The glandular stomach lesions are considered biologically significant,
dose-related, and compound-related effects for this assessment (see Table B-1). Supporting the
biological significance of these lesions is the understanding that goblet cells are not part of the
normal mammalian gastric epithelium, and that metaplasia (replacement of normal cells with
columnar absorptive cells and goblet cells of intestinal morphology) is a common histological
change associated with repeated inflammation of the gastric mucosa (Liu and Crawford, 2005).
Increased incidences of mild-to-severe regeneration of renal cortical tubules were observed in
males and females in the 125-mg W/kg-day group (see Table B-1). Affected tubules exhibited
abundant pale basophilic cytoplasm and closely packed, typically basally located, nuclei with a
moderate degree of anisokaryosis and scattered karyomegaly. Tubular dilation was observed in
the more severely affected rats. Minimal regeneration of renal cortical tubules was observed in
all dose groups (incidences were not reported by the study authors). Group mean and individual
animal severity scores were not provided. Chronic progressive nephropathy (basophilic tubules
with thickened basement membranes) was observed in all dose groups, but with no apparent
dose-response relationship (incidence data were not reported by the study authors). Luminal
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cellular debris was observed in the epididymides of 3/10 male rats in the 125-mg W/kg-day
group, an incidence that is not significantly elevated over the control incidence of 0/10

(see Table B-1). There were no testicular lesions that explained the presence of degenerated
cells in the lumen of the epididymis; therefore, the biological significance is uncertain. The
remaining histological findings were considered by the study authors to be incidental or
spontaneous, rather than exposure related (lesion type, location, and incidence and severity data
were not provided in the available report).

A LOAEL of 78 mg W/kg-day and a NOAEL of 47 mg W/kg-day are identified in male
and female S-D rats for significantly increased incidence of rats with goblet cell metaplasia and
inflammation in the glandular stomach, compared with controls. Additional effects found in the
highest dose group (125 mg W/kg-day) were decreased body weight in males and significantly
increased incidences of male and female rats with mild to severe renal cortical tubule
regeneration.

Kelly et al. (2013)

Groups of male C57BL/6J mice (5/dose/sacrifice) were given water ad libitum containing
0, 15, 200, or 1,000 mg/L tungsten as sodium tungstate dihydrate for 1, 4, 8, 12, or 16 weeks.
Mice were 4-weeks-old when purchased from Jackson Labs (Bar Harbor, Maine). Treatment
began after a 1-week acclimation period. Body weight was measured weekly, and daily water
consumption was monitored, but quantitative data were not reported. Using reference male
mouse body weight (0.0316 kg) and water consumption (0.00782 L/day) values for the
subchronic-duration studies (U.S. EPA, 1988), the estimated tungsten intakes in the 15, 200, and
1,000 mg/L groups are 4, 49, and 250 mg W/kg-day, respectively. At all interim and terminal
sacrifices, blood was collected for hematology (RBC count, WBC count and differential,
hematocrit, hemoglobin, platelets), tibiae weight and length was measured, and bone marrow
was harvested from both tibiae and femora. The total number of tibial and femoral bone marrow
cells per animal was quantified, and two million bone marrow cells/animal were used to quantify
B cell developmental fractions A—F using flow cytometry. Fractions A, B, C/C’, D, E, and F
represent pre-pro-B cells, early pro-B, late pro- and large pre-B cells, small pre-B cells,
immature B cells, and mature B cells, respectively. Clonogenicity (activity) of bone marrow
precursor cells was assessed with the pre-B colony forming unit (CFU) assay. At the terminal
sacrifice, serum AST and ALT levels were also measured.

Body weight was statistically significantly lower in animals in the 250-mg W/kg-day
group by approximately 15%, compared with controls (data presented graphically). No
exposure-related statistically significant changes were observed in tibia weight or length or
serum AST or ALT enzyme levels.

After one week of exposure, peripheral WBC counts were statistically significantly
decreased in the 4, 49, and 250-mg W/kg-day groups by approximately 10, 25, or 50%,
compared with controls (data presented graphically). White cell differential counts showed that
lymphocytes were significantly decreased in the 49 and 250-mg W/kg-day groups, and
granulocytes and monocytes were significantly decreased in the 250-mg W/kg-day group. No
statistically significant, dose-related findings were observed in WBC counts at any other time
point. No exposure-related changes were observed in erythrocyte or platelet counts or
hemoglobin or hematocrit levels at any time-point.
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Total bone marrow cellularity was statistically significantly decreased by 20% in mice in
the 250-mg W/kg-day group at 16 weeks, but not in lower dosage groups or in any dose groups
at earlier time points (see Table B-3). After 16 weeks, all tungsten-exposed groups demonstrated
a statistically significant 83—117% increase in the percentage of late pro- and large pre-B cells in
the bone marrow, compared with control values (Fraction C/C’; see Table B-3). This effect was
not observed at the earlier time points. When normalized to total bone marrow cellularity, the
number of late pro- and large pre-B cells at 16 weeks was statistically significantly increased in
the 4- and 49-mg W/kg-day groups by 88 and 75%, respectively, compared with controls. The
50% increase in the 250-mg W/kg group was not statistically significant (see Table B-3). There
were also statistically significant increases (45—98% compared with control) in the percentages
of mature B cells (Fraction F) in the 49- or 250-mg/kg-day groups at early time points (1, 4, or
8 weeks), but these changes were not observed at 12 or 16 weeks. When normalized to total
bone marrow cellularity, the number of mature B cells was not statistically significantly altered
in any dosage group at any time point, compared with control. No exposure-related changes
were observed in the percentage or number of pre-pro-B, early pro-B, small pre-B, or immature
B cells (Fractions A, B, D, or E) at any time point.

B cell developmental profiles were also examined in separate groups of mice exposed to
4 mg W/kg-day for 4 weeks, followed by 4- or 8-week unexposed recovery periods. However,
the lack of consistent statistically significant effects of 4 weeks of exposure on any B cell
fractions makes the presented results from these groups difficult to interpret.

No exposure-related changes were found in the number of B lymphoid precursors at any
time point. Clonogenicity of bone marrow progenitor cells into lineage-specific precursors
ex vivo was statistically significantly increased in the CFU-pre-B assay using cells from mice
exposed for 16 weeks at 250 mg W/kg-day (113% increase), compared with controls
(see Table B-3). The adversity of this effect is uncertain, especially because peripheral WBC
counts were not elevated. Statistically significant effects on clonogenicity of bone marrow
progenitor cells were not observed with cells from mice in the lower exposure groups.

In nonadherent bone marrow cells, deoxyribonucleic acid (DNA) damage assessed by the
Comet assay was increased compared with control values, but findings across time points and
dosages were not consistent with a monotonic response with increasing dose or duration
(see Table B-4). Statistically significant increases were observed at 1, 4, 12, and 16 weeks in the
4-mg W/kg-day group; at 1, 4, and 8 weeks in the 49-mg W/kg-day group; and at 4 and 12 weeks
in the 250-mg W/kg-day group. The amount of DNA damage did not increase with increasing
dose; across time points, the magnitude of damage was higher in cells from 4-mg W/kg-day mice
than cells from 250-mg/kg-day mice. In CD19+ B cells, DNA damage was statistically
significantly increased in the 4-mg W/kg-day group at 1 and 4 weeks and the 49-mg W/kg-day
group at 4 weeks, but decreased (not statistically significant) at 1 and 4 weeks in the
250-mg/kg-day group (see Table B-4; DNA damage in CD19+ B cells was not assessed at later
time-points). Immunoblot staining for YH2AX (another assay for DNA damage) in
CD19+ B cells from exposed mice after 1 week of exposure was not statistically significantly
elevated compared with control values.

In summary, the results from this study indicate that 250 and 49 mg W/kg-day are the
LOAEL and NOAEL, respectively, for decreased body weight and decreased total bone marrow
cellularity in male C57BL/6J mice exposed by drinking water for 16 weeks. Persistent,
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exposure-related changes in blood cell counts were not observed. Increased percentages of late
pro- and large pre-B cells (Fraction C/C’) were observed in all exposed groups from this study
[i.e., Kelly et al. (2013)], after 16 weeks of exposure, but the adversity of this change is
uncertain. Kelly et al. (2013) noted that late pro- and large pre-B cells are particularly sensitive
to DNA damaging agents and hypothesized that an increased percentage of B cells in this
developmental stage may increase the probability of DNA damaging events in B cells and
potentially increase the probability for leukemia. However, a clear concordance was not
observed between DNA damage and percentages of late pro-and large pre-B cells. For example,
in nonadherent bone marrow cells isolated from mice exposed to the highest dose, DNA damage
was not increased, compared with control values at 1 or 16 weeks, but 16 weeks of exposure to
each of the dosage levels caused increased percentages of late pro-and large pre-B cells.

Kinard and Van de Erve (1941)

Groups of rats (strain unspecified; 37-days-old; 5—6/sex/group) were caged separately
and fed ad libitum with ground dog chow containing 0, 0.1, 0.5, or 2.0% tungsten as sodium
tungstate for up to 70 days. Food consumption was determined from the food remaining in the
feeders after each feeding, but the study authors noted that significant food wastage made this
measurement unreliable. Body weight was measured at 9—12-day intervals. Sodium tungstate
caused 100% mortality in the 2.0% group (within the first week of exposure) and 50 and 33%
mortality of males and females, respectively, in the 0.5% group (deaths occurred between
Days 17 and 29 of exposure). No mortalities were observed in the 0.1% group or control groups
(see Table B-5). Body weight and body-weight gain were reduced 9—11 and 12—16%,
respectively, in the 0.1% group compared with controls (see Table B-5). Absolute body-weight
data were not reported for other groups; however, body-weight gain in surviving rats from the
0.5% group was decreased by 114—131%, compared with controls (see Table B-5). In surviving
rats, apparent food consumption was decreased compared with controls (—17 and —4% in males
and females, respectively, from the 0.1% group; —53 and —28% in males and females,
respectively, from the 0.5% group, although again, the researchers did not consider these data to
be reliable. Using reference rat body weight (0.235 kg for males and 0.173 kg for females) and
food consumption (0.021 kg/kg BW-day for males and 0.017 kg/kg BW-day for females) values
for the subchronic-duration studies (U.S. EPA, 1988), the estimated tungsten intakes in the 0,
0.1, 0.5, and 2% groups were calculated to be 0, 91, 455, and 1,820 mg W/kg-day for males and
0, 102, 510, and 2,040 mg W/kg-day for females. A LOAEL of 91 mg W/kg-day is identified
for reduced body weight in males. A NOAEL was not identified.

Additional groups of rats were fed diets containing 0.1, 0.5, or 3.96% tungsten
equivalents of tungsten trioxide or 0.5, 2.0, or 5.0% tungsten equivalents of
ammonium-p-tungstate. This allowed a comparison of toxicity among three soluble compounds
of tungsten. Mortalities for tungsten trioxide exposed groups of increasing dose were 0, 73%
(average of 80 and 66% for males and females), and 100%. Mortalities for
ammonium-p-tungstate exposed groups were 0, 80, and 100%. Tungsten trioxide at the lowest
tested concentration (0.1% W) decreased body weight by 6.3 and 7.4% in surviving males and
females after 70 days. Ammonium-p-tungstate at the lowest tested concentration (0.5% W)
decreased body weight by 3.9 and 5.3% in surviving males and females.

Considering body-weight data, the toxicity of the three tungsten compounds increased in
the order: ammonium-p-tungstate < tungsten trioxide < sodium tungstate, which follows the
order of increasing solubility. At the lowest tested concentrations, body-weight decreases were
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3.9-5% for ammonium-p-tungstate (0.5% W), 6.3—7.4% for tungsten trioxide (0.1% W), and
9—11% for sodium tungstate (0.1%W). At the 0.5% W concentration, a different order of
potency to produce mortality was observed: ammonium-p-tungstate (no mortalities) < sodium
tungstate (50% males, 33% females) < tungsten trioxide (80% males, 66% females). At the next
tested concentration (2% W), ammonium-p-tungstate produced 80% mortalities, and sodium
tungstate produced 100% mortalities. Tungsten trioxide was not tested at 2% W.

Kinard and Van de Erve (1943)

Groups of 10 rats (mixed Wistar albino and Minnesota piebald strains; 38-days-old;
5/sex/group) were caged separately and fed ad libitum with ground dog chow containing 0, 2, 5,
or 10% tungsten metal powder for 70 days. Food consumption was determined from the food
remaining in the feeders after each feeding. Weight gains were recorded at 10-day intervals.
Animals were sacrificed after 70 days, and their gastrointestinal tracts were examined grossly.
During the dosing period, each male rat fed 2, 5, or 10% tungsten consumed an average of 21,
54.5, or 104 g of tungsten, respectively. Female rats, in the same period, consumed an average
of 14.8, 41, or 75 g of tungsten. During the 70-day period, weight gains of male rats fed 2, 5, or
10% tungsten were 94, 113, or 108% of those of male rats fed the control diet, while the weight
gains of female rats were 104, 97, or 85% of control weight gains, respectively (see Table B-6).
However, the absolute body-weight data is not available for evaluation. The study authors
attributed the different weight gains by male and female rats fed diets containing 10% tungsten
to reduced food consumption in the female rats. No exudation of blood into the mucous
membranes of the small or large intestines was found in rats fed tungsten for 70 days. These
results show that oral exposure to tungsten metal in the diet is markedly less toxic than
water-soluble compounds of tungsten, such as sodium tungstate. No mortalities occurred in rats
fed diets containing up to 10% tungsten as tungsten metal for up to 70 days, whereas deaths
occurred within 30 days of exposure in rats fed diets containing 0.5 or 2% tungsten as sodium
tungstate. Using tungsten consumption and body-weight data from Kinard and Van de Erve
(1941), tungsten metal doses were calculated to be approximately 0, 1,325, 3,450, or
6,550 mg W/kg-day and 0, 1,450, 4,000, or 7,325 mg W/kg-day for males and females,
respectively. A LOAEL of 7,325 mg W/kg-day and a NOAEL of 4,000 mg W/kg-day are
identified in female rats for decreased body-weight gain compared with controls.

Luo et al. (1983)

Male weanling inbred S-D rats were given demineralized drinking water ad libitum
containing 0, 100, or 200 ppm tungsten as sodium tungstate for 19 weeks (10/group). All rats
were fed ad libitum a nutritionally adequate semipurified diet containing 0.064 ppm of tungsten.
Body weights were monitored throughout the exposure period. At sacrifice, the esophagus and
forestomach were removed and fixed in 10% formalin for histopathological examinations. The
average body weight of 100 ppm tungsten-fed rats was similar to controls from Weeks 0—19;
body-weight data for rats given 200 ppm for 19 weeks were not reported. Using reference male
weanling S-D rat body weight (0.267 kg) and water consumption (0.037 L/day) values for the
subchronic-duration studies (U.S. EPA, 1988), daily intake of tungsten in the 100- and 200-ppm
groups was estimated to be 13.9 and 27.8 mg W/kg-day. No histopathological alterations were
observed in any of control or tungsten-only exposed rats. NOAELs of 27.8 mg W/kg-day for a
lack of observed effects in male rats are identified for 19-week exposures.
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Chronic-Duration/Carcinogenicity Studies

Luo et al. (1983)

Male weanling inbred S-D rats were given demineralized drinking water ad libitum
containing 0 or 100 ppm for 30 weeks (10/group). All rats were fed ad libitum a nutritionally
adequate semipurified diet containing 0.064 ppm of tungsten. Body weights were monitored
throughout the exposure period. At sacrifice, the esophagus and forestomach were removed and
fixed in 10% formalin for histopathological examinations. Body-weight data for rats given
100 ppm for 30 weeks were not reported. Using reference male weanling S-D rat body weight
(0.523 kg) and water consumption (0.062 L/day) values for the chronic-duration studies (U.S.
EPA, 1988), daily intake of tungsten in the 100-ppm groups was estimated to be
11.9 mg W/kg-day. No histopathological alterations were observed in any of control or
tungsten-only exposed rats. NOAELs of 11.9 mg W/kg-day for a lack of observed effects in
male rats are identified for 30-week exposures, respectively.

Schroeder and Mitchener (1975b)

A group of 72 Long-Evans rats (37 males/35 females) was given 5 ppm of tungsten for
life as sodium tungstate in deionized drinking water to which essential elements manganese,
cobalt, copper, zinc, and molybdenum were added in amounts similar to those in commercial
diets. A control group (52 males/52 females) received the same basal drinking water without
tungsten. The diet fed was low in trace metals. The animals were weighed at weekly intervals
for an unspecified number of weeks, at monthly intervals for the remaining weeks of the first
year, and then at 3-month intervals. Urine was collected from 12 rats/sex/group for analysis of
urinary protein, pH, and glucose when rats were 162-days-old. Blood samples were collected
from 12 rats/sex/group for analysis of serum cholesterol, glucose, and uric acid levels at various
time-points throughout the study, starting when rats were 90-days-old. At 20 months of age, a
pneumonia epidemic led to the death of ~30% of the animals in both the control and
tungsten-exposed groups (no significant difference in the number of deaths among groups). The
remaining animals (26 control males, 24 control female, 25 exposed males, and 20 exposed
females) were necropsied at natural death. At necropsy, the animals were weighed and examined
for gross pathological changes. The heart, lung, kidney, liver, spleen, and all tumors were fixed
for microscopic examination. The longevity of rats was calculated based on the mean lifespan of
the last five surviving animals.

A statistically significant increase in body weight from controls was first observed at
180 days in males and 360 days in females. Body weight in males remained significantly higher
than controls to 540 days; in females at 540 days, body weight was slightly, but not significantly,
increased (see Table B-9). However, these findings are not considered biologically significant
because observed increases in body weight were <10% different from controls. At necropsy
following natural death, no significant differences in body weight or heart weight were reported
in tungsten-fed rats compared with controls (it is unclear whether any other organs were
weighed). The longevity of tungsten-fed females was comparable with female controls.
However, the longevity of tungsten-fed males was statistically significantly decreased by 13%
compared with male controls (see Table B-9). Urinary parameters of tungsten-fed animals were
unremarkable. Intermittently during the study, fasting serum cholesterol and glucose levels were
significantly different from controls; however, no trends were apparent. There were no
exposure-related increases in total gross or malignant tumor incidences (see Table B-9). It is not
clear whether the heart, lung, kidney, liver, and spleen were assessed for nonneoplastic
histological changes.
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Using reference Long-Evans rat body weight (0.472 kg for males and 0.344 kg for
females) and water consumption (0.057 L/day for males and 0.046 L/day for females) values for
the chronic-duration studies (U.S. EPA, 1988), estimated daily tungsten intakes were 0.6 and
0.7 mg W/kg-day for males and females, respectively. Based on these estimates, HEDs were
calculated to be 0.1 and 0.2 mg W/kg-day for males and females, respectively, using a DAF of
0.24 for rats based on body weight to 3/4 power scaling (U.S. EPA, 2011b). Although a
significant decrease in longevity was observed in male rats, based on the lifespan of the final five
surviving rats; the occurrence of a pneumonia epidemic 20 months into the study decreases
confidence that this was an exposure-related effect. A NOAEL of 0.7 mg W/kg-day is identified
for female rats, respectively. No evidence for a carcinogenic response to tungsten was found.

Schroeder and Mitchener (1975a)

Using methods similar to those with rats (Schroeder and Mitchener, 1975b), white Swiss
mice, 54 of each sex, were given 0 (control) or 5 ppm of tungsten for life as sodium tungstate in
their drinking water. Body weight was monitored, and at natural death, gross and microscopic
examinations were performed on major organs. The body weights of tungsten-fed mice at
540 days of exposure were comparable with controls (see Table B-9). The longevity of
tungsten-fed male mice was decreased by 15%, compared with male controls; however, this
finding was not statistically significant. The longevity of tungsten-fed females was comparable
with female controls (see Table B-9). Exposure to tungsten was reported to be not “significantly
tumorigenic”’; however, tumor incidence data were not reported. Using reference mouse body
weight (0.0317 kg for males and 0.0288 kg for females) and water consumption (0.0078 L/day
for males and 0.0073 L/day for females ) values for the chronic-duration studies (U.S. EPA
1988), estimated daily tungsten intakes in males and females were 1 mg W/kg-day. Based on
these estimates, HEDs were calculated to be 0.1 mg W/kg-day for males and females, using a
DAF of 0.14 for mice based on body weight to 3/4 power scaling (U.S. EPA, 2011b). A
NOAEL of 1 mg W/kg-day for a lack of observed effects is identified for male and female mice.
No evidence for a carcinogenic response to tungsten was found.

Reproductive/Developmental Studies

Osterburg et al. (2014)

In a one-generation study, groups of male and female C57BL6 mice (12—16/sex/group)
were given water ad libitum containing sodium tungstate dihydrate for 12 weeks prior to mating,
through 1 week mating, 3 weeks gestation, and 3 weeks postparturition (19 weeks total). The F1
generation was exposed for an additional 90 days. Sodium tungstate dihydrate was added to the
water bottles at levels calculated to administer ingested doses of approximately 2, 62.5, 125, or
200 mg sodium tungstate/kg-day based on an estimated water consumption of
4.5 mL/mouse-day. Water consumption was measured daily, and water bottles were changed
2-3 times weekly. Body weights were measured weekly, and quantities of tungstate were
adjusted appropriately in water bottles. Control animals were allowed ad libitum access to
filtered water. Equivalent tungsten doses are calculated to be 0, 1.3, 39, 78, or 125 mg W/kg-day
(tungsten accounts for 62.6% of total molecular weight of NaaWO4). Animals were
8—12-weeks-old when supplied by Charles River Laboratories, Wilmington, Massachusetts.
Mice were acclimated for 7 days prior to the start of treatment. At the start of testing, the mice
weighed between 15 and 18 g. A low-molybdenum diet was available to all mice ad libitum.
Mice were housed individually during the course of the study and pair mated for breeding. After
confirmation of the pregnancy, males were removed.
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The number of live births, litter size, and sex ratio were recorded for each litter. FO
animals were sacrificed at weaning (Study Week 19), while F1 offspring (12—16/group) were
sacrificed after the additional 90-day exposure (approximately Study Weeks 31-32).
Twenty-four hours prior to sacrifice, the mice were injected intraperitoneally with either sterile
saline or 20 pug SEB to evaluate the adaptive immune response (6—8/sex/group per treatment).

At sacrifice, blood and spleen tissue samples were collected and stained with lymphocyte and/or
myeloid immunophenotyping panels and analyzed by flow cytometry. Complete blood counts
and hematological parameters were evaluated. In situ cytokine production by splenic T cells was
also measured.

No exposure-related changes were observed in body weight. No significant, dose-related
changes in the number of live births, litter size, or sex ratio of the pups were observed; mating
success was not reported. With two exceptions (monocyte percentage and RBC distribution
width), there were no statistical differences in hematological endpoints between FO and
F1 animals within the same group; therefore, the hematological data for FO and F1 animals were
combined for analysis. The only statistically significant, dose-related hematological finding was
a decrease in the percentage of monocytes in FO and F1 animals (combined) exposed to “higher
concentrations.” A pair-wise analysis was not reported, and FO and F1 animal data and statistics
were not reported individually. No alterations in immunophenotypes of blood cells were
reported. In the spleen, there was no exposure-related difference in the number of helper or
cytotoxic T cells following SEB infection in either FO or F1 animals. However, the number of
activated (CD71+) helper and cytotoxic T cells in response to SEB infection in FO and F1 mice
exposed to 125 mg W/kg-day was significantly decreased by 60—80%, compared with respective
controls (see Table B-2). Levels of CD71— and CY71+ helper and cytotoxic T cells did not
differ among exposure groups in mice injected with saline (instead of SEB). Additionally, in situ
IFN-y production was significantly reduced by 47% in isolated spleen cells harvested from
FO mice exposed to 125 mg W/kg-day following the SEB challenge, compared with control
(see Table B-2). Again, no exposure-related effects were observed in FO mice injected with
saline. Cytokine production was not significantly altered in F1 mice (see Table B-2).

In summary, a reproductive NOAEL of 125 mg W/kg-day is identified based on lack of
litter effects. A developmental NOAEL/LOAEL determination cannot be made. Standard
developmental endpoints were not assessed, and the observed immune suppression at Postnatal
Weeks (PNWs) 15—16 may be attributable to the 90-day postweaning exposure to tungsten rather
than the developmental exposure. A systemic NOAEL of 78 mg W/kg-day and a LOAEL of
125 mg W/kg-day are identified for immune suppression in FO and F1 animals, consistent with
the 28-day study reported above.

McInturfet al. (2011); McInturf et al. (2008)

Groups of S-D rats (40/sex/group) were administered 0, 5, 62.5, or 125 mg/kg-day
sodium tungstate (NaxWO4) as sodium tungstate dihydrate in deionized water via gavage
7 days/week for 70 days (including 14 days premating, 14 days mating, 22 days gestation, and
through PND 20). Rats were 8-weeks-old when they were obtained from Charles River
Laboratories (Wilmington, MA), and dosing began after a 2-week quarantine period. The rats
were single-housed except during the mating period, observed daily for clinical signs of toxicity,
and weighed weekly. During gestation, pregnant dams were weighed on Gestation Days (GDs)
1, 10, 15, and 20. Gavage doses were adjusted weekly based on body weight. Equivalent
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tungsten doses are calculated to be 3, 39, or 78 mg W/kg-day (tungsten accounts for 62.6% of
total molecular weight of Na;WOs).

At parturition (PND 0), gestation length was recorded. On PND 1, the number of pups in
each litter was recorded and all pups were inspected for external malformations. On PND 4,
litters were culled to eight pups (four/sex when possible) and weighed. Individual pup weights
were measured starting on PND 5 and weekly thereafter until PND 70. Forty FO males and
twenty FO females per group were necropsied on the last day of treatment (PND 20), and
two pups/sex/litter were sacrificed on PND 20 and 70. In 20 male FO and 10 female FO
rats/group and one pup/sex/litter per sacrifice, various organs (reported as “heart, spleen, kidney,
liver, lungs, brain, testes, ovaries, thymus, bone, gastrointestinal tract, etc.”) were removed and
postfixed in 4% paraformaldehyde for histological evaluation. In the remaining 20 male FO and
10 female FO rats/group and one pup/sex/litter per sacrifice, sodium tungstate concentrations
were measured in the heart, spleen, kidney, lungs, liver, gastrointestinal tract, brain, femur,
blood, and thymus. Tungsten levels were also quantified in mammary secretions of all dams
once between PNDs 10 and 14 (see Table C-3 for toxicokinetic data).

Both pups (number not specified) and dams (20/group) were assessed for neurobehavior
during the postnatal period; however, results were only reported for rats in the 0, 3, and
78-mg W/kg-day groups (it is unclear whether or not the rats in the 39-mg W/kg-day group were
evaluated for neurobehavior). Pups (number not specified) were assessed for early, reflexive
behaviors with the righting reflex on PND 4 and separation distress (as measured by ultrasonic
vocalization frequency) on PND 7. Dams (20/group) were assessed for instinctual maternal
responses using maternal retrieval of pups on PND 2 (latency to retrieve three pups moved to the
opposite side of the home cage), open-field behavior on PND 27 (7 days posttreatment), acoustic
startle/prepulse inhibition on PND 28 (8 days posttreatment), and the Morris water maze on
PNDs 35—88 (15—18 days posttreatment).

No mating or fertility indices were provided in the study report; however, the study
authors stated that sodium tungstate had “no apparent effect on mating success.” No
dose-related changes were observed in gestational weight gain or the number of pups per litter.
Mean group gestational length was significantly increased by 2% in high-dose dams; however,
this slight increase to 22.08 days from 21.55 days in controls is not considered to be biologically
significant. A reproductive NOAEL of 78 mg W/kg-day is identified for the lack of effects on
reproductive performance (mating success) in male and female S-D rats.

No dose-related effects were observed for incidence of external malformations or
histological lesions in PND 20 or 70 pups. Pup weight and postnatal growth were not altered
with gestational and lactational exposure to sodium tungstate. However, pups demonstrated a
dose-related increase in the number of ultrasonic distress vocalizations when separated from their
dams for 60 seconds on PND 7 (see Table B-7). This finding may suggest increased stress and
anxiety in pups exposed to tungsten during gestation and lactation. The number of vocalizations
was statistically significantly increased by 76% in the 78-mg W/kg-day group, compared with
controls. The 18% increase observed in the 3-mg W/kg-day group was not statistically
significant. Data for the 39-mg W/kg-day group were not reported; it is unclear whether or not
this group was evaluated for pup neurobehavior. Tungsten exposure did not alter righting reflex
in pups on PND 4 (quantitative data not reported by study authors). The highest dose,

78 mg W/kg-day, is a developmental NOAEL for offspring postnatal growth, external
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malformations in offspring at birth, histological lesions in tissues of offspring at PNDs 20 and
70, and righting reflex on PND 4. Although a statistically significant (76%) increase in the
number of distress vocalizations was observed when PND 7 pups were separated from their dams
in high-dose pups, compared with control pups, the biological significance of this effect is not
certain.

No dose-related changes in body weight or clinical signs of toxicity were reported in
male or female FO rats. The report stated that histiocytic inflammation from minimal to mild
with cardiomyocyte degeneration and necrosis was observed in “several” FO animals in the
78-mg W/kg-day group on PND 20. According to the method section, histopathological
examinations were conducted in 10 FO animals/sex/group; however, a data table in the report
states that “two animals of five” in the high-dose group displayed minimal or mild myocarditis
with cardiomyocyte degeneration and necrosis. Therefore, due to reporting inconsistencies and
ambiguities, as well as the apparently small number of animals examined, it is unclear whether
or not cardiac lesions were exposure related. No other significant exposure-related lesions were
observed (incidence data were not provided by the study authors). In dams, no dose-related
effects were observed for maternal retrieval, acoustic startle/prepulse inhibition, or water maze
training and acquisition. Altered open-field behaviors were observed in low- and high-dose
dams on PND 27; however, findings did not demonstrate a consistent dose-related pattern
(see Table B-7). Compared with controls, low-dose females demonstrated a significant increase
in distance traveled and time spent ambulating, while time spent engaged in stereotypic
behaviors was significantly decreased. High-dose females spent significantly less time resting
than controls; however, no significant differences were observed in distance travelled or time
spent ambulating. Instead, significantly more time was spent engaged in stereotypic behaviors,
compared with controls. Findings from the 39-mg W/kg-day group may provide insight into the
seemingly contradictory results; however, it is unclear whether or not the dams from the
mid-dose group were evaluated in neurobehavioral assays. A NOAEL of 78 mg W/kg-day is
identified for systemic effects in FO males and females exposed to sodium tungstate for 70 days
for lack of clinical signs of toxicity, body-weight effects, clear dose-related histopathological
changes, or clear dose-related changes in neurobehavioral tests of dams (maternal retrieval of
pups on PND 2, open-field behavior on PND 27 [7 days postexposure], acoustic startle/prepulse
inhibition on PND 28, and the Morris water maze 15—18 days postexposure).

Ballester et al. (2005)

Groups of male Wistar rats (15/group) were given drinking water containing 0 or
2 mg/mL of sodium tungstate for 12 weeks. Equivalent tungsten doses are calculated to be
1 mg W/mL (tungsten accounts for 62.6% of total molecular weight of Na2WO4). Body weight
and blood sugar levels were measured regularly during the 12-week exposure period. Sexual
function was measured after 10 weeks of exposure. Exposed and control animals were placed in
a cage overnight with one untreated female animal, and removed the next morning. Nightly
pairings continued for up to 9 nights until the presence of a vaginal tag and/or spermatozoa were
observed. After assessment of mating success, all males were sacrificed. Serum was collected
and glucose, insulin, FSH, LH, and testosterone levels were measured. Testes were fixed for
histological and ultrastructural evaluation. Expression levels of testicular insulin receptors were
evaluated using Western blot analysis.

Body-weight gain was significantly decreased by 17% in exposed males, compared with
controls (see Table B-8). Before treatment began, the average body weight for control and
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treated animals was 200 g. The body-weight gain for the control group was 234.1 gand 195.2 g
for rats receiving 1 mg W/mL. Based on these data, the terminal body weight was 434.1 g for
the control group and 395.2 g for rats receiving | mg W/mL. Thus, terminal body weight was
decreased by 9% (not biologically significant) compared to controls.

No exposure-related changes were observed in serum glucose or insulin levels. No
exposure-related changes were observed in the mating index, serum hormone levels, or testicular
histology or ultrastructure. No changes in testicular insulin receptor expression were reported.
Using reference male Wistar rat body weight (0.217 kg) and water consumption (0.032 L/day)
values for the subchronic-duration studies (U.S. EPA, 1988), daily tungsten intakes were
estimated to be 147 mg W/kg-day. A stand-alone reproductive NOAEL of 147 mg W/kg-day is
identified for male rats. A systemic NOAEL of 147 mg W/kg-day is identified based on a lack
of statistically and/or biologically significant effects.

Ballester et al. (2007)

Groups of female Wistar rats (24/group) were given drinking water containing 0 or
2 mg/mL of sodium tungstate for 12 weeks. Equivalent tungsten doses are calculated to be
I mg W/mL (tungsten accounts for 62.6% of total molecular weight of Na2WO4). During the
exposure period, body weight, food and water intake, and glycemia were measured regularly.
Sexual function was measured after 10 weeks of exposure. Exposed and control animals were
placed in a cage overnight with one untreated male animal, and removed the next morning.
Nightly pairings continued for up to 9 nights until the presence of a vaginal plug and/or
spermatozoa were observed. Females that successfully mated were allowed to deliver, and the
fertility index (number of parturitions/number of matings) and the litter sizes were recorded.
After assessment of reproductive function, all females were sacrificed. Serum was collected and
glucose, insulin, ALT, follicle stimulating hormone (FSH), luteinizing hormone (LH), and
progesterone levels were measured. Ovaries were fixed for histological evaluation. Expression
levels of ovarian and uterine estrogen, progesterone, follicle-stimulating hormone, lutenizing
hormone, prolactin, insulin, and GLUT 3 hexose transporters were evaluated using Western blot
analysis and real-time polymerase chain reaction.

Body-weight gain was significantly decreased by 41% in exposed females, compared
with controls (see Table B-8). Before treatment began, the average body weight for control and
treated animals was 200 g. The body-weight gain for the control group was 77.2 g and 45.7 g for
rats receiving 1 mg W/mL. Based on these data, the terminal body weight was 277.2 g for the
control group and 245.7 g for rats receiving 1 mg W/mL. Thus, terminal body weight was
decreased by 11% (biologically significant) compared to controls.

No exposure-related changes were observed in food or water intake in females. No
exposure-related changes were observed in serum glucose, insulin, or ALT levels. No
exposure-related changes were observed in the mating or fertility indices, litter size, serum
hormone levels, or ovarian histology. Expression levels of ovarian and uterine estrogen,
progesterone, FSH, LH, prolactin, insulin, and GLUT 3 hexose transporters were not altered with
exposure. Using reference female Wistar rat body weight (0.156 kg) and water consumption
(0.025 L/day) values for the subchronic-duration studies (U.S. EPA. 1988), daily tungsten
intakes were estimated to be 160 mg W/kg-day. A reproductive NOAEL of 160 mg W/kg-day is
identified for female rats. A systemic LOAEL of 160 mg W/kg-day is identified for decreased
body weight.
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Tumor-Promotion Studies

Luo et al. (1983)

The effect of tungsten on NSEE-induced esophageal and forestomach carcinogenesis was
investigated in male S-D rats. Male weanling rats were given demineralized drinking water ad
libitum containing 0 or 100 ppm tungsten as sodium tungstate for 19 weeks (10/group) or
30 weeks (10/group). Another group of 10 rats were exposed to 200 ppm tungsten for 19 weeks.
Other groups (20—41/group) were exposed to NSEE alone via gavage twice weekly between
Weeks 4 and 8 (8 doses of NSEE) or between Weeks 4 and 12 (16 doses of NSEE)

(see Table B-10 for more details). Additional groups of rats (15—22/group) were exposed to
100 ppm tungsten for 19 weeks plus 16 doses of NSEE, 200 ppm tungsten for 19 weeks plus

8 doses of NSEE, or 100 ppm tungsten for 30 weeks plus 16 doses of NSEE (see Table B-10 for
more details). All rats were fed ad libitum a nutritionally adequate semipurified diet containing
0.064 ppm of tungsten and 0.026 ppm molybdenum. Body weights were monitored throughout
the exposure period. At sacrifice, the esophagus and forestomach were removed and fixed in
10% formalin for histopathological examinations. The changes of epithelial cells were divided
into four stages: Stage I, hyperplastic lesions (hyperkeratosis, simple hyperplasia, and papillary
hyperplasia); Stage II, precancerous lesions (marked endophytic growth of epithelium, marked
dysplasia, papilloma, and papillomatosis); Stage III, early carcinoma (malignant changes of basal
cells or papilloma, carcinoma in situ, and early infiltrative carcinoma); and Stage IV, advanced
carcinoma (carcinoma with extensive invasions).

Body weights, reported only for control, 100 ppm tungsten-treated, and NSEE-treated
groups up to 19 weeks, were comparable through 13 weeks. Reduced growth was observed in
NSEE-treated rats from 13—20 weeks, while the average body weight of 100 ppm
tungsten-treated rats was similar to controls during this period.

Using reference male S-D rat body weight (0.267 kg) and water consumption
(0.037 L/day) values for the chronic-duration studies (U.S. EPA, 1988), daily intake of tungsten
in the 100 and 200 ppm groups was estimated to be 13.9 and 27.8 mg W/kg-day, respectively.
Using these estimates, HEDs were calculated to be 3.33 and 6.67 mg W/kg-day, respectively,
using a DAF of 0.24 for rats based on body weight to 3/4 power scaling (U.S. EPA., 2011b).

No nonneoplastic or neoplastic histopathological lesions in the esophagus or forestomach
were observed in any of the tungsten-only exposed rats (13.9 or 27.8 mg W/kg-day for 19 weeks
or 11.9 mg W/kg-day for 30 weeks). In rats exposed to 16 doses of NSEE alone, increased
incidences of hyperplastic and precancerous lesions in the esophagus and forestomach were
found, as well as increased incidences of early or late carcinomas. Rats exposed to eight doses
of NSEE alone also had increased incidences of esophageal hyperplastic or precancerous lesions
(compared with nonexposed controls), but no esophageal carcinomas. Forestomach lesion
incidence data were not reported for this group; however, they were reportedly “similar” to
esophageal lesions. Incidences of rats with hyperplastic lesions, precancerous lesions, or
carcinomas in esophagus or forestomach were not significantly different between groups
exposed to 13.9 mg W/kg-day plus NSEE and comparable groups exposed to NSEE alone.
Incidences for esophageal or forestomach carcinomas were not significantly different between
groups exposed to 27.8 mg W/kg-day (for 19 weeks) plus eight doses of NSEE and groups
exposed to eight doses of NSEE alone. The results suggest that tungsten did not display a
tumor-promoting activity under the conditions of this experiment. However, the incidence of
rats with precancerous esophageal lesions in the 27.8 mg W/kg-day plus eight doses of NSEE
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group was significantly elevated, compared with incidence in the group exposed to eight doses of
NSEE alone. Neoplastic and nonneoplastic tumor incidences for all groups are reported in
Table B-10.

Luo et al. (1983) also reported that supplemental molybdenum (2 or 200 ppm in diet)
significantly inhibited NSEE-induced carcinogenesis, and that exposure to supplemental tungsten
alone (11.9 mg W/kg-day in diet for 30 weeks) produced markedly decreased liver
concentrations of molybdenum (98% decreased compared with control). Based on these
findings, Luo et al. (1983) hypothesized that exposure to tungsten at 23.8 mg W/kg-day
increased the incidence of precancerous lesions induced by eight doses of NSEE (from 4/31 with
NSEE alone to 22/22 with tungsten + NSEE; see Table B-10) by counteracting the cancer
inhibiting action of molybdenum.

Wei et al. (1985)

The effect of tungsten on NNMU-induced mammary carcinogenesis was investigated in
35-day-old virgin S-D rats. Three groups of female rats (Groups 1-3), one of which was used as
a control (Group 1), were given ad libitum a nutritionally adequate semipurified diet containing
0.026 ppm of molybdenum and 0.064 ppm toluene and deionized drinking water. In a 4" group,
150 ppm of sodium tungstate was added to the drinking water. After 15 days, all noncontrol
animals (Groups 2—4) received a single intravenous injection of 5 mg/100 g body weight NMU,
however, it is unclear from the study report the duration that the rats received tungsten in the
diet. One week after administration of carcinogen NMU, 10 ppm of molybdenum was added to
the drinking water in Group 3. Rats were palpated for mammary tumors twice weekly and
weighed weekly. Animals were sacrificed on Day 125 or 198 after NMU administration
(10—24/group/sacrifice), and all mammary tumors were removed for histological evaluation.
There were no significant differences in body weight among the groups. None of the control rats
developed mammary tumors. NMU alone produced mammary carcinomas, with 97.8% being
adenocarcinomas or papillary carcinomas and 2.2% being fibroadenomas. After 125 days, the
mammary cancer incidence in Group 4 (sodium tungstate + NMU; 79.2%) was statistically
significantly higher than that in Group 2 (NMU alone, 50.0%) or Group 3
(NMU + molybdenum; 45.5%). After 198 days, the mammary cancer incidence in Group 3
(NMU+ molybdenum; 1.5 and 50.0%) was statistically significantly lower than in Group 2
(NMU alone; 2.0 and 90.5%) or Group 4 (NMU+ sodium tungstate; 2.6 and 95.7%). Only
histologically confirmed carcinomas were included in the statistical evaluation (see Table B-11).
The first palpable mammary tumor was found in the tungsten-supplemented rats (both 125- and
198-day subgroups) only 56 days after the injection of NMU, whereas in both unsupplemented
and molybdenum-supplemented rats, the first palpable mammary tumors were observed 71 and
85 days after NMU treatment in the 125- and 198-day subgroups, respectively. Most carcinomas
were highly aggressive, but nonmetastatic. This study shows an inhibitory effect of
molybdenum on NMU-induced mammary carcinogenesis and a promoting effect of tungsten, an
antagonist of molybdenum, on tumor growth.

Using reference female S-D rat body weight (0.338 kg) and water consumption
(0.045 L/day) values for the chronic-duration studies (U.S. EPA, 1988), daily intake of tungsten
was estimated to be 20 mg W/kg-day. Using this estimate and a DAF of 0.24 for rats based on
body weight to 3/4 power scaling (U.S. EPA, 2011b), the HED was calculated to be
4.8 mg W/kg-day.
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Inhalation Exposures
No studies have been identified.

OTHER DATA (SHORT-TERM TESTS, OTHER EXAMINATIONS)
Genotoxicity

Sodium tungstate has been tested in a number of short-term-duration genotoxicity tests
(see Table C-1 in Appendix C for more details). The results were predominantly negative,
although positive findings were noted in a few assays. Genotoxicity studies for tungsten metal
were not identified. Sodium tungstate did not induce mutations in Salmonella typhimurium or
Escherichia coli [Covance Laboratories (2004a) as cited in Jackson et al. (2013)], but was
weakly positive for inducing reverse mutations at t7pJ5 and ilvl in Saccharomyces cerevisiae
(Singh, 1983). Sodium tungstate induced mutations in Plasmodium fischeri (Ulitzur and Barak,
1988) and induced SOS DNA repair in E. coli (Rossman et al., 1991; Rossman et al., 1984). In
mammalian cells, sodium tungstate did not induce mutations in mouse lymphoma cells
(L5178Y TK+) [Covance Laboratories (2004b) as cited in Jackson et al. (2013)]; chromosomal
aberrations (CAs) in Chinese hamster ovary (CHO) cells [Covance Laboratories (2003) as cited
in Jackson et al. (2013)], Syrian hamster embryo cells (Larramendy et al., 1981), or human
purified lymphocytes (Larramendy et al., 1981); or sister chromatid exchange (SCEs) in human
whole-blood cultures (Larramendy et al., 1981). Sodium tungstate reportedly induced mutations
in Chinese hamster V79 lung cells (Zelikoff et al., 1986), but only an abstract report of this study
is available, precluding independent evaluation. In in vivo animal tests, sodium tungstate did not
induce bone marrow micronuclei (MN) in mice [Covance Laboratories (2004c¢) as cited in
Jackson et al. (2013)] and equivocal findings were reported for DNA damage (assayed by the
Comet assay and YH2AX immunoblotting) in bone marrow of orally exposed mice (Kelly et al.,
2013).

Supporting Human Studies

Cross-sectional surveys examining possible associations between several medical
conditions and concentrations of tungsten and other metals in urine or blood collected from the
general U.S. population reported the following findings (the route of exposure in these studies is
unknown; see Table C-2 in Appendix C for more details):

e an association between urinary tungsten concentration and serum levels of thyroid
stimulating hormone (TSH), but not with levels of other thyroid hormones (Yorita
Christensen, 2012);

e an association between elevated urinary tungsten concentration and cardiovascular and
cerebrovascular disease (Agarwal et al., 2011); and

e an association between elevated urinary tungsten concentration and asthma, but not with
other medical conditions, including coronary heart disease, heart attack, congestive heart
failure, stroke, or thyroid problems (Mendy et al., 2012).

Epidemiology studies of hard alloy workers exposed to dusts containing mixtures of
tungsten and other metals reported increased risks for respiratory and neurologic effects, but the
results are confounded by exposure to mixtures of metals and have been attributed to cobalt
(ATSDR, 2005).
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Other Animal Toxicity Studies

A number of other animal toxicity studies were identified that had designs of limited
usefulness for PTV development, used exposure routes or durations not suitable for PTV
development, or were inadequately reported. Reported findings in these studies include
(see Table C-2 in Appendix C for more details):

e no carcinogenic response within 12 months of intratracheal instillation of tungsten into
guinea pigs (Schepers, 1971);

e pre- and postimplantation losses and delayed fetal ossification following 8-month
exposures of female rats to 0.005 mg/kg-day of unspecified tungsten compound for up to
8 months before and during pregnancy [Nadeenko and Lenchenko (1977), and Nadeenko
et al. (1977, 1978) as cited in ATSDR (2005)];

¢ histological lesions in the gastrointestinal tract, liver, and kidney in rats exposed for a
“subacute” duration to doses of 10 or 100 mg/kg sodium tungstate (Nadeenko, 1966); and

e impaired conditioned behavior responses without brain lesions in rats exposed to 0.05
and 0.5 mg/kg-day sodium tungstate for 7 months and decreased blood cholinesterase
activity and unspecified brain lesions in rabbits exposed to 0.05 or 5 mg/kg for 8 months
(Nadeenko, 1966).

Reported acute lethality values for sodium tungstate include: oral LDso values ranging
from 240 mg/kg for mice to 1,190 mg/kg for rats (Nadeenko., 1966) and 1,453 mg/kg for rats
[Huntingdon Life Sciences (1999a) as cited in Jackson et al. (2013)]; a rat 4-hour median lethal
concentration (LCso) value >5.01 mg/L [Huntingdon Life Sciences (1999a) as cited in Jackson et
al. (2013)]; and a rat dermal LDso value >2,000 mg/kg [Huntingdon Life Sciences (1999¢.d,e) as
cited in Jackson et al. (2013)].

Other studies examining the respiratory tract in rats after intratracheal instillation of
single doses of suspended dusts of tungsten metal, tungsten carbide + carbide dusts, or tungsten
carbide + cobalt dusts have reported:

e pulmonary fibrosis in rats exposed to tungsten carbide + cobalt dusts, but not in rats
exposed to tungsten metal or tungsten carbide + carbon dusts (Delahant, 1955; Schepers,
1955); and

e pulmonary fibrosis in rats exposed to intratracheal instillation of tungsten metal
(Mezentseva, 1967).

Absorption, Distribution, Metabolism, and Elimination (ADME) Studies

Tungstate was widely distributed among tissues in the body of rats exposed to aqueous
solutions of sodium tungstate by gavage for 7 months at doses of 5 or 125 mg/kg-day starting
from 14 days before mating through PND 20 (Mclnturf et al., 2008). Tungstate was detected in
all examined tissues in exposed animals at the end of exposure (including the brain in adults and
offspring, the placenta, and dam milk secretions). By PND 70, tungstate concentrations in
tissues were below detection limits (McInturf et al., 2008). In mice exposed to sodium tungstate
in drinking water for 16 weeks, elemental tungsten accumulation in bone was shown to: (1) be
rapid (peaking after 1 week of exposure); (2) increase with increasing exposure level; and
(3) clear from bone less rapidly than it accumulated (Kelly et al., 2013). An early study showing
no marked differences in tissue distribution in rats exposed to different forms of tungsten was
likely due to lack of proper analytical methods available at that time (Kinard and Aull, 1945).
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Mode-of-Action/Mechanism/Therapeutic Action Studies

In mechanistic studies, dietary exposure of rats to sodium tungstate altered ascorbic acid
metabolism in rats exposed for 28 days (Chatterjee et al., 1973) and depleted xanthine oxidase
activity in the lungs of rats exposed for 3 weeks (Rodell et al., 1987). A number of studies have
reported that orally administered sodium tungstate corrected hyperglycemia in insulin- and
noninsulin-dependent rats (Oliveira et al., 2014; Ballester et al., 2007; Ballester et al., 2005;
Fernandez-Alvarez et al., 2004; Muiioz et al., 2001; Le Lamer et al., 2000; Rodriguez-Gallardo
et al., 2000; Barbera et al., 1997).

DERIVATION OF PROVISIONAL VALUES

Data are inadequate for derivation of reference values for tungsten metal. Early studies
indicated that repeated oral exposure of tungsten metal (70 days at dietary concentrations up to
10%) is markedly less toxic (lethal) to rats than sodium tungstate or other compounds of tungsten
(tungsten trioxide and ammonium tungstate) (Kinard and Van de Erve, 1943, 1941). However,
these studies examined a limited number of endpoints and did not conduct histological
examination of tissues, and thus, do not provide an adequate basis for deriving a subchronic
p-RfD for tungsten metal. No other studies that examined pertinent endpoints in animals
repeatedly exposed orally to tungsten metal were located.

Tables 4 and 5 present a summary of noncancer reference and cancer values,
respectively, for sodium tungstate. IRIS data are indicated in the table, if available.
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