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FOREWORD

This toxicological profile is prepared in accordance with guidelines developed by the Agency for Toxic
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for these toxic substances described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a substance's toxicologic properties. Other pertinent literature is
also presented, but is described in less detail than the key studies. The profile is not intended to be an
exhaustive document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile
begins with a relevance to public health discussion which would allow a public health professional to
make a real-time determination of whether the presence of a particular substance in the environment
poses a potential threat to human health. The adequacy of information to determine a substance's health
effects is described in a health effects summary. Data needs that are of significance to the protection of
public health are identified by ATSDR.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a toxic substance to ascertain the levels of significant
human exposure for the substance due to associated acute-, intermediate-, and chronic-
duration exposures;

(B) A determination of whether adequate information on the health effects of each substance
is available or in the process of development to determine levels of exposure that present
a significant risk to human health of acute, intermediate, and chronic health effects; and

© Where appropriate, identification of toxicologic testing needed to identify the types or
levels of exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and
local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been
peer-reviewed. Staffs of the Centers for Disease Control and Prevention and other Federal scientists have
also reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel
and was made available for public review. Final responsibility for the contents and views expressed in
this toxicological profile resides with ATSDR.

Christopher M. Reh, Ph.D.
Associate Director

Agency for Toxic Substances and Disease Registry
Centers for Disease Control and Prevention
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*Legislative Background

The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(i)(1) directs the Administrator of ATSDR to “...effectuate and implement the health related
authorities” of the statute. This includes the preparation of toxicological profiles for hazardous
substances most commonly found at facilities on the CERCLA National Priorities List (NPL) and that
pose the most significant potential threat to human health, as determined by ATSDR and the EPA
Section 104(i1)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a
toxicological profile for each substance on the list. In addition, ATSDR has the authority to prepare
toxicological profiles for substances not found at sites on the NPL, in an effort to “...establish and
maintain inventory of literature, research, and studies on the health effects of toxic substances” under
CERCLA Section 104(i)(1)(B), to respond to requests for consultation under section 104(i)(4), and as
otherwise necessary to support the site-specific response actions conducted by ATSDR.
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CHAPTER 1. RELEVANCE TO PUBLIC HEALTH

1.1 OVERVIEW AND U.S. EXPOSURES

Mercury occurs naturally as a mineral and is distributed throughout the environment by both natural and
anthropogenic processes. The environmental fate of mercury has been well-characterized. The natural
global bio-geochemical cycling of mercury involves degassing of the element from soils and surface
waters, followed by atmospheric transport, deposition of mercury back to land and surface water, and
sorption of the compound to soil or sediment particulates. Mercury deposited on land and open water is,
in part, revolatilized back into the atmosphere. This emission, deposition, and revolatilization creates
difficulties in tracing the movement of mercury to its sources. Anthropogenic emissions of mercury have
typically been to the atmosphere; although these emissions have been declining for the past several
decades in North America, global emissions continue to rise due to activities such as artisanal gold

mining and fossil fuel burning.

Mercury exists in different valence states and as several types of compounds (Section 4.1). For this
profile, mercury compounds are classified into three general categories: (1) elemental mercury;

(2) inorganic mercury compounds (e.g., mercuric chloride); and (3) organic mercury compounds (e.g.,
methylmercury). Each mercury class has distinct chemical properties that contribute to different
toxicokinetics and toxicodynamics (Section 2.1). A complete list of the mercury compounds evaluated in

this profile can be found in Table 4-1.

Atmospheric mercury is primarily in the form of Hg” (gaseous elemental mercury), which is subject to
long-range transport. Therefore, mercury is ubiquitous in the environment and is found in locations far
removed from its release site. When deposited into water bodies, mercury can be methylated by
anaerobic bacteria producing a highly bioaccumulative form of organic mercury (methylmercury) that
biomagnifies up the aquatic food web. For this reason, mercury can often be detected at high levels in

fish and other aquatic organisms, rice, and other vegetation.

Mercury has many uses due to its unique properties. However, several of these uses have been eliminated
or reduced drastically, such as use in alkaline batteries; electronic switches and lighting applications;
fungicides and pesticides; paints and pigments; and thermometers and other scientific and medical
devices. Historically, mercury compounds were also used in a variety of industrial processes and

products (e.g., felting, explosives) and as pharmaceutical agents (e.g., antibiotics, mercurial diuretics)
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(Clarkson and Magos 2006). The most important domestic end users of mercury in 2019 were in the
production of chlorine-caustic soda (chloralkali), dental products, electronics, and fluorescent-lighting
manufacturing industries. In 2020, the use of mercury in the production of chloralkali was reduced when

one of the two operating facilities in the United States converted to a non-mercury process.

The general population is exposed to all forms of mercury. However, exposure of the general population
is primarily to organic mercury from dietary exposure to methylmercury (e.g., fish, seafood, rice) and
elemental mercury from dental amalgams. Relative to organic and elemental mercury, exposure of the
general population to inorganic mercury compounds is minimal. Occupational exposures are primarily to
elemental mercury (e.g., dentistry, chloralkali process). Predominant sources of exposure to the general

population and occupational exposures are described in greater detail in Sections 5.6 and 5.7.

Mercury levels in blood and urine are measured as part of the National Health and Nutrition Examination
Survey (NHANES) (CDC 2024). Based on survey data for the period 2017-2018 (the most recent data
available in CDC 2024), the geometric mean total blood mercury (BHg) level in the adult U.S. population
was estimated to be 0.730 pg/L (95% confidence interval [CI] 0.620, 0.840). The geometric mean
methylmercury blood level was 0.500 pg/L (95% CI 0.420, 0.610). Total and methylmercury blood
levels in young children were lower than in adults. For the 2011-2012 period, the detection limits for
total mercury were lower, reporting a geometric mean total BHg level of 0.262 pg/L (95% CI 0.237,
0.291) in children 1-5 years of age. The 50™ percentiles for methylmercury blood levels in children 1—

5 years of age were less than the detection limit (0.12 pg/L) during both time periods.

1.2 SUMMARY OF HEALTH EFFECTS

The toxicity of mercury compounds has been recognized since ancient times (Clarkson 2006; Genchi et
al. 2017). Despite the long-established recognition of mercury-induced toxicity, toxicity associated with
environmental exposure to mercury compounds has only been recognized since the 1950s (Ekino et al.
2007). Since that time, the relationship between mercury exposure and health outcomes has been
extensively studied in epidemiological and animal studies. The focus of this profile is to summarize
toxicological effects relevant to occupational and environmental (e.g., diet, water, soil, air) exposures.
Therefore, other than mentioning past or current uses of mercury in consumer products (e.g., cosmetics,
herbal remedies, tattooing pigments, paints) or for medicinal, preservative, ritual, or spiritual purposes

(Section 5.5.4), the profile does not include in-depth discussion of these topics.
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The mechanisms of toxicity for mercury compounds are diverse and include targets that are common to
all cells. The targets include intracellular calcium homeostasis, cytoskeleton, mitochondrial function,
oxidative stress, neurotransmitter release, and deoxyribonucleic acid (DNA) methylation. A contributor
to the diversity of mercury effects on biological systems is the high affinity of Hg** and CH;Hg*" for the
thiolate anion and formation of Hg** and CH;Hg?*" S-conjugates. This enables mercury to bind to and
disrupt the structure and activity of enzymes, transporters, and other proteins that depend on functional
thiol groups for activity. Given these diverse mechanisms, mercury compounds have the potential to

adversely affect numerous targets.

As noted in Section 1.1, this profile classifies mercury compounds into three categories: (1) elemental
mercury; (2) inorganic mercury compounds (primarily inorganic mercury salts); and (3) organic mercury
compounds. Each mercury class exhibits different chemical properties that contribute to different
toxicokinetics and toxicodynamics. The relevant routes of exposure for environmental exposure to the
three mercury classes are: elemental mercury—inhalation; inorganic mercury salts—oral; and organic
mercury compounds—oral. The following provides an overview of available studies in the

epidemiological and animal databases.

Epidemiological Studies. All populations are exposed to a combination of elemental, inorganic, and
organic mercury compounds; thus, no population is exposed to only one mercury category. In this
profile, epidemiological study populations are classified as follows: (1) predominant exposure to
elemental mercury; (2) predominant exposure to methylmercury; and (3) general population in which
exposures are not defined by mercury class. Information on exposure of humans to inorganic mercury
salts is limited to reports of acute-duration accidental or intentional exposure to near-fatal or fatal levels.
With few exceptions, exposure duration for epidemiological populations is considered to be chronic-

duration exposure.

For elemental mercury, populations are exposed predominantly to elemental mercury vapor in
occupational settings and exposures to amalgams in dental restorations. Studies of associations between
health outcomes and exposure to methylmercury have focused on populations in which methylmercury
was the dominant contributor to total mercury exposure. These studies fall into two general categories:
studies of outbreaks of mercury poisoning related to exposure to methylmercury (Minamata, Japan; and
Iraq) and studies of populations that consume large amounts of fish and/or marine mammals (Faroe

Islands, Seychelles Islands, and others).
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Numerous epidemiological studies have examined associations between mercury biomarkers and health
effects in general populations in children and adults, although many studies do not identify the
predominant form of mercury. In general, populations without mercury amalgam dental restorations are
assumed to primarily be exposed through the diet. In people who have amalgams, mercury vapor released
from the amalgams will contribute to inhalation exposure. The use of mercury amalgam in dental
restorations is being phased out in the United States. This will decrease exposure of the general
population to elemental mercury. Exposure to atmospheric mercury also occurs, particularly in

populations near mining or fuel combustion facilities.

To quantify mercury exposure in epidemiological populations, mercury levels are generally measured in
blood (BHg), urine (UHg), hair (HHg), or nails (NHg). Measurements of total mercury in blood and
urine are biomarkers of total mercury exposure. In populations predominantly exposed to elemental
mercury vapor, total mercury in urine serves as a reliable biomarker of exposure. For populations
predominantly exposed to methylmercury from consumption of high fish diets, total BHg or HHg serves
as a reliable biomarker of exposure. In studies of general population, BHg and HHg are the biomarkers
most commonly used to assess exposure, although as noted above, this does not allow for confidence in
distinction between methylmercury or elemental mercury. Mercury in hair or nails can provide a measure
of cumulative, long-term exposure because mercury is retained in hair and nails. Mercury levels in blood

and urine are much more dynamic (Section 3.1) and more greatly affected by recent exposure history.

Animal Studies. Animal studies generally focus on similar exposure routes as epidemiological studies.
For elemental mercury vapor, the animal database consists of acute- and intermediate-duration inhalation
studies. No studies were identified for chronic-duration inhalation of elemental mercury vapor or for oral
or dermal exposure to elemental mercury. The animal database for inorganic mercury salts includes
acute-, intermediate-, and chronic-duration oral studies on mercuric chloride, with a few acute-duration
oral studies conducted on mercuric sulfide and mercuric acetate. In addition, a few intermediate-duration
inhalation studies were conducted on mercuric oxide. For organic mercury compounds, acute-,

intermediate-, and chronic-duration oral studies were conducted in animals.

Health Effects of Mercury. The health effects of mercury identified from studies in humans and
animals are summarized below for the three chemical classes of mercury. For all forms of mercury,
neurological and renal effects have been consistently observed in epidemiological and/or animal studies.

More detailed information, including reference citations, is provided in Chapter 2.
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Elemental Mercury. Neurological and renal effects have been observed in humans and animals exposed

to elemental mercury vapor. Case reports of exposure to elemental mercury at fatal or near-fatal levels

have observed severe adverse respiratory effects, including lung inflammation, pneumonitis, and

respiratory failure due to pulmonary edema. Other targets of elemental mercury have not been well-

studied in epidemiological or animal studies.

Neurological effects. Neurological effects of occupational exposure to mercury have been
recognized since the mid-19™ century, referred to as “mad hatter’s syndrome” due to severe
neurological and psychological symptoms in hatters exposed to metallic mercury vapor during the
felt-making process. Additionally, epidemiological studies provide consistent evidence of
neurological effects in adults, including tremor, vision, nerve conduction, motor speed and fine
motor coordination, cognitive performance (memory, and integrative function), and subjective
physiological symptoms (mood swings, irritability, nervousness, timidity, loss of confidence).
Animal studies provide additional evidence of neurodevelopmental effects (altered learning and
behavior, altered motor activity, impaired habituation) and impaired motor function and damage

to the central nervous system in adult animals.

Renal Effects. Epidemiological studies provide some evidence of renal toxicity, such as
decrements in glomerular function and tubular injury. Results of animal studies show dose- and
duration-dependent increases in severity of nephrotoxicity characterized by damage to proximal
tubules, distal tubules, and glomerular membrane, loss of brush border membranes, and renal

Necrosis.

Inorganic Mercury Salts. Information on health effects is primarily from oral studies in laboratory

animals, with supporting data from acute poisoning case reports in humans. No epidemiological studies

specific for exposure to inorganic mercury salts were identified. In addition to neurological and renal

effects, studies provide some evidence of cardiovascular, hematological, immunological, and reproductive

effects.

Neurological and neurodevelopmental effects. Animal studies provide consistent evidence that
the neurological system is an important target of inorganic mercury salts. Neurodevelopmental
findings include hyperactivity, impaired motor coordination, impaired memory, and decreased
sociability. In adult animals, neurological effects (hyperactivity, impaired coordination, impaired

learning and memory), and overt signs of neurotoxicity in adults (hindlimb crossing, ataxia,
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tremor, partial paralysis) and neuropathological changes to sensorimotor regions in the central

nervous system (dorsal spinal route, cerebellum) have been observed.

Renal effects. Nephrotoxicity of inorganic mercury salts has long been established. Impaired
renal function and damage in humans has been reported following acute inorganic mercury
poisoning (Cappelletti et al. 2019; Park and Zheng 2012). Animal studies provide consistent
evidence of dose- and duration-dependent increases in severity of renal toxicity, including
damage to proximal tubules, distal tubules, and glomerular membrane, loss of brush border

membranes, and necrosis.

Cardiovascular effects. Results of animal studies provide evidence of cardiovascular effects,
including blood pressure, altered cardiac function, positive inotropic effects, and altered

baroreceptor reflex sensitivity.

Hematological effects. Animal studies provide some evidence of hematological effects of
inorganic mercury salts. Findings include impaired clotting, mild decreases in red blood cell
(RBC) parameters (count, hemoglobin, hematocrit), and increases in white blood cell (WBC)
counts. However, findings are of uncertain biological relevance due to limited evidence, small

magnitude of effect, and/or inconsistency of observations.

Immunological Effects. Studies in genetically susceptible strains of mice indicate that inorganic

mercury salts stimulate the immune system and induce immune complex disease.

Reproductive Effects. Dose-dependent impairment of fertility and decreased sperm motility and

number have been observed in animal studies.

Organic Mercury. Neurological and neurodevelopmental effects are established as the most sensitive
effects of oral exposure to organic mercury compounds. In addition, oral studies in humans and/or
animals provide some evidence of renal, cardiovascular, immune, reproductive and developmental

effects.

Neurological and neurodevelopmental effects. Epidemiological studies provide evidence of
cognitive, neuromotor, and neurosensory effects associated with prenatal exposure to

methylmercury. In adults, studies show decreased performance on tests of fine motor
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coordination and speed, muscle strength, tactile sensation, color vision and visual contrast
sensitivity, and memory and learning. Neurological effects in animals include sensorimotor
dysfunction, vision and hearing deficits, impaired learning and memory, and overt signs of
neurotoxicity (clumsiness, gross and fine motor incoordination, lethargy, hindlimb crossing,
tremor, ataxia, partial paralysis). The developing nervous system is more vulnerable to
methylmercury exposure than the mature nervous system because maternal-fetal and maternal-
child transfer of methylmercury can occur at critical stages of development of the brain and
cognition and prior to maturation of the blood-brain barrier to an adult functioning blood-brain

barrier.

Renal effects. Studies in animals show consistent evidence of dose- and duration-dependent
increases in severity of nephrotoxicity (damage to proximal tubules, distal tubules, and

glomerular membrane, loss of brush border membranes, necrosis).

Cardiovascular effects. Some epidemiological studies show associations between mercury
biomarkers and small increases in blood pressure, clinical hypertension, and altered cardiac
function. In animals exposed to methylmercury, increased blood pressure, positive inotropism
(strengthening of heart contraction), and decreased baroreflex sensitivity (maintenance of

constant blood pressure) have been observed.

Immunological effects. Epidemiological studies have shown associations between biomarkers
indicating increased mercury exposure and markers indicating changes in immune system
function (serum cytokine levels, immunoglobulins, and immune cell counts); however, it is
unknown if immune system function is altered. Studies in animals observed immune stimulation
and immune complex disease in genetically susceptible strains of mice and some evidence of

immune suppression in non-susceptible animals.

Reproductive effects. Animal studies provide consistent evidence of impairment in fertility.

Developmental effects. Developmental effects, including polydactyly (extra fingers or toes),
syndactyly (fused or webbed fingers or toes), craniofacial malformations, microcornea (cornea
less than 10 mm in diameter), undescended testicles, enlarged colon, and protrusion of the
coccyx, were observed in the Minamata poisoning population, poisoned by organic mercury

consumed in fish. Animal studies show consistent evidence of dose- and duration-dependent
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decreases in offspring survival, increased fetal malformations and variations (cleft palate, skeletal
malformations [ribs, sternebrae], and hydronephrosis [swelling of kidney]), and decreased fetal

weight.

Cancer. Carcinogenicity has been assessed in rats and mice following chronic-duration oral exposure to
mercuric chloride, methylmercury, and phenylmercuric acetate. Mercuric chloride induced forestomach
and thyroid tumors in male rats and methylmercury induced renal tumors in male mice. There is limited

evidence of renal tumors in male rats exposed to phenylmercuric acetate.

The Department of Health and Human Services has not classified the potential for elemental mercury,
inorganic mercury compounds, or methylmercury compounds to cause cancer in humans (NTP 2016).
The International Agency for Research on Cancer (IARC 1993) concluded that elemental mercury and
inorganic mercury compounds are not classifiable as to their carcinogenicity to humans (Group 3) and
methylmercury compounds are possibly carcinogenic to humans (Group 2B) based on inadequate
evidence in humans for mercury and mercury compounds, inadequate evidence in experimental animals
for elemental mercury, limited evidence for carcinogenicity of mercuric chloride in experimental animals
(forestomach tumors in rats), and sufficient evidence for carcinogenicity of methylmercuric chloride in
experimental animals (kidney tumors in male mice). The U.S. Environmental Protection Agency (EPA)
Integrated Risk Information System (IRIS 1995a) concluded that elemental mercury is not classifiable as
to human carcinogenicity (Group D) based on inadequate human and animal data. IRIS (1995b)
concluded that mercuric chloride is a possible human carcinogen (Group C) based on no human data and
limited evidence of carcinogenicity in animals (forestomach and thyroid tumors in male rats). IRIS
(2001) also concluded that methylmercury is a possible human carcinogen (Group C) based on inadequate

data in humans and limited evidence of carcinogenicity in animals (kidney tumors in male mice).

Health effects of mercury compounds observed in animals at various inhalation exposure levels or oral
doses are summarized in the following figures: Figure 1-1, inhaled elemental mercury; Figure 1-2, oral
inorganic mercury salts; and Figure 1-3, organic mercury. Note that for all studies, exposure is expressed
in terms of mercury (i.e., mg Hg/kg/day), and not in terms of specific mercury compounds, to allow
comparison of doses across studies. Epidemiological studies do not typically report exposure levels (mg
Hg/m?) or doses (mg/kg/day) and are summarized in separate tables throughout the profile. The MRLs
shown in Figures 1-1 and 1-3 are based on human data with exposure levels predicted from reported

biomarkers (Appendix A).
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Figure 1-1. Health Effects Found in Animals Following Inhalation Exposure to
Elemental Mercury

Dose (mg Hg/m3) Effects in Animals
27 Acute: Death, asphyxiation, lung damage
8 Acute: Developmental effects (decreased pup weight,

decreased litter size)

4 Acute: Renal effects (urinalysis, increased kidney weight),
decreased body weight

3 Intermediate: Renal effects (histology)

0.5 Acute: Neurological effects (behavior, histology)

Intermediate: Neurological effects (behavior, histology),
decreased body weight

0.188 Intermediate: Developmental effects (neurological)
0.05 Acute: Developmental effects (neurological)
0.0003 mg Hg/m?3 Chronic MRL (based on human data and exposure

levels predicted from biomarkers)
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Figure 1-2. Health Effects Found in Animals Following Oral Exposure to
Inorganic Mercuric Salts*

Dose (mg Hg/kg/day) Effects in Animals
>5 Acute: Death, renal effects (histology)
4-5 Acute: Developmental effects (decreased fetal size)

Chronic: Cancer

1.39-3 Acute: Renal effects (increased kidney weight), male
reproductive effects (sperm effects, altered hormones,
increased testes weight)

Intermediate: Death

Chronic: Death, decreased body weight, renal effects
(histology)

0.3-1 Acute: Immune suppression, neurological effects
(histology)

Intermediate: Developmental effects (neurological),
decreased body weight

Chronic: Increased blood pressure

0.118-0.277 Intermediate: Immune stimulation, impaired fertility,
neurological effects (behavior, histology)

0.07 Intermediate: Increased blood pressure

0.033 Acute: Hematological effects

Intermediate: Hematological effects

0.015 Intermediate: Renal effects (serum chemistry, histology)

0.002 mg Hg/kg/day 8 Acute MRL (based on animal data)

0.00001 mg Hg/kg/day Intermediate MRL (based on animal data)

*Inorganic mercury studies primarily evaluated mercuric chloride, with a few acute-duration oral studies conducted on
mercuric sulfide and mercuric acetate.
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Figure 1-3. Health Effects Found in Animals Following Oral Exposure to Organic

Mercury

Dose (mg Hg/kg/day) Effects in Animals

>1

0.6-1

0.1-0.5

0.01-0.08

0.005-0.008

0.0004

0.0003

0.0001 mg Hg/kg/day

Acute: Death, decreased body weight, and renal effects
(increased kidney weight) and decreased heart rate

Intermediate: Death
Chronic: Death, decreased body weight

Acute: Male reproductive effects (decreased seminal
vesicle weight, sperm and hormone effects)

Intermediate: Decreased body weight, developmental
effects (decreased fetal weight and survival)

Chronic: Renal effects (histology)

Acute: Developmental effects (defects, variations)

Intermediate: Developmental effects (neurological)

Chronic: Renal effects (histology) Developmental effects

(neurological), neurological effects (behavior, histology),
female reproductive effects (reduced viable pregnancies)

Acute: Developmental effects (neurological)

Intermediate: Elevated blood pressure, renal effects
(clinical chemistry), neurological effects (behavioral), male
reproductive effects (resulting in no viable pregnancies)

Intermediate: Altered immune function

Intermediate: Developmental effects (immune)

Chronic MRL (based on human data and exposure
—— levels predicted from biomarkers)
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1.3 MINIMAL RISK LEVELS (MRLs)

MRLs have been developed for each class of mercury compounds (Tables 1-1, 1-2, and 1-3 for elemental
mercury, inorganic mercury salts, and methylmercury, respectively). Figures 1-4, 1-5, and 1-6 show the
most sensitive targets for inhaled elemental mercury, oral inorganic mercury salts in animals, and oral
methylmercury, respectively. For elemental mercury, a chronic-duration inhalation MRL was derived
based on neurological effects observed in epidemiological studies (Figure 1-4). For inorganic mercury
salts, acute- and intermediate-duration oral MRLs were developed from studies in animals showing renal
toxicity (Figure 1-5). For methylmercury, a chronic-duration oral MRL based on neurodevelopmental
effects was derived using epidemiological data (Figure 1-6). Details of MRL derivations are provided in

Appendix A.

Figure 1-4. Summary of Sensitive Targets of Elemental Mercury — Inhalation

Available data indicate that the developing nervous system and the adult neurological and renal
systems are the most sensitive targets of elemental mercury inhalation exposure.

Numbers in circles are the lowest LOAELSs for all health effects in animals and the number in the triangle
is the point-of-departure (POD) for the chronic-duration inhalation MRL based on human data*.

Acute (mg Hg/m?3)

Developmental

(neuro)

Neurological

Renal V4 @
Body weight V4 @

Intermediate (mg Hg/m?3)

Renal 0.048

Developmental 0.188
(neuro)

Neurological

Chronic (mg Hg/m?)

Neurological A

0.00284

*This value (0.00284 mg/m? or 2.84 ug/m?) is the lower 95% confidence limit on the weighted mean for neurological
effects (tremor) from seven occupational studies.
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Figure 1-5. Summary of Sensitive Targets of Inorganic Mercuric Salts — Oral

Available data indicate that the renal, cardiac, immune, and reproductive systems are the most
sensitive targets of inorganic mercuric salts oral exposure.

Numbers in circles are the lowest reliable LOAELSs for all health effects in animals.

Acute (mg Hg/kg/day)

Renal //
Reproductive @

Intermediate (mg Hg/kg/day)
Renal
Cardiovascular
Immunological
Chronic (mg Hg/kg/day)

Cardiovascular @
Renal Vi @
Cancer // 0
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Figure 1-6. Summary of Sensitive Targets of Organic Mercury — Oral

Available data indicate that the developing nervous and immune systems and the adult
neurological, immune, male reproductive, renal, and cardiac systems are the most sensitive
targets of organic mercury oral exposure in animals; the developing nervous system is the most

sensitive target of methylmercury oral exposure in humans.

Numbers in circles are the lowest LOAELSs for all health effects in animals and the number in the triangle
is the point-of-departure (POD) for the chronic-duration oral MRL based on human data*.

Developmental
(neuro)

Neurological

Reproductive

Renal

Developmental
(immune)

Immunological

Cardiovascular

Renal

Developmental
(neuro)

Acute (mg Hg/kg/day)

0.008,

Intermediate (mg Hg/kg/day)

®®

Chronic (mg Hg/kg/day)

0.00041

*This value (0.00041 mg Hg/kg/day or 0.41 pg Hg/kg/day) is the no-adverse-effect level for neurodevelopmental
effects (decreased 1Q) from a meta-analysis (Axelrad et al. 2007a, 2007b) of three epidemiological studies.
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Table 1-1. Minimal Risk Levels (MRLs) for Elemental Mercury?
Exposure |Exposure Uncertainty/
route duration MRL Critical effect |POD type POD value modifying factor | Reference
Inhalation |Acute None - - - - -
Intermediate |None - - - - -
Chronic 0.3 ug Hg/m® | Tremors 95% lower 2.84 ug Hg/m3 |UF: 10 Bast-Pettersen et al. 2005;
confidence limit Boogaard et al. 1996;
of weighted Chapman et al. 1990;
median of Ellingsen et al. 2001; Fawer
seven principal et al. 1983; Langworth et al.
studies 1992a; Wastensson et al.
2006, 2008
Oral No oral MRLs were derived for any duration

aSee Appendix A for additional information.

POD = point of departure; UF = uncertainty factor
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Table 1-2. Minimal Risk Levels (MRLs) for Inorganic Mercury Salts?
Uncertainty/

Exposure | Exposure modifying

route duration MRL Critical effect POD type |POD value factor Reference

Inhalation |No inhalation MRLs were derived for any duration

Oral Acute 0.002 mg Hg/kg/day |Elevated relative kidney BMDLaby 0.21 mg Hg/kg/day UF: 100 Dieter et al.

weight 1992; NTP
1993
Intermediate |1x10~° mg Hg/kg/day | Decreased renal function |LOAEL 0.015 mg Hg/kg/day |UF: 1,000 Apaydin et al.

2016

and histopathological

changes

Chronic

None

aSee Appendix A for additional information.

ADJ = adjusted; BMDL = 95% lower confidence limit on the BMD; LOAEL = lowest observed adverse effect level; POD = point of departure; UF = uncertainty

factor
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Table 1-3. Minimal Risk Levels (MRLs) for Methylmercury?
Uncertainty/

Exposure |Exposure modifying
route duration MRL Critical effect POD type |POD value factor Reference
Inhalation No inhalation MRLs were derived for any duration
Oral Acute None - - - - -

Intermediate | None - - - - -

Chronic 0.1 ug Hg/kg/day |Neurodevelopmental effects |NAEL 0.41 ug Hg/kg/day |UF: 3 Axelrad et al.

(decreased 1Q)

2007a, 2007b

aSee Appendix A for additional information.

1Q = intelligence quotient; NAEL = no-adverse-effect level; POD = point of departure; UF = uncertainty factor
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CHAPTER 2. HEALTH EFFECTS

2.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of mercury. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

To help public health professionals and others address the needs of persons living or working near hazardous
waste sites, the information in this section is organized by health effect. These data are discussed in terms of
route of exposure (inhalation, oral, and dermal) and three exposure periods: acute (<14 days), intermediate

(15-364 days), and chronic (>365 days).

As discussed in Appendix B, a literature search was conducted to identify relevant studies examining health
effect endpoints. The following figures provide overviews of the human and animal databases included in
this chapter of elemental mercury (Figure 2-1), inorganic mercury (Figure 2-2), organic mercury

(Figure 2-3), and for exposures where the predominant form mercury is unknown (general populations)
(Figure 2-4). These studies evaluate the potential health effects associated with inhalation and oral exposure

to mercury but are not inclusive of the entire body of literature.

Results of epidemiological studies are provided in each section of Chapter 2. Animal studies are
presented as follows: inhaled elemental mercury, Table 2-1 and Figure 2-5; inhaled mercuric oxide,
Table 2-2 and Figure 2-6; oral inorganic mercuric salts, Table 2-3 and Figure 2-7; and oral organic

mercury, Table 2-4 and Figure 2-8. No quantitative dermal data were identified for mercury compounds.

Levels of significant exposure (LSEs) for each route and duration are presented in tables and illustrated in
figures. Note that for all studies, exposure is expressed in terms of mercury (i.e., mg Hg/kg/day), and not
in terms of specific mercury compounds, to allow comparison of doses across studies. The points in the
figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-observed-adverse-effect levels
(LOAELSs) reflect the actual doses (levels of exposure) used in the studies. Effects have been classified

into “less serious LOAELSs” or “serious LOAELs (SLOAELSs).” “Serious” effects are those that evoke
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failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress or
death). “Less serious” effects are those that are not expected to cause significant dysfunction or death, or
those whose significance to the organism is not entirely clear. ATSDR acknowledges that a considerable
amount of judgment may be required in establishing whether an endpoint should be classified as a
NOAEL, “less serious” LOAEL, or “serious” LOAEL, and that in some cases, there will be insufficient
data to decide whether the effect is indicative of significant dysfunction. However, the Agency has
established guidelines and policies that are used to classify these endpoints. ATSDR believes that there is
sufficient merit in this approach to warrant an attempt at distinguishing between “less serious” and
“serious” effects. The distinction between “less serious” effects and “serious” effects is considered to be
important because it helps the users of the profiles to identify levels of exposure at which major health
effects start to appear. LOAELSs or NOAELS should also help in determining whether or not the effects
vary with dose and/or duration, and place into perspective the possible significance of these effects to
human health. Levels of exposure associated with cancer (Cancer Effect Levels, CELs) of oral inorganic
mercury are indicated in Table 2-3 and Figure 2-7; CELs for oral organic mercury are indicated in

Table 2-4 and Figure 2-8.

A User's Guide has been provided at the end of this profile (Appendix C). This guide should aid in the
interpretation of the tables and figures for LSEs and MRLs.

Mercury and mercury compounds have been used for industrial and medicinal purposes since ancient
times and the toxicity of mercury compounds has long-been recognized (Clarkson 2006; Genchi et al.
2017). Environmental mercury exposures that could result in adverse health effects were only recognized
in the early 1950s when residents of Minamata, Japan consumed methylmercury-contaminated fish and
seafood (Ekino et al. 2007). Since the Minamata poisoning, an extensive database of epidemiological and

animal studies has examined relationships between exposures to mercury and effects on health outcomes.

In this profile, mercury compounds are classified into three categories: (1) elemental mercury;

(2) inorganic mercury compounds (primarily inorganic mercury salts); and (3) organic mercury
compounds, with each mercury category exhibiting different properties. These properties play a
significant role in defining the toxicokinetics and toxicity profiles for each mercury class. Mercury has
no known physiological role in humans (Carocci et al. 2014). The focus of this profile is to summarize
toxicological effects of the three mercury classes using epidemiological and animal studies that are
relevant to the major sources of environmental exposure. Various consumer (e.g., skin lightening creams

and soaps, herbal remedies, laxatives, tattooing dyes, fingerpaints, artists paints, and make-up paints) and
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medicinal products (e.g., thimerosal, an ethylmercury-containing compound that was used as a
preservative in vaccines) that contain mercury or mercury compounds can contribute to exposure to
consumers (DeVito and Brooks 2013; McKelvey et al. 2011; Rastogi 1992; Wendroff 1990). Toxicities
of consumer and medicinal products, other than mercury dental amalgams, are not specifically considered
or evaluated in this profile, as these exposures are not classified as environmental exposures. However,
any mercury released into air, water, or soil via consumer use or disposal of mercury-containing products
would contribute to exposures detected in environmental media and/or biomarkers of exposure in
epidemiological studies. The toxicology of mercuric cyanide is not discussed in this profile because the
exposure-response relationship for mercuric cyanide will reflect contributions of inorganic mercuric
mercury and cyanide. The toxicology of inorganic mercuric mercury is described in this the profile. The

toxicology of cyanide is described in the ATSDR Toxicological Profile for Cyanide.

Since the development of the previous Toxicological Profile on Mercury in 1999, the database for
epidemiological studies has grown considerably, with more extensive investigations of populations with
high dietary exposure to mercury-contaminated fish and of general populations with lower levels of
mercury exposures. Studies have also expanded investigations to focus on effects and endpoints other
than neurological. In addition, more epidemiological studies have included biomarkers of exposure (e.g.,
mercury in blood, hair, or urine). The literature database for studies in laboratory animals has expanded
with evaluations of effects in other organ systems, and more recent studies have evaluated lower exposure

levels than those used in earlier studies.

Literature Search Strategy and Inclusion Criteria. The literature database on health effects of mercury
is enormous, with a large number of epidemiological studies, including studies in children, and studies in
laboratory animals. Due to the extent of the literature database, it is not practical or realistic to cite all, or
even most, of the studies on health effects of mercury. Thus, this profile does not attempt to provide a
comprehensive review of all literature; instead, the profile summarizes the major lines of evidence
regarding health effects. Due to the extensive number of available epidemiological studies, case reports
are generally not included in the profile. However, exceptions include discussion of acute-duration
accidental or intentional exposure to near-fatal or fatal levels of mercury, and to describe portal-of-entry

effects following acute-duration exposures.

ATSDR’s approach for assessing study quality and weight-of-evidence evaluation is described in
ATSDR’s Guidance for the Preparation of Toxicological Profiles document

(https://www.atsdr.cdc.gov/toxprofiles/guidance/profile_development guidance.pdf). For
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epidemiological studies, well-conducted and reported studies were considered for inclusion in the profile.
Quality criteria were considered in selecting studies to include in the mercury profile and, in particular,
for consideration as support for MRLs. In general, epidemiological studies that attempted dose-response
assessments (e.g., regression models) were included in the profile if the following criteria were met:

(1) reported estimates of variance in the dose-response metrics (e.g., standard error [SE], confidence level
[CL)); (2) included adjustments for confounding; and (3) reported biomarker data. For studies used to
derive MRLs, reporting of quality assurance of analytical methods was also required. For most studies
included in the profile, these inclusion criteria were followed, although there are a few exceptions. For
example, biomarkers were not available for some mercury poisoning outbreaks from the 1950s—1970s
because mercury exposure was not recognized as the cause of symptoms at the time of exposure (e.g.,
Minamata disease). However, these studies are included because they identified severe neurological and
neurodevelopmental effects in populations exposed to environmental methylmercury, providing the
rationale for subsequent environmental and biomarker-based epidemiological investigations of these

endpoints.

For animal studies, all well-conducted and reported studies were considered for inclusion, with the focus
on relevant routes of exposure. A large amount of parenteral (injection) studies in animals exist, with
most focusing on induction of renal toxicity using high doses of inorganic mercury salts. These studies
are not included for dose-response assessments because they do not provide information about effects at

low doses of mercury, and parenteral administration is not a relevant route for human exposure.

Mechanism of Toxicity. Mercury produces toxicity by a variety of mechanisms, which are discussed in
depth in Section 2.21 and in discussions of specific categories of health effects. In general, these
mechanisms include alteration or disruption of regulation of intracellular calcium homeostasis,
cytoskeleton, mitochondrial function, oxidative stress, neurotransmitter release, and DNA methylation.
Mercury binding to thiolate anions may underlie many of these alterations or disruptions since:

(1) thiolates are present in almost every biological system, and (2) Hg*" and CHsHg*" have high affinity

for the thiolate anion and formation of Hg*" and CH3;Hg?" S-conjugates.

Mercury binds to and disrupts the activity of enzymes, transporters, and other proteins that depend on
functional thiol groups. Mercury can also displace other physiological metals (e.g., iron, zinc) that
regulate enzyme activity through interactions with protein thiols. While binding to thiol groups is
reversible, the binding kinetics are sufficiently fast enough that Hg*" and CHsHg?" migrate from one

accessible thiolate anion to another.
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Low molecular weight thiols also serve as important ligands for mercury transport in and out of cells.
Conjugates of Hg** and CH;Hg”" with extracellular thiols (e.g., cysteine, glycinyl-cysteine, glutathione)
are recognized by physiological transport systems for amino acids (e.g., molecular mimicry) and, once in
cells, mercury can distribute to other critical intracellular thiol groups. Transport of mercury S-conjugates
has been shown to be important in a variety of tissues, including brain, intestines, kidneys, liver, placenta,
and RBCs. The high lipid solubility of elemental mercury (Hg’) contributes to partitioning of inhaled
mercury vapor into blood and delivery of Hg" to the brain where it can be oxidized to Hg*" and form

Hg?"-thiol conjugates.

Toxicokinetics of Mercury Compounds. Humans are exposed to many forms of mercury, and these
exhibit route-dependent and chemical-species-dependent toxicokinetics. The major categories discussed
in this section are elemental mercury (Hg’, e.g., mercury vapor) and inorganic mercuric (Hg?",

e.g., mercuric chloride), inorganic mercurous (Hg', calomel), and organic mercuric (Hg*",

e.g., methylmercury, dimethylmercury, phenylmercury) compounds.

Elemental mercury. Absorption of inhaled mercury vapor was estimated to range from 69 to 85% in
human adults. Absorption of elemental mercury ingested as mercury amalgam was estimated to be 0.04%
in human adults. Systemic absorption of mercury has been shown to occur in human adults following
skin exposure to mercury vapor (approximately 2% of absorption from inhalation during a full-body

immersion in mercury vapor) (Hursh et al. 1989).

Following inhalation exposure to mercury vapor, mercury distributes throughout the body, with the
highest concentrations occurring in the kidneys. Vascular proximity of the heart and brain coupled with a
limiting oxidation rate of Hg" in blood contributes to a first-pass effect on uptake of Hg" in these tissues
following inhalation of mercury vapor. Inhaled mercury vapor can be transferred from the mother to the

fetus and also from the mother to infants via maternal milk.

Absorbed Hg" is eliminated in exhaled air and by oxidation to mercuric mercury (Hg*"). The major
oxidative pathway for Hg" is catalyzed by the enzyme catalase. Following oxidation of Hg’ in blood and

tissues, Hg”" is excreted in urine and feces.

Following inhalation of mercury vapor, mercury elimination kinetics exhibit multiple phases. The

terminal half-time, thought to largely reflect urinary and fecal excretion of Hg**, has been estimated in
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humans to range from 30 to 90 days. Several pharmacokinetics models of inorganic mercury have been
published. Of these, two models were developed to predict the absorption and distribution of inhaled
mercury vapor (Jonsson et al. 1999; Leggett et al. 2001).

Inorganic mercuric mercury. Following accidental inhalation exposures to mercuric oxide (***HgO),
mercury was detected in various body regions, including head, kidneys, pelvis, and in the legs, indicating
systemic absorption. Absorption of mercury following ingestion of inorganic mercury compounds was
estimated to range from 1 to 16% in human adults. Studies conducted in rodents have found that
gastrointestinal absorption is higher in younger rats. Inorganic mercuric mercury was shown to be
absorbed across isolated human and pig skin. Following ingestion of mercuric chloride, mercury

distributes throughout the body, with the highest concentrations occurring in the kidneys and liver.

Inorganic mercury is found in human cord blood, placenta, and breast milk, indicating transfer to the fetus
and infant, respectively. Exhaled Hg’ was observed in mice following parenteral doses of mercuric
chloride, suggesting that Hg** had been reduced to Hg’. Salivary and gastrointestinal bacteria have been
shown to methylate Hg”*; however, the quantitative significance of methylation in the disposition of
absorbed Hg?* remains uncertain. The major routes of excretion of absorbed mercuric mercury are feces

and urine.

Kinetics of elimination of absorbed inorganic mercuric mercury exhibits multiple phases. The terminal
half-time has been estimated in humans to range from 49 to 120 days (Farris et al. 2008). Several
pharmacokinetics models of inorganic mercury have been published. These models are based on studies

of pharmacokinetics of absorbed inorganic mercuric mercury.

Inorganic mercurous mercury. No studies were located that provide quantitative information on the
absorption, distribution, metabolism, or excretion of mercury following exposure to inorganic mercurous
compounds. Pharmacological and cosmetic uses of calomel (mercurous chloride) ointments (skin
lightening creams, acne) have resulted in elevated urinary mercury levels and mercury poisoning,
indicating that absorption of mercury can occur following oral and/or dermal exposure to inorganic
mercurous compounds. Toxicity may have been from absorbed inorganic mercuric mercury, as the low

pH and high chloride concentration of the gastric environment favor oxidation of ingested Hg' to Hg*".

Organic Mercuric Mercury. No studies were found that have estimated absorption of inhaled organic

mercuric mercury. Studies conducted in humans, monkeys, and rodents have shown that gastrointestinal
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absorption of mercury is close to 100% following ingestion of methylmercury chloride or when
incorporated into fish or other ingested protein. Dimethylmercury is rapidly absorbed through human

skin.

Following ingestion of methylmercury, mercury distributes throughout the body, with the highest
concentrations occurring in the liver, kidneys, and brain. Methylmercury is also found in human cord
blood, placenta, and breast milk, indicating transfer to the fetus and infant, respectively. Studies
conducted in humans and in a variety of other mammalian species have observed both methylmercury and
inorganic mercury in tissues and excreta following exposure to methylmercury. Demethylation occurs in
liver, phagocytes, brain, and other tissues. The major routes of excretion of absorbed methylmercury are
feces, urine, and hair. Following exposure to phenylmercury, absorbed mercury is eliminated in bile,

feces, urine, and hair.

Kinetics of elimination of absorbed methylmercury exhibits multiple phases. The terminal half-times
have been estimated in humans to range from 50 to 130 days. Pharmacokinetics models of

methylmercury have been developed for humans and a variety of other animal species.

Routes of Exposure and Mercury Sources. Relevant routes of exposure for humans vary based on the
category of mercury compound.

e Elemental mercury. The most relevant route of exposure to elemental mercury is through
inhalation of mercury vapor. Exposure of workers to elemental mercury vapor has occurred in
several occupational settings, including chloralkali processing (i.e., production of chlorine and
sodium hydroxide), fluorescent lamp production, gold mining and processing, lithium-6
purification (column exchange [COLEX] process), mercury amalgam dentistry, mercury battery
production, natural gas production, recycling, and thermometer production. Humans can also be
exposed to elemental mercury from inhalation and ingestion of mercury released from mercury
amalgam dental restorations.

e [norganic mercury salts. Oral exposure is the primary route of exposure to inorganic mercury
salts. Exposure may occur through diet or contaminated environmental media (e.g., soil).
Exposure to inorganic mercury salts is currently not a predominant exposure for the general U.S.
population.

e Organic mercury compounds. Methylmercury is by far the predominant form for organic
mercury exposure in populations. Exposure to methylmercury occurs worldwide through the diet,

with fish as the main dietary source of methylmercury.
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Epidemiological Studies. Numerous epidemiological studies have examined effects of environmental
exposures to mercury compounds. The following provides a brief overview of the epidemiological

database and important considerations for epidemiological studies.

Metrics of exposure (biomarkers). Humans are exposed to a mixture of methylmercury and inorganic
mercury (primarily mercuric and elemental) in their local environments, with either being more or less
pronounced under certain circumstances (e.g., occupational exposure to Hg” vapor, consumption of
methylmercury in fish). Exposure to mercury that leads to absorption of mercury in any form can be
detected from measurement of total mercury (inorganic plus organic) in blood or urine. A change in
exposure will be reflected in a change in blood (BHg) or urine total mercury (UHg). Measurements of
total mercury in blood and urine can be considered biomarkers of total mercury exposure. These
measurements do not provide information to confidently estimate the magnitude of exposures specifically

to methylmercury, inorganic mercury compounds, or elemental mercury.

Biomarkers that are more strongly correlated to methylmercury exposure are blood methylmercury
concentration or total mercury concentrations in hair (HHg) or RBCs. Blood and hair are more
significant depots for accumulation of methylmercury than inorganic mercury. Biomarkers that are more
strongly correlated to exposure to inorganic forms of mercury (primarily mercuric and elemental) are
inorganic mercury in blood (or plasma) and inorganic mercury or total mercury in urine. However,
demethylation after absorption contributes inorganic mercury to blood and urine; this complicates
distinguishing exposures to inorganic mercury from exposures to methylmercury based solely on

measurements of total mercury in blood or urine.

In workers exposed to high levels of mercury vapor, elemental mercury is likely to be the dominant form,
and total mercury in urine can serve as a reliable biomarker of exposure. Epidemiological studies of
methylmercury have focused on populations that consume large amounts of fish or marine animals. In
these populations, methylmercury is likely to be the dominant contributor to exposure, and total mercury

in blood or hair can serve as a reliable exposure biomarker.

Duration of exposure. With few exceptions, the duration of exposure to mercury in epidemiological
studies is considered to be chronic. Exceptions include intermediate-duration exposures in an

occupational study in elemental mercury workers and studies on the Iraq methylmercury poisoning
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outbreak. No epidemiological studies examining populations exposed to mercury for acute durations

were identified.

Study populations and sources of exposure. All populations are exposed to a combination of elemental,
inorganic, and organic mercury compounds; thus, no population is exposed to only one mercury category.
In this profile, epidemiological study populations are classified as follows: (1) predominant exposure to
elemental mercury; (2) predominant exposure to methylmercury; and (3) general populations in which the
predominant form of mercury is unknown and cannot be discerned from the reported biomarker
measurements. Details of these population are described below. Information on exposure of humans to
inorganic mercury compounds is limited to reports of acute-duration accidental or intentional exposure to
near-fatal or fatal levels. Clinical findings associated with these high-dose, acute-duration exposures are

reviewed in Section 2.2.

Elemental Mercury. Populations exposed predominantly to elemental mercury consist of occupational
exposures and exposures to mercury amalgam in dental patients. Studies of exposures to mercury vapor
have been conducted in workers of various industries including chloralkali, fluorescent lamp production,
gold mining and processing, lithium-6 purification (COLEX process), dentistry applications of mercury
amalgam, mercury battery production, natural gas production, recycling, and thermometer production. In
some occupational studies, work area or breathing zone mercury levels in a subset of the study group
were reported. The most common biomarker reported is mercury concentration in urine (UHg; expressed
in terms of pg/L or pg/g creatinine). The timing of measurement varied across studies. In some cross-
sectional studies, these were based on measurements made at a single time, typically at the time of
outcome assessment. For some retrospective studies, UHg estimates were derived from historical
industrial hygiene monitoring data. In some studies, the individual subject data were aggregated into
metrics of cumulative exposure (e.g., sum of quarterly average values for all exposure years) or exposure
intensity (sum/exposure years). Most occupational studies have assessed health outcomes by comparison
of exposed and reference (unexposed) groups. Inhalation is the primary route of exposure. Exposures of
workers may be relatively constant during the workday (e.g., chloralkali workers) or highly intermittent
(e.g., dental workers). For exposure of populations with amalgam fillings, biomarker levels are typically

lower than those observed in occupational populations.

Methylmercury. Studies of associations between health outcomes and exposure to methylmercury have
focused on populations in which methylmercury was the dominant contributor to total mercury exposure.

These studies fall into two general categories: studies of outbreaks of mercury poisoning related to
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exposure to methylmercury and studies of populations that consume large amounts of fish and/or marine

mammals. Two major outbreaks of methylmercury poisoning have been extensively studied.

o Minamata poisoning outbreak. In the Minamata outbreak, discharges of wastewater from an
acetaldehyde production facility into the Shiranui Sea located in the Kumamato Prefecture of
Japan resulted in elevated levels of methylmercury in fish and shellfish (Harada 1995).
Methylmercury entered the waste stream as a side product of the acetaldehyde production
process, which used mercury sulfate as a reactant. In the mid-1950s, an outbreak of a
neurological disorder (Minamata disease and congenital Minamata disease) occurred in the area.
The timing of the outbreak appears to have been related to the expansion of acetaldehyde
production at the facility (Harada 1995). Exposure to methylmercury resulted from ingestion of
locally harvested fish and shellfish. Studies of health outcomes in this population focused on
neurological and neurodevelopmental effects. Measurements of mercury in blood and hair were
not made until several years following the period of most intense exposure and, therefore, do not
provide reliable estimates of exposures that may have contributed to Minamata disease.

o [raq poisoning outbreak. An outbreak of methylmercury poisoning occurred in Iraq in 1972—
1973 as a result of widespread consumption of bread made from wheat that had been treated with
a methylmercuric fungicide (Al-Mufti et al. 1976; Bakir et al. 1973; Clarkson et al. 1976).
Studies of health outcomes in this population focused on neurological and neurodevelopmental
effects. Based on measurements of methylmercury in flour used to bake contaminated bread and
estimates of bread consumption, methylmercury intake was estimated to have ranged from 80 to
1,000 mg over a 3-month period (Al-Mutfti et al. 1976). BHg levels in poisoning cases measured
approximately 65 days after exposure ranged from 10 to 3,000 pg/L (Clarkson et al. 1976).
Prenatal exposures were reconstructed from segmental analysis of single maternal hair strands
and used to derive prenatal dose-response relationships for neurodevelopmental outcomes (Cox et
al. 1989; Crump et al. 1995; Marsh et al. 1987).

o Studies of populations with high fish diets. Biomagnification of mercury levels in aquatic
systems contributes to relatively high levels of methylmercury in predatory fish and marine
mammals. As a result, methylmercury can be the dominant form of mercury exposure in
populations that consume large amounts of these organisms. In these populations, BHg or HHg
levels are typical biomarkers of methylmercury exposure. Several populations of high fish
consumers have been extensively studied for associations between exposure to methylmercury
and health outcomes. Examples include studies conducted on populations in the Republic of

Seychelles, Faroe Islands, North Island New Zealand, Nunavik region of arctic Canada, and
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Amazon River basin. In each of these populations, BHg or HHg levels positively correlated with

consumption of fish.

Predominant Mercury Form Unknown (General Populations). Numerous epidemiological studies have
examined association between mercury biomarkers and health effects in adults and children. Many of
these studies do not identify the predominant form of mercury. In general populations that do not have
mercury amalgam dental restorations, dietary exposure is assumed as the primary exposure. In people
who have amalgams, mercury released from the amalgams will contribute to exposure. In people who
have 7-13 amalgam restorations, amalgam mercury can contribute approximately half of the mercury
absorbed from all sources (Mackert and Berglund 1997; Snapp et al. 1989). Biomarkers used to quantify
exposures in studies of general populations vary and include BHg, HHg, and UHg. The study population
sizes have varied greatly from <100 to almost 50,000 and included prospective studies and cross-sectional
studies in large populations, such as participants in the U.S. National Health and Nutrition Examination

Survey (NHANES) and the Korea National Health and Nutrition Examination Survey (KNHANES).

Potentials sources of bias. Bias can occur in epidemiological studies when the background risk of the
outcome being measured is not the same in the exposed and reference groups. Confounders are factors
that account for all or part of the difference in the measured outcome between groups and are not a direct
effect of exposure. Not adjusting for confounders may attenuate or strengthen the apparent associations
between mercury exposure and the outcome, depending on whether it is a negative or positive
confounding variable. Confounders can be addressed in epidemiological studies using a variety of
strategies including stratification and matching of subjects, or, in regression models, including these

factors as co-variables in the models.

Because of the importance of dietary fish consumption as a source of exposure to methylmercury, fish
consumption is a particularly important potential confounder between exposure to methylmercury and
health outcomes. For example, fish contain nutrients that have been shown to be important modifiers of
development (e.g., 3-omega long-chain polyunsaturated fatty acids, LCPUFA) (Cheatham 2008; Muldoon
et al. 2014). In populations consuming marine mammals, dietary intake of polychlorinated biphenyls
(PCBs) and selenium that accumulate in marine mammal tissue, can also be a source of confounding bias

(Boersma and Lanting 2000; Park et al. 2010; Skroder et al. 2017).

The list of factors than can introduce bias into assessment outcome association with mercury exposure

can be quite large. For example, assessing potential associations between mercury exposure and human
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developmental outcomes involves accounting for many confounders. These factors may include (but are
not limited to) child sex, birth weight, birth order, gestational age, and breastfeeding; maternal age,
alcohol and tobacco use, and medical history; parental education, caregiver general intelligence, family
income, family language; home learning, language, and social stimulation; exposure to other neurotoxins
(e.g., lead, PCBs); nutritional factors (e.g., fish consumption); history of neurological disease or head

injuries; and genetic factors that may influence mercury toxicity.

Effect modification. Effect modifiers occur when the relationship between an exposure and an outcome
vary by a third variable (the effect measure modifier). For example, renal disease from any cause can
affect blood pressure and could thereby interact with mercury to change blood pressure. A variable may
act as both an effect modifier and a confounder, depending on a variety of factors. Effect modifiers may
be investigated, often to identify susceptible populations or co-exposures that may interact with mercury
and change the association of mercury exposure with a health outcome to produce a synergistic or

antagonistic effect.

Studies in Laboratory Animals. Animal studies focus on the relevant exposure routes as discussed above
for epidemiological studies. For elemental mercury vapor, the animal database consists of acute- and
intermediate-duration inhalation studies. No adequate studies were identified for chronic-duration
inhalation of elemental mercury vapor or for oral or dermal exposure to elemental mercury. The animal
database for inorganic mercury salts includes acute-, intermediate-, and chronic-duration oral studies on
mercuric chloride, with a few acute- and intermediate-duration oral studies conducted on mercuric sulfide
and one acute-duration study conducted on mercuric acetate. In addition, two intermediate-duration
inhalation studies were conducted on mercuric oxide. For organic mercury compounds, acute-,

intermediate-, and chronic-duration oral studies were conducted in animals.

Most studies evaluated effects of methylmercury (chemical form not specified) or methylmercury
chloride; other compounds tested include methylmercury hydroxide, methylmercuric sulfide,
bis(methylmercury)sulfide, tris(methylmercury)sulphonium ion, and phenylmercuric acetate. For all
animal studies, doses are expressed in terms of mercury, not the mercury compound that was
administered. Additionally, exposure to methylmercury (chemical form not specified) or methylmercury
chloride in oral animal studies is referred to as “methylmercury exposure” when discussing toxicity
effects since methylmercury chloride rapidly dissociates upon ingestion. Specific mercury compounds

tested in each study are included in the LSE tables.
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Overview of Health Effects of Mercury Compounds. The health effects of mercury identified from
studies in humans and animals are summarized below for the three chemical categories of mercury. For
all forms of mercury, neurological and renal effects have been consistently observed in epidemiological

and/or animal studies.

Elemental mercury. Neurological and renal effects have been observed in humans and animals exposed
to elemental mercury vapor. Case reports of exposure to elemental mercury at fatal or near-fatal levels
have reported severe adverse respiratory effects, including lung inflammation, pneumonitis, and
respiratory failure due to pulmonary edema. No evidence for other targets of elemental mercury were

identified in epidemiological or animal studies.

e Neurological Effects:

o Epidemiological studies. Epidemiological studies provide consistent evidence of
neurological effects in adults, including tremor, vision, nerve conduction, motor speed
and coordination, cognitive performance (memory, integrative function), and subjective
physiological symptoms (mood swings, irritability, nervousness, timidity, loss of
confidence).

o Animal studies. Some evidence of neurodevelopmental effects (altered learning and
behavior, altered motor activity, impaired habituation) and impaired motor function and
damage to the central nervous system in adult animals.

¢ Renal Effects:

o Epidemiological studies. Some evidence of decrements in glomerular function and
tubular injury.

o Animal studies. Evidence of dose- and duration-dependent increases in severity of
nephrotoxicity (damage to proximal tubules, distal tubules, and glomerular membrane,

loss of brush border membranes, necrosis).

Inorganic mercury salts. Neurological and renal toxicity have been consistently observed in animals
orally exposed to inorganic mercury salts. Other findings in animal studies provide some evidence of
cardiovascular, immunological, and reproductive effects. In addition, there is some evidence of
carcinogenicity in male rats. No epidemiological studies specific for exposure to inorganic mercury salts

were identified.
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e Neurological Effects: Consistent evidence of neurodevelopmental effects, including
hyperactivity, impaired motor coordination, impaired memory, and decreased sociability. In
adult animals, neurobehavioral effects have included hyperactivity, impaired coordination, and
impaired learning and memory. Adult animals have also shown overt neurotoxic signs such as
hindlimb crossing, ataxia, tremor, and partial paralysis as well as neuropathological changes to
sensorimotor regions in the central nervous system (dorsal spinal route, cerebellum).

¢ Renal Effects: Consistent evidence of dose- and duration-dependent increases in severity of
nephrotoxicity (damage to proximal tubules, distal tubules, and glomerular membrane, loss of
brush border membranes, necrosis).

e Cardiovascular Effects: Evidence of increased blood pressure, altered cardiac function, positive
inotropic effects, and altered baroreceptor reflex sensitivity.

¢ Immunological Effects: Evidence of immune stimulation and immune complex disease in
genetically susceptible strains of mice.

o Reproductive Effects: Evidence of dose-dependent impairment of fertility and decreased sperm
motility and number.

e Cancer: Some evidence of carcinogenicity in male rats (forestomach and thyroid tumors).

Organic mercury. Neurological and neurodevelopmental effects of organic mercury compounds are

established as the most sensitive effect of exposure to organic mercury compounds.

e Neurological Effects:

o Epidemiological studies (children). Evidence of cognitive, neuromotor and
neurosensory effects associated with prenatal exposure to methylmercury.

o Epidemiological studies (adults). Evidence of decreased performance on tests of fine
motor coordination and speed, muscle strength, tactile sensation, color vision and visual
contrast sensitivity, and memory and learning.

o Animals. Consistent evidence of dose-dependent neurological effects (sensorimotor
dysfunction, vision and hearing deficits, impaired learning and memory) and overt signs
of neurotoxicity were observed (clumsiness, gross and fine motor incoordination,
lethargy, hindlimb crossing, tremor, ataxia, partial paralysis). Developing animals are

more sensitive to methylmercury-induced neurotoxic effects than adult animals.

Other systems have not been as extensively studied, although there is some evidence of effects in humans

and/or animals, including renal (animal), cardiovascular (humans and animals), immune (humans and
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reproductive (animal), and developmental (other than neurodevelopmental; humans and

effects. However, it does not appear that these effects are sensitive targets for environmental
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exposures to methylmercury. In general, these effects occur at much higher levels than those found in the

environment.

Renal Effects:

o Animal studies. Consistent evidence of dose- and duration-dependent increases in
severity of nephrotoxicity (damage to proximal tubules, distal tubules, and glomerular
membrane, loss of brush border membranes, necrosis).

Cardiovascular Effects:

o Epidemiological studies. Inconsistent evidence of small increases in blood pressure,
clinical hypertension, and altered cardiac function.

o Animal studies. Evidence of increased blood pressure, positive inotropism, and
decreased baroreflex sensitivity.

Immunological Effects:

o Epidemiological studies. Some evidence of alterations in some immune markers
(serum cytokine levels, immunoglobulins, and immune cell counts), but unclear if
immune system function is affected.

o Animal studies. Evidence of immune stimulation and immune complex disease in
genetically susceptible strains of mice and some evidence of immune suppression in
non-susceptible animals.

Reproductive Effects:
o Animal studies. Consistent evidence of dose-related impairment in fertility.
Developmental Effects (other than Neurodevelopmental):

o Epidemiological studies. Evidence of congenital effects (polydactyly, syndactyly,
craniofacial malformations, microcornea, undescended testicles, enlarged colon, and
protrusion of the coccyx) in the Minamata poisoning outbreak.

o Animal studies. Consistent evidence of dose- and duration-dependent decreases in
offspring survival, increased fetal malformations and variations (cleft palate, skeletal

malformations [ribs, sternebrae], and hydronephrosis), and decreased fetal weight.
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Figure 2-1. Overview of the Number of Studies Examining Elemental Mercury Health Effects in Chapter 2*
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Figure 2-2. Overview of the Number of Studies Examining Inorganic Mercuric Salts Health Effects in Chapter 2*
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Figure 2-3. Overview of the Number of Studies Examining Organic Mercury Health Effects in Chapter 2*
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Figure 2-4. Overview of the Number of Studies Examining Mercury Health Effects—Unspecified General

Population Exposure in Chapter 2*
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation
(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
ACUTE EXPOSURE
Danielsson et al. 1993 Elemental mercury
1 Rat 8 days 0,1.8 CS, BW, DX Bd wt 1.8
(Sprague-  GDs 11-14 Develop® 1.8 Decreased spontaneous
Dawley) and GDs 17— locomotion, rearing, and total
12F 20 activity at 3 months; reduced novel
1or environment habituation at
3 hours/day 7 months
(WB)

[Behavior assessed in adult offspring: activity (3 and 14 months), habituation (7 months), and spatial learning (4, 7, and 15 months)]

Davis et al. 2001

2 Rat 11 days 0,1,2,4 BW, BC, Bd wt 2 4
(Sprague- 2 hours/day oW, RX Repro 1 2
Dawley) (N)
8-18 F

Elemental mercury
17% decrease in final body weight

Prolonged estrous cycle at 22 mg
Hg/m3; decreased serum estradiol
and increased serum progesterone
at 4 mg Hg/m?®

Davis et al. 2001

3 Rat 8 days 0,2 BC, GN, RX Repro 2
(Sprague- (premating)
Dawley) 2 hours/day

Elemental mercury

5-6 F (N)
Davis et al. 2001 Elemental mercury
4 Rat 8 days (post- 0,1, 2 BC, GN, RX Repro 2

(Sprague- mating)
Dawley) 2 hours/day

6F (N)
Davis et al. 2001 Elemental mercury
5 Rat 1-8 days 0,2 BC, OW, Repro 2 Prolonged estrous cycle after 6—
(Sprague- 2 hours/day HP, RX 8 days of exposure; immature
Dawley) (N) corpora lutea during estrus and
6F metestrus phases
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation
(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Fredriksson et al. 1992 Elemental mercury
6 Rat 7 days 0, 0.05 DX Develop® 0.05 Increased spontaneous locomotion
(Sprague- PNDs 11-17 and decreased rearing at 2 months
Dawley) 8— 4 hours/day of age; decreased spontaneous
10M (WB) locomotion and rearing at 4 months

[Behavior assessed in adulthood: motor activity (2 and 4 months) and spatial learning (5 and 6 months)]

of age; and impaired spatial
learning at 6 months of age

Fredriksson et al. 1992

7 Rat 7 days 0, 0.05 DX Develop® 0.05
(Sprague- PNDs 11-17
Dawley) 8— 1 hours/day
10M (WB)

[Behavior assessed in adulthood: motor activity (2 and 4 months) and spatial learning (5 and 6 months)]

Elemental mercury

Increased spontaneous locomotion
and decreased rearing at 4 months
of age; impaired spatial learning at
6 months of age

Fredriksson et al. 1996

8 Rat 6 days 0,1.8 CS, BW, DX Bd wt 1.8
(Sprague- GDs 14-19 Develop® 1.8
Dawley) 1.5 hours/day
12F (WB)

[Behavior assessed in adult male offspring at 4—5 months of age]

Elemental mercury

Increased spontaneous
locomotion, rearing, and total
activity at 4 months of age;
impaired spatial learning at
4.5 months of age

Herr et al. 2004

9 Rat (Long- 10 days
Evans) 10— GDs 6-15
12 F 2 hours/day
(N)

[Sensory evoked potentials measured in adult offspring]

0,4 DX Develop® 4

Elemental mercury

Livardjani et al. 1991

10 Rat (Wistar) 2 hours
32M (WB)

0,27.0 LE, CS, BW, Death 27

HP

Bd wt 27

Elemental mercury

20/32 died prior to scheduled
sacrifice (none survived longer
than 5 days post-exposure)

15-25% body weight loss
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation

(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Resp 27 Dyspnea and asphyxiation; lung

edema, necrosis of alveolar
epithelium, hyaline membranes,
occasional fibrosis

[Animals sacrificed 1, 2, 3, 4, 5, 6, 7, or 15 days post-exposure (4/group)]

Livardjani et al. 1991 Elemental mercury
11 Rat (Wistar) 1 hour 0, 26.6 LE, CS, BW, Bd wt 26.6
32M (WB) GN Resp 26.6
[Animals sacrificed 1, 2, 3, 4, 5, 6, 7, or 15 days post-exposure (4/group)]
Morgan et al. 2002 Elemental mercury
12 Rat (Long- 2 hours 0,1,2,4,8 CS,BW, UR, Bd wt 8
Evans) GD6 OW, HP, DX Resp 8
5F (N) :
Hepatic 8
Renal 8
Develop 8
Morgan et al. 2002 Elemental mercury
13 Rat (Long- 5 days 0,1,2,4,8 CS,BW, UR, Bdwt 4 8 10% decrease in maternal body
Evans) GDs 6-10 OwW, HP, DX weight
5F 2 hours/day Resp 8
(N) Hepatic 8
Renal 8
Develop 8
Morgan et al. 2002 Elemental mercury
14 Rat (Long- 10 days 0,1,2,4,8 CS, BW, UR, Bd wt 2 4 8 LOAEL: >10% decrease in
Evans) GDs 6-15 Ow, HP, DX maternal body weight
10F 2 hours/day SLOAEL: 17% maternal body
(N) weight loss
Resp 8

Hepatic 8
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation

(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Renal 2 4 Elevated maternal relative kidney
weight (32% on GD 15); increased
urinary protein and ALP
Neuro 4 8 Mild tremor, lethargy, unsteady gait
Develop 4 8 Increased resorptions, decreased
litter size and pup weight
[50% of dams sacrificed on GD 15, 50% sacrificed on PND 1]
Stankovic 2006 Elemental mercury
15 Mouse 4 hours 0,0.5 HP, NX Neuro 0.5 Reduced grip strength 4—7 months
(129S/v) (WB) post-exposure, decreased motor
6F axon diameter 7 months post-
exposure
INTERMEDIATE EXPOSURE
Newland et al. 1996 Elemental mercury
16 Monkey 15-17 weeks 0, 0.5, 1.0 DX Develop® 0.5 Impaired operant training in
(Squirrel)  Last offspring
5-6F 2/3 gestation
5 days/week
4 or
7 hours/day
(WB)
[Offspring behavioral testing at 0.8—4 years old]
Altunkaynak et al. 2015 Elemental mercury
17 Rat 6 weeks 0,1 HP Repro 1 Seminiferous tubule atrophy;
(Sprague- 7 days/week damage to spermatogenic cells;
Dawley) 9 hours/day decreased testicular and
6 M (WB) seminiferous tubule volume,

decreased seminiferous tubule
diameter; decreased Sertoli cells,
spermatogonia, spermatocytes,
and spermatids
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation
(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Altunkaynak et al. 2019 Elemental mercury
18 Rat (Wistar 45 days 0,01 HP Neuro 0.1 Histopathological changes in the
albino) 9 hours/day cerebellum (gliosis, vacuolization,
6F (WB) decreased Purkinje cells),
decreased cerebellar volume
Kishi et al. 1978 Elemental mercury
19 Rat (Wistar) 12-42 weeks 0, 3 CS, BW, HP, Bd wt 3 Body weight loss (magnitude not
12-14 M 5 day/week NX reported)
3 hours/day Resp 3
(WB) Hepatic 3
Renal 3 Dense black deposits in tubular
cells, lysosomal inclusions, slight
degeneration of tubular cells
Neuro 3 Tremors; altered neurobehavior
(decline in conditioned avoidance,
increased escape response
latency)
Raffee et al. 2021 Elemental mercury
20 Rat (SD) 65 days 0,0.5 LE, CS, BW, Death 0.5 Death of 2/7 males and
TM,7TF 2 hours/day BC, GN, HP 4/7 females
(WB) Bd wt 0.5 22% body weight loss (from initial)
Resp 0.5 Severe pulmonary lesions

(emphysema; thickening,
destruction, and obstruction of
intra-alveolar septae; alveolar
dilation; intra-alveolar edema and
inflammatory cell infiltrate)
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation
(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Raffee et al. 2021 Elemental mercury
21 Rat (SD) 21 days 0,05 LE, CS, BW, Bd wt 0.5 15% body weight loss (from initial)
7M,7F 2 hours/day BC, GN, HP Regp 0.5 Severe pulmonary lesions
(WB) (emphysema; thickening,
destruction, and obstruction of
intra-alveolar septae; alveolar
dilation; intra-alveolar edema and
inflammatory cell infiltrate)
Sorensen et al. 2000 Elemental mercury
22 Rat (Wistar) 8 weeks 0,0.5 CS, BW, HP Bd wt 0.5 17% decrease in body weight gain
12M 4-5 days/week Neuro 0.5 Irritability, aggressiveness; loss of
5 hours/day Purkinje and granular cells in
(WB) cerebellum
Yahyazedeh et al. 2017 Elemental mercury
23 Rat (Wistar) 45 days 0,1 HP Hepatic 1 Extensive hepatocyte
6F 24 hours/day degeneration; enlarged blood
(WB) vessels, dilated sinusoids,
increased perivascular connective
tissue; increased liver volume;
increased number and density of
binucleated hepatocytes
Warfvinge et al. 1995 Elemental mercury
24 Mouse 10 weeks TWA: 0, BC, BI, IX Immuno  0.01 0.03 Serum antinucleolar antibodies at
(SJL/N) 5 days/week  0.01, 0.03, 20.03 mg Hg/m3; increased serum
10-14 F 0.5-19 0.06, 0.08, immunoglobins and renal immune
hours/day 01,04 complex deposits at 20.06 mg
(WB) Hg/m?

[Autoimmune susceptible mouse strain; TWA doses were calculated due to varying daily exposure duration]
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation
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(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Yoshida et al. 2011 Elemental mercury
25 Mouse 19 days 0,0.03 DX Develop® 0.03
(C57BL/6) GDs 0-18
NS F 6 hours/day
(WB)
[Motor activity, learning, and memory assessed at PND 56]
Yoshida et al. 2013 Elemental mercury
26 Mouse 20 days 0, 0.057 DX Develop® 0.057
(C57BL/6) PNDs 1-20
6F 24 hours/day
(WB)
[Motor activity, learning, and memory assessed at 3 and 15 months]
Yoshida et al. 2018 Elemental mercury
27 Mouse 27 days 0,0.188 DX Develop® 0.188 Decreased motor activity at
(C57BL/6J) PNDs 2-28 PND 77
7-8 F 24 hours/day
(WB)
[Motor activity, learning, and memory assessed at PNDs 77-84]
Fukuda 1971 Elemental mercury
28 Rabbit (NS) 13 weeks 4.0 NX Neuro 4 Clonus and tremors after
6 M 4 days/week 11 weeks, exaggerated reflexes

6 hours/day
(WB)
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Table 2-1. Levels of Significant Exposure to Elemental Mercury — Inhalation

(mg Hg/m?)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
CHRONIC EXPOSURE
Bast-Pettersen et al. 2005; Boogaard et al. 1996; Chapman et al. Elemental mercury
1990; Ellingsen et al. 2001; Fawer et al. 1983; Langworth et al.
1992a; Wastensson et al. 2006, 2008
29 Human 18— Occupational 0.00457- NX Neuro Tremor; weighted median of
85 per 0.00874 0.00492 mg Hg/m? (95% LCL of
study 0.00284 mg Hg/m3)c

aThe number corresponds to entries in Figure 2-5; differences in levels of health effects between male and females are not indicated in Figure 2-5. Where such
differences exist, only the levels of effect for the most sensitive sex are presented.

bThe neurodevelopmental effects are discussed in Section 2.16 (Neurological).

cUsed to derive a chronic-duration inhalation MRL of 0.0003 mg Hg/m?3 (0.3 ug Hg/m?) for elemental mercury; based on a 95% lower confidence limit of the

weighted median of 0.00284 mg Hg/m? from seven occupational exposure studies and divided by an uncertainty factor of 10 for human variability; see Appendix A
for more detailed information regarding the MRL.

Principal studies for the MRLs

ALP = alkaline phosphatase; BC = serum (blood) chemistry; Bd wt or BW = body weight; Bl = biochemical changes; CS = clinical signs; Develop = developmental;
DX = developmental toxicity; F = female(s); GD = gestation day; GN = gross necropsy; HP = histopathology; Immuno = immunological; IX = immune function;

LCL = lower confidence limit; LE = lethality; LOAEL = lowest-observed-adverse-effect level; M = male(s); MRL = Minimal Risk Level; N = nose-only;

Neuro = neurological; NOAEL = no-observed-adverse-effect level; NS = not specified; NX = neurological function; OW = organ weight; PND = postnatal day;

Repro = reproductive; Resp = respiratory; RX = reproductive function; SLOAEL = serious lowest-observed-adverse-effect level; TWA = time-weighted average;
UR = urinalysis; WB = whole body
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2. HEALTH EFFECTS

Figure 2-5. Levels of Significant Exposure to Elemental Mercury — Inhalation
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Figure 2-5. Levels of Significant Exposure to Elemental Mercury — Inhalation

2. HEALTH EFFECTS
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2. HEALTH EFFECTS
Figure 2-5. Levels of Significant Exposure to Elemental Mercury — Inhalation
Intermediate (15—-364 days)
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MERCURY
2. HEALTH EFFECTS
Figure 2-5. Levels of Significant Exposure to Elemental Mercury — Inhalation
Intermediate (15—-364 days)
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2. HEALTH EFFECTS

Figure 2-5. Levels of Significant Exposure to Elemental Mercury — Inhalation
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MERCURY
2. HEALTH EFFECTS
Table 2-2. Levels of Significant Exposure to Mercuric Oxide — Inhalation
(mg Hg/m®)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key? No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
INTERMEDIATE EXPOSURE
Altunkaynak et al. 2016 Mercuric oxide
1 Rat (Wistar) 45 days 0,0.9 HP Repro 0.9 38% reduction in ovary volume, 33—
6 F 24 hours/day 50% decrease in ovarian follicles,
(WB) histopathological changes in ovaries
Altunkaynak et al. 2019 Mercuric oxide
2 Rat (Wistar) 45 days 0,1 HP Neuro 1 Decreased cerebellar volume and
6F 9 hours/day cerebellar damage (gliosis,
(WB) vacuolization, loss of Purkinje cells)

aThe number corresponds to entries in Figure 2-6.

F = female(s); HP = histopathology; LOAEL = lowest-observed-adverse-effect level; Neuro = neurological; NOAEL = no-observed-adverse-effect level;

Repro = reproductive; WB = whole body
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2. HEALTH EFFECTS
Figure 2-6. Levels of Significant Exposure to Mercuric Oxide — Inhalation
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects

ACUTE EXPOSURE

Albasher et al. 2020

1 Rat (Wistar 7 days
albino) (W)
7™

Mercuric chloride

0,0.3 BC, HP Repro 0.3 24% decreased serum
testosterone; histopathological
changes in seminiferous tubules
(vacuolation, degeneration of
spermatogenic cells, detachment
of spermatogenic cells from the
basement membrane)

Boujbiha et al. 2009

Mercuric chloride

2 Rat (Wistar) 3 or 7 days 0,3,6 BW, FI, WI, Repro 3 Decreased sperm number and
6 M (W) BC, BI, OW, motility; non-monotonic changes in
HP, RX serum testosterone
Chang and Hartmann 1972 Mercuric chloride
3 Rat 1-2 weeks 0,0.7 CS, BW, HP Bd wt 0.7
(Holtzman) (G) Neuro 0.7 Ultrastructural changes in dorsal
4M root ganglia and cerebellum
Chuu et al. 2007 Mercuric sulfide
4 Rat 5 days 0, 860 NX Neuro 860 Impairment of compound muscle
(Sprague- (GW) action potential recovery after
Dawley) tetany
6 M
Chuu et al. 2007 Mercuric sulfide
5 Rat 14 days 0, 860 BW, NX Bd wt 860
(Sprague-  (GW) Neuro 860 Transient suppression of
GDTVIWIGY) compound muscle action potentials

followed by incomplete recovery
after tetany
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HEALTH EFFECTS

53

Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Dieter et al. 1992; NTP 1993 Mercuric chloride
6 Rat 16 days 0, 0.923, 1.8, LE, BW, GN, Death 15M 2/5 died
(Fischer- 5 day/week  4,7.4,15  OW, HP Bd wt 4 7.4 15 LOAEL: 17-18% decrease in body
344) (GW) weight gain
SM,5F SLOAEL: 30—41% decrease in
body weight gain in both sexes,
11% decrease in body weight in
females
Gastro 15
Renal 1.8F 4F 15F LOAEL: 217% increase in relative
kidney weight
SLOAEL: Acute renal necrosis
0.923M° 1.8 M 74 M LOAEL: 217% increase in relative
kidney weight
SLOAEL: Acute renal necrosis
BMDL1sp=0.29 mg Hg/kg/day
Goldman and Blackburn 1979 Mercuric chloride
7 Rat (Long- 6 days 0,74 OF Endocr 7.4 Increased thyroid function
Evans) (GW) (accelerated release and turnover
8-12F of radiolabeled iodine)
Kostial et al. 1978 Mercuric chloride
8 Rat (albino) Once Six LE Death 25.9 LDso in 2-week-old rats
6B (G) unspecified
dose levels
Kostial et al. 1978 Mercuric chloride
9 Rat (albino) Once Six LE Death 7.7 LDso in 3-week-old rats
6F (G) unspecified
dose levels
Kostial et al. 1978 Mercuric chloride
10 Rat (albino) Once Six LE Death 68.1 LDso in 6-week-old rats
6F (G) unspecified

dose levels
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious

key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Kostial et al. 1978 Mercuric chloride
11 Rat (albino) Once Six LE Death 37 LDso in 18-week-old rats
6F (G) unspecified
dose levels
Kostial et al. 1978 Mercuric chloride
12 Rat (albino) Once Six LE Death 37 LD50 in 54-week-old rats
6F (G) unspecified
dose levels
Lecavalier et al. 1994 Mercuric chloride
13 Rat Once 0,7.4,9.24 LE,CS,BW, Bdwt 9.24
(Sprague- (GO) Fl, BC, HE, Resp 9.24
I1D(z)av|\:/ley) OW, GN, HP Cardio 9.24
Gastro 9.24
Hemato 7.4 9-10% decrease in erythrocyte
count, hemoglobin, and hematocrit
Musc/skel 9.24
Hepatic 9.24
Renal 7.4 Mild histopathological changes
(protein casts, cellular casts,
interstitial sclerosis)
Dermal 9.24
Ocular 9.24
Endocr 9.24
Immuno 9.24
Neuro 9.24
Repro 9.24
Mahour and Saxena 2009 Mercuric chloride
14 Rat (albino) Once 0, 0.684 HE Hemato 0.684 Increased bleeding and clotting

5-20NS NS

time; 10% increase in WBC count
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious

key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Mahour and Saxena 2009 Mercuric chloride
15 Rat (albino) 7 or 14 days 0, 0.033 HE Hemato 0.033 Increased bleeding and clotting
5-20 NS NS time; 7-9% decrease in
hemoglobin; 10—21% increase in
ESR; 13% increase in WBC count
(14 days only)
Papp et al. 2005 Mercuric chloride
16 Rat (Wistar) 11 days 0,04,0.8, DX Develop 1.6°
8F GDs 5-15 1.6
(GW)
[Neurophysiological recordings in male offspring at PND 84]
Sun et al. 2018 Mercuric chloride
17 Rat 2 weeks 0, 3.10,6.3, LE,CS, BW, Death 12.6 Death of 4/15 animals
(Sprague-  (G) 12.6 HP, NX Neuro 3.1 Limb paralysis in 2/10 animals;
Dawley) hypersensitivity to thermal and
10-15M mechanical pain
Sun et al. 2018 Mercuric chloride
18 Rat 1 week 0, 3.10,6.3, LE,CS,BW, Immuno 3.1 6.3 Increased density of Langerhans
(Sprague- (G) 12.6 HP, NX cells (inflammatory cells) in hind
Dawley) paw skin samples
10-15M Neuro 3.1 6.3 Decreased density of
intraepidermal nerve fibers in hind
paw skin samples
Chen et al. 2012 Mercuric chloride
19 Mouse 2 weeks 0, 3.7 BC, Bl, HP  Endocr 3.7 ~17% increase in baseline plasma
(ICR) (GW) insulin and ~60% decrease in
16 M fasting plasma insulin; ~15%

decrease in blood glucose and
impaired glucose tolerance;
apoptosis in pancreatic islet cells
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2. HEALTH EFFECTS

Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Chuu et al. 2001a Mercuric sulfide
20 Mouse (NS) 7 days 0, 86, 860 NX Neuro 86 860 Reversible hearing loss
8-10 M (G)
[Vehicle was saline]
Hultman and Johansson 1991 Mercuric chloride
21 Mouse 2 weeks 0,0.7 IX Immuno 0.7
(DBA/2) (W)
5F
[Autoimmune resistant mice]
Hultman and Johansson 1991 Mercuric chloride
22 Mouse 2 weeks 0,0.7 IX Immuno 0.7 Increase in lymphoproliferation in
(SJL/N) (W) response to T- and B-cell mitogens
5F
[Autoimmune susceptible mouse strain]
Jalili et al. 2020b Mercuric chloride
23 Mouse 14 days 0, 0.061 BW, BC, Bd wt 0.061 29% decrease
(BALB/c)  (IN) Ow, HP Renal 0.061 Increased BUN and creatinine;
6M renal lesions (renal tubular casts,
intracellular vacuolization, renal
vascular congestion, tubular
detachment and dilation)
Kim et al. 2003 Mercuric chloride
24 Mouse 14 days 0, 0.06, 0.31, BW, BC, FI, Hemato 0.06 11-19% decrease in RBC count at
(BALB/c) (W) 1.39, 4.81 WI, HE, OW 0.06 mg Hg/kg/day; 91% increase
4 M in WBC count at 4.81 mg
Hg/kg/day
Hepatic 4.81
Renal 0.31 1.39 11% increase in relative kidney

weight
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Immuno  0.06 0.31 Decreased T-lymphocytes,
T-helper, and T-suppressor in
spleen; decreased T-suppressor
cells in thymus at 21.39 mg
Hg/kg/day
Nielsen et al. 1991 Mercuric chloride
25 Mouse Once 0,5,10,20, BI, HP Renal 5 10 20 LOAEL: Regeneration of proximal
(NMRI) (GW) 40 tubule
10-20 F SLOAEL: Proximal tubule necrosis
NTP 1993 Mercuric chloride
26 Mouse 16 days 0,4,7.4,15, LE,BW, GN, Death 59 5/5 males and 4/5 females died
(B6C3F1) 5 day/week 30, 59 Oow, HP within 2—4 days
5M,5F (GW) Bd wt 30
Gastro 30 59 Inflammation of forestomach;
necrosis of forestomach and
glandular stomach
Renal 4 219% increase in relative kidney
weight
59 F Acute renal necrosis
30M Acute renal necrosis
Immuno 30
Sin et al. 1990 Mercuric sulfide
27 Mouse 10 days 0,6 BC Endocr 6 59% decrease in serum T3
(Swiss (GW)
albino)
6F
Sin et al. 1990 Mercuric chloride
28 Mouse 10 days 0,6 BC Endocr 6 70% decrease in serum T3; 42%
Swiss 1 times/day decrease in serum T4
albino (GW)

6F
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Zhao et al. 2021 Mercuric chloride
29 Mouse 3 days 0,24 BW, HP Bd wt 24 17% decrease in body weight
(Kunming) (W) Gastro 24 Histopathological changes in
6F cecum (atrophy of glands, mild-to-
moderate necrosis; decreased
goblet cells)
Gale 1974 Mercuric acetate
30 Hamster Once 0,25,5, DX Develop 2.5 5 15.8 LOAEL: Decreased crown-rump
Golden GD 8 15.8, 221, length
3-10F (GW) 31.5, 47.3, SLOAEL: Increased abnormal
63 embryos and resorption
Chuu et al. 2001b Mercuric sulfide
31 Guinea pig 7 days 0, 8.6, 86, HP, NX Neuro 8.6 86 Abnormal vestibular ocular reflex,
(Hartley) (G) 860 impaired equilibrium at 286 mg
14-90 F Hg/kg/day; Purkinje cell loss in
cerebellum at 860 mg Hg/kg/day
[Vehicle was saline]
Chuu et al. 2001b Mercuric sulfide
32 Guinea pig 14 days 0, 86 NX Neuro 86 Abnormal vestibular ocular reflex
(Hartley) (G)
8-12F
[Vehicle was saline]
INTERMEDIATE EXPOSURE
Agrawal and Chansouria 1989 Mercuric chloride
33 Rat (albino) 60 days 0,29,58, CS,BC,BIl, Endocr 29 31% increase in relative adrenal
5M (W) 11.8 ow weight, 146% increase in adrenal
corticosterone; nonmonotonic
changes in plasma corticosterone
Agrawal and Chansouria 1989 Mercuric chloride
34 Rat (albino) 120 days 0,29,58, CS,BC,BI, Endocr 29 19% increase in relative adrenal
5M (W) 11.8 ow weight, 87 and 218% increase in

plasma and adrenal corticosterone,
respectively
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Agrawal and Chansouria 1989 Mercuric chloride
35 Rat (albino) 180 days 0,2.9,5.8, CS,BC,BIl, Endocr 29 14% increase in relative adrenal
5M (W) 11.8 ow gland weight
Agrawal et al. 2014 Mercuric chloride
36 Rat (Wistar) 6 months 0,04 BW, BC, Bl, Bdwt 0.4
SM 7Nd;ys/week HE Hemato 0.4 140% increase in WBC
(NS) Hepatic 0.4 21-56% increase in AST, ALP, and
LDH
Apaydin et al. 2016 Mercuric chloride
37 Rat (Wistar) 28 days 0, 0.015 BC, Bl, HP  Renal 0.015¢ Altered serum chemistry
6 NS (GW) (increased urea, uric acid,
creatinine); tubular dilation and
glomerular lobulation
Atkinson et al. 2001 Mercuric chloride
38 Rat 79-81days/ M:0,0.37, CS,BW,FIl, Death 1.98 F  50% mortality in FO females
(Sprague-  generation  0.74,1.31 ~ GN, OW, g wt 0.55 F 1.11F  Female: transient FO body weight
Dawley) 2 generations F: 0, 0.55, RX, DX decreases up to ~21% during
12_22 'l\:/' (GW) 1.11,1.98 gestation at 21.11 mg Hg/kg/day
B 0.37 M Male: 16% decreased in adult F1
body weight at 0.37 mg Hg/kg/day;
decreased FO body weight at
1.31 mg Hg/kg/day
Hepatic 0.55F >20% decrease in relative liver
weight in FO females
1.31 M
Renal 0.55F 111 F >10% increase in relative kidney
weights in F1 females
0.37 M >10% increase in relative kidney
weights in FO males
Endocr 1.98 F

1.31 M
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Repro 0.55F 1.11F LOAEL: Decreased FO fertility and
implant efficiency, decreased F1
live birth index
SLOAEL: 250% reduction in FO
fertility with reduced F1 implant
efficiency, F2 live birth index
0.37 M 0.74 M LOAEL: Decreased FO fertility
SLOAEL: 250% reduction in FO
fertility, FO relative seminal vesicle
weight
Develop 0.55 ~20% reduction in F1 pup body
weight at 0.55 mg Hg/kg/day;
reduced PND 4 survival for F1 and
F2 pups at 1.98 and 1.11 mg
Hg/kg/day, respectively
Behzadfar et al. 2020 Mercuric chloride
39 Rat (Albino- 21 days 0,04,0.8, NX Neuro 0.4 Impaired spatial learning
Wistar) (GW) 1.6
7™
Bittencourt et al. 2021 Mercuric chloride
40 Rat (Wistar) 45 days 0,0.277 LE, BW, HP, Bd wt 0.277
10-27 M (GW) NX
Neuro 0.277 Decreased motor coordination,
decreased cerebellar Purkinje cell
density, neuronal apoptosis in
cerebellum
Boscolo et al. 1989 Mercuric chloride
41 Rat (Wistar) 350 days 0,6,24 CS, HP, OF Cardio 6 Increased aortic blood pressure;
8M (W) positive cardiac inotropism;
decreased baroreceptor reflex
sensitivity
Renal 6 Tubular degeneration and

membranous glomerulonephritis
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Boscolo et al. 1989; Carmignani et al. 1989 Mercuric chloride
42 Rat 350 days 0,6 CS, HP, OF Cardio 6 Increased aortic blood pressure;
(Sprague- (W) positive cardiac inotropism;
Dawley) decreased baroreceptor reflex
8M sensitivity
Renal 6 Tubular degeneration and
desquamation
Boujbiha et al. 2009, 2011 Mercuric chloride
43 Rat (Wistar) 15-90 days 0,3,6 BW, FI, WI, Repro 3 6 LOAEL: >10% increase in relative
6M premating BC, BI, OW, testes weight, sperm impairments,
(W) HP, RX increased testicular testosterone,
decreased serum and testicular
estradiol, histopathological
changes in testes, 36% decrease
in viable embryos
SLOAEL: 50% decrease in mating
index and 76% decrease in viable
embryos
[Mated to untreated females]
Boujbiha et al. 2012 Mercuric chloride
44 Rat (Wistar) 90 days 0,55, 11 HE Hemato 5.5 11 10% decrease in RBC count and
6M (W) hemoglobin, 7% decrease in
hematocrit
Carmignani and Boscolo 1984 Mercuric chloride
45 Rat 320 days 0,6 OF Cardio 6 Positive cardiac inotropism,
(Sprague- (W) reduced baroreflex sensitivity
Dawley)
10M
Carmignani and Boscolo 1984 Mercuric chloride
46 Rat 350 days 0,6 OF Cardio 6 Increased systolic and diastolic
(Sprague- (W) blood pressure, positive cardiac
Dawley) inotropism, reduced baroreflex
10M sensitivity
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Carmignani et al. 1992 Mercuric chloride
47 Rat (Wistar) 180 days 0,24 CS, BW, HP, Cardio 24 Increased systolic and diastolic
8M (W) OF blood pressure
Renal 24 Mesangial proliferative
glomerulonephritis
Chang and Hartmann 1972 Mercuric chloride
48 Rat 11 weeks 0,0.7 CS, BW, HP Bd wt 0.7 Body weight loss
(Holtzman) (G) Neuro 0.7 Hind-limb crossing, ataxia, tremor;
4M cellular degeneration and
ultrastructural changes in dorsal
root ganglia and cerebellum
Chehimi et al. 2012 Mercuric chloride
49 Rat (Wistar) 21 days 0,6.1,9.6 WI, RX, DX Repro 6.1 Reduced maternal care
10F GDs 1-21 Develop® 6.1 9.6 LOAEL: 14% decrease in body
(W) weight, impaired/delayed
sensorimotor development,
decreased anxiety at PND 63
SLOAEL: 16% pup mortality and
>20% decrease in body weight
Corréa et al. 2020 Mercuric chloride
50 Rat (Wistar) 45 days 0, 0.277 BW, HP Neuro 0.277 Loss of motor neurons and axonal
25M (GW) damage in the spinal cord
Dieter et al. 1992; NTP 1993 Mercuric chloride
51 Rat 26 weeks 0, 0.230, BW, BC, Bd wt 4
(Fischer- 5 days/week 0.462, 0.923, GN, OW, HP Resp 4
344) (GW) 1.8,4 . 4
10M, 10 F Cardio
Gastro 4
Musc/skel 4
4

Hepatic
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL Effects
Renal 0.23 8-10% increase in relative kidney
weight at 0.23 mg Hg/kg/day;
increased severity of nephropathy
in males at 20.923 mg Hg/kg/day;
minimal nephropathy in females at
4 mg Hg/kg/day
Endocr 4
Immuno 4
Neuro 4
Repro 4
dos Santos Chemelo et al. 2021 Mercuric chloride
52 Rat (Wistar) 45 days 0,0.277 BW, HE Bd wt 0.277
10M (GW) Hemato 0.277 Increased leukocytes and
decreased platelets
Galiciolli et al. 2022 Mercuric chloride
53 Rat (Wistar) 42 days 0, 0.019, BW, FI, WI, Bd wt 0.094
7-9F GD 0-PND 21 0.094 BC, BI, OW,
(W) DX
Renal 0.019 Increased absolute and relative
kidney weight
Develop 0.094
Goldman and Blackburn 1979 Mercuric chloride
54 Rat (Long- 40 days 0,94 BW, OW, OF Bd wt 9.4
Evans) (G)
8-12F
Endocr 94 28% increase in absolute thyroid

weight, increased thyroid activity
(increased uptake of radiolabeled
iodine), decreased thyroid T3
synthesis
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2. HEALTH EFFECTS
Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Goldman and Blackburn 1979 Mercuric chloride
55 Rat 3 months 0,22 CS, BW, OF Bd wt 2.2 37% decrease in final body weight
(DSPF'T‘QUG‘ (F) Resp 2.2 Labored breathing
Sf;lvzeg) Endocr 2.2 Impaired thyroid function
(decreased uptake, release, and
turnover of radiolabeled iodine)
Neuro 2.2 Inactivity; abnormal gait; hind-limb
spread
Heath et al. 2009 Mercuric chloride
56 Rat 60 days 0,0.7,1.5 CS, BW, BC, Bd wt 1.5
(Sprague-  (premating) GN, OW, RX Repro 0.7 1.5 15% decrease in implantation,
Dawley) (G) increased dead/resorbed fetuses,
20F 18% decrease in serum
progesterone, 19% increase in
pituitary LH
[Vehicle was 0.15% nitric acid]
Heath et al. 2012 Mercuric chloride
57 Rat 60 days 0,0.7,1.5 CS, BW, BC, Bd wt 0.7 1.5 12% decrease in body weight
(Sprague-  Premating RX Repro 0.7 30% decrease in testicular
Dawley) (G) testosterone at 0.7 mg Hg/kg/day;
10-11M 10% decrease in epididymis sperm
counts; increased latency to
impregnation and decreased
fertility index at 1.5 mg Hg/kg/day
[Vehicle was 0.15% nitric acid]
Ismail and El-Meligy 2021 Mercuric chloride
58 Rat (Albino) 21 days 0,3 RX, DX Repro 3 58% reduction in the number of
10F GDs 1-21 fetusesllitter
(GW) Develop 3 17% decrease in fetal body weight;

severe microscopic and
ultrastructural changes in fetal
lungs (e.g., collapsed alveoli,
cellular degeneration)
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2. HEALTH EFFECTS

Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)

Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Janse van Rensburg et al. 2020 Mercuric chloride
59 Rat (SD) 28 days 0,0.13 HE Hemato 0.13 Morphological alterations in

6M (GW) erythrocytes, platelets, and fibrin

networks

Jindal et al. 2011 Mercuric chloride
60 Rat (Wistar) 1 month 0,0.12 OF Cardio 0.12 Altered left ventricular function;

10B (W) impaired baroreflex
Jonker et al. 1993 Mercuric chloride
61 Rat (Wistar) 4 weeks M: 0, 5.8, BW, FI, WI, Bd wt 6.1F 11.9F 23.6 F LOAEL: 15% decrease in final

5-10 M, 5— (F) 11.4,20.9; BC, HE, UR, body weight

10F F:0,6.1, ow, HP SLOAEL: 34% decrease in

11.9, 23.6 terminal body weight
114 M 20.9 M 34% decrease in final body weight

Hepatic 6.1F 119F
Increased serum ALP; increased
AST at 23.6 mg Hg/kg/day

114M 209M Increased serum ALT and AST
Renal 6.1F Nephrosis and proteinaceous
casts, 16% increase in relative
kidney weight
58M Nephrosis and proteinaceous

casts, 13% increase in relative
kidney weight; ketones in urine

Endocr 236 F

209 M
Jonker et al. 1993 Mercuric chloride
62 Rat (Wistar) 4 weeks M:0,0.61, BW,FI, WIl, Bdwt 55F
5-10 M, 5- (F) 5.1; BC, UR, HE, 51M
10F 2550, 0.76, ow, HP Hemato 5.5 F
51 M
Renal 0.76 F 13% increase in relative kidney

weight
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
061M 51M 17% increase in relative kidney

weight; ketones in urine and
basophilic tubules in outer cortex

Endocr 55F

51 M
Koopsamy Naidoo et al. 2019 Mercuric chloride
63 Rat (SD) 28 days 0, 0.848 HP Resp 0.848 Histopathological and
6M (GW) ultrastructural changes in lung
tissue
Mahour and Saxena 2009 Mercuric chloride
64 Rat (albino) 21 days 0, 0.033 HE Hemato 0.033 13% decrease in RBC count, 5%
5-20 NS NS decrease in hemoglobin, 17%
increase in WBC count; 41%
increase in ESR
Nunes et al. 2022 Mercuric chloride
65 Rat (Wistar) 45 days 0,0.277 BW, HP Bd wt 0.277
10M (GW)

Musc/skel 0.277 Altered alveolar bone structure,
increased trabecular volume with
decreased trabecular space

Oliveira et al. 2012 Mercuric chloride
66 Rat (Wistar) 21 days 0, 0.0002, BW, BC, Renal 0.0301
3-7F GDs 0-20 0.0004, oW, DX Develop  0.0301
(W) 0.0085,
0.0301
Oliveira et al. 2016 Mercuric chloride
67 Rat (Wistar) 42 days 0,0.75,3.8 DX Develop® 3.8
7-8 F GD 1-PND 21
(W)

[Offspring motor coordination assessed PNDs 17-20]
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Papp et al. 2005 Mercuric chloride
68 Rat (Wistar) 94 days 0,04,0.8, DX Develop® 0.4 Decreased peripheral sensory
8M GDs 5-15and 1.6 nerve conduction velocity at
PNDs 2-28 PND 84 at 20.4 mg Hg/kg/day;
(via dam) decreased spontaneous sensory
PNDs 29-84 cortex potentials at 20.8 mg
(direct; Hg/kg/day
5 days/week)
(GW)
Papp et al. 2005 Mercuric chloride
69 Rat (Wistar) 38 days 0,04,0.8, DX Develop® 1.6
8F GDs 5-15and 1.6
PNDs 2-28
(GW)
[Neurophysiological recordings in male offspring at PND 84]
Perry and Erlanger 1974 Mercuric chloride
70 Rat (Long- 6 months 0, 0.33, 0.66, OF Cardio 3.3
Evans) (W) 1.3,3.3
16 F
Raeeszadeh et al. 2021 Mercuric chloride
71 Rat (Wistar) 30 days 0,15 BW, BC, HP Bd wt 1.5 15% decrease in body weight
6 M (GW) accounting for differences in group
start weights
Hepatic 1.5 SLOAEL: Hepatic necrosis,
hemorrhage, inflammatory cell
inflammation; increased serum
ALT (2.5-fold) and AST (2.3-fold)
Renal 1.5 SLOAEL: Acute tubular necrosis,

interstitial nephritis, glomerular
damage and hyaline casts;
increased serum urea, creatinine,
and uric acid
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Ramalingam et al. 2003 Mercuric chloride
72 Rat (Wistar) 30 days 0,0.7,1.5 BC Repro 0.7 Decreased serum testosterone and
15 M (GW) LH at 20.7 mg Hg/kg/day;
decreased FSH and prolactin at
1.5 mg Hg/kg/day
Sabir et al. 2022 Mercuric chloride
73 Rat (NS) 30 days 0,0.3 BC, UR, Hepatic 0.3 Increased serum ALP (80%), ALT
5B (IN) oW, OF, HP (102%), and bilirubin (332%)

Renal 0.3 Relative kidney weight increased
by ~50%; severe renal tubular
degeneration and renal cell
apoptosis; 45% reduction in
glomerular filtration rate; elevated
serum urea, uric acid, and
creatinine; proteinuria and
glucosuria

Sun et al. 2018 Mercuric chloride
74 Rat 3 weeks 0,3.1,6.3 LE, CS, BW, Immuno 3.1 Decreased density of skin LCs
(Sprague-  (G) HP, NX Neuro 6.3
Dawley)
10-15M
Szasz et al. 2002 Mercuric chloride
75 Rat (Wistar) 7—-8 weeks 0,0.6 CS, BW, FI, Bdwt 0.6
5F premating— WI, RX, DX Repro 0.6
PND 21 c - .
(W) Develop 0.6 Increased susceptibility to seizure
activity at PND 90
Takahashi et al. 2000a Mercuric chloride
76 Rat (Wistar) 21 weeks 0, 0.06, 0.17, BW, BC, UR, Bd wt 1.7
oM (F) 0.51,1.7 oW, OF Cardio 0.51 1.7 23% increase in relative heart
weight; elevated plasma
angiotensin-I|
Hepatic 1.7 16% decrease in plasma HDL
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Renal 0.06 11% increase in relative kidney
weight at 0.06 mg Hg/kg/day;
elevated urinary protein at 1.7 mg
Hg/kg/day
Takahashi et al. 2000b Mercuric chloride
77 Rat (SHR 12 weeks 0, 0.07,0.21, BW, BC, UR, Bd wt 2.2
Wistar) (F) 0.72,2.2 Oow, OF Cardio 0.07 6-9% increase in systolic blood
18 M pressure (SBP) at 5 weeks; higher
SBP but not significant at 12 weeks
Hepatic 0.07 At 12 weeks: 18% decrease in
plasma HDL; 45% decrease in
plasma triglycerides
Renal 0.72 2.2 At 12 weeks: Elevated relative
kidney weight; elevated urinary
amino acids and alkaline
phosphatase
Endocr 0.72 2.2 At 12 weeks: increased relative
adrenal weight
[Spontaneously hypertensive rat strain]
Teixeira et al. 2014 Mercuric chloride
78 Rat (Wistar) 45 days 0, 0.277 NX Neuro 0.277 Reduced motor activity, impaired
10M (GW) motor coordination
Teixeira et al. 2018 Mercuric chloride
79 Rat (Wistar) 45 days 0, 0.277 BW, BI, NX Bd wt 0.277
20M (GW) Neuro 0.277 Impaired motor coordination and
balance; apoptosis and loss of
neurons and astrocytes in motor
cortex
Teixeira et al. 2019 Mercuric chloride
80 Rat (Wistar) 45 days 0, 0.277 BW, BI, NX Bd wt 0.277
10M (GW) Neuro 0.277 Decreased motor activity; impaired

learning and memory
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)

Species
Figure (strain) Exposure

Parameters

Less
serious  Serious

key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Venter et al. 2020 Mercuric chloride
81 Rat 28 days 0, 0.847 BW, HP Bd wt 0.847
(Sprague-  (GW) Immuno 0.847  Severe necrosis and decreased
Dawley) cellularity in spleen
6 M
Wildemann et al. 2015a Mercuric chloride
82 Rat (Wistar) 4 weeks 0, 0.005, LE, BW, Death 5.91 100% mortality
56M (W) 0.010, 0.021, OW, OF Bd wt 2.07 5.91 Weight loss
0.037, 0.244, .
1.18, 2.07, Cardio 5.91
5.91 Renal 0.037 0.244 15% increase in relative kidney
weight
Wildemann et al. 2015b Mercuric chloride
83 Rat (Wistar) 4 weeks 0, 0.038, BW, OW, OF Bd wt 0.244
5-6 M (W) 0.244 Cardio  0.244
Wildemann et al. 2016 Mercuric chloride
84 Rat (Wistar) 4 weeks 0, 0.264, BC, Bl, UR, Cardio 2.955
5-6 M (W) 2.955 OF Hepatic  2.955
Renal 2.955
Amirhosseini et al. 2021 Mercuric chloride
85 Mouse 5 weeks 0,0.148 IX Immuno 0.148 Induced serum (IgG) antinucleolar
(Swiss- (W) antibodies; increased serum IgG;
Webster) renal and spleen immune complex
8F deposits
Chen et al. 2012 Mercuric chloride
86 Mouse 4 or 6 weeks 0, 3.7 BC Endocr 3.7 ~70-95% decrease in plasma
(ICR) (GW) insulin; ~35% increase in blood
16 M glucose
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Dieter et al. 1983 Mercuric chloride
87 Mouse 7 weeks 0,04,2,11 BW,BC,Bl, Bdwt 2 11 14% decrease in body weight
(B6C3F1) (W) HE, OW, Hemato 0.4 Nonmonotonic alterations in WBCs
10M HP, IX and lymphocytes (35% increase at
0.4 mg Hg/kg/day, 36% decrease
at 11 mg Hg/kg/day)

Hepatic 04 2 14% decrease in absolute liver
weight; >50% increase in serum
cholinesterase

Renal 04 2 19% increase in absolute kidney
weight at 2 mg Hg/kg/day; minimal
renal nephropathy at 11 mg
Hg/kg/day

Endocr 11

Immuno 0.4 2 225% decrease in
lymphoproliferation in response to
T-cell mitogens at 2 mg Hg/kg/day;
>60% decrease in antibody
response to T-dependent antigen
at 11 mg Hg/kg/day

Neuro 11

He et al. 2021 Mercuric chloride
88 Mouse 4 weeks 0,0.51,2.7 HE,HP Hemato  0.51 2.7 Increased RBCs, platelets, and
(B10.S) (W) hemoglobin; increased number and
4-12B proliferation of erythropoietic
progenitor cells in bone marrow
[Autoimmune-susceptible mice]
He et al. 2021 Mercuric chloride
89 Mouse 4 weeks 0,27 HE, HP Hemato 2.7
(DBA/2) (W)

9B
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Huang et al. 2011 Mercuric chloride
90 Mouse 7 weeks 0,04 DX Develop® 0.4 Hyperactivity, impaired motor
(ICR) PNDs 21-70 coordination, and hearing
12-15M (GW) impairment at PND 70
Huang et al. 2011 Mercuric chloride
91 Mouse 10-17 weeks 0, 0.4 RX, DX Repro 04 14% decrease in litter size
(ICR) Premating Develop® 0.4 M Effects at PND 70: 12-15%
12-15F  through decrease in pup weight, increased
PND 21 (via motor activity and impaired hearing
dam) ' (both groups), impaired motor
Select pups: coordination (direct group only)
PNDs 21-70
(direct)
(GW)
Hultman and Enestrom 1992 Mercuric chloride
92 Mouse 10 weeks 0, 0.07, 0.14, HP, IX Immuno 0.07 0.14 Positive ANOA; evidence of
(SJL/N) (W) 0.28, 0.56 immune-complex disease
7F
[Autoimmune susceptible mice]
Hultman and Nielsen 2001; Nielsen and Hultman 2002 Mercuric chloride
93 Mouse 10 weeks M:0,0.121, BW,BC,Bl, Immuno 0.105F O0.199F Positive ANOA; positive for ANA,
(A.SW) (W) 0.241, 0.464, IX splenic vessel immune deposits,
8M,8F 0.942; polyclonal B-cell activation, and
F: 0, 0.049, elevated IgE at 20.401 mg
0.105, 0.199, Hg/kg/day
0.401 0.121M 0.241 M Positive ANOA; positive for ANA,

[Autoimmune susceptible mice]

splenic vessel immune deposits,
polyclonal B-cell activation, and
elevated IgE at 20.401 mg
Hg/kg/day
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects

Hultman and Nielsen 2001; Nielsen and Hultman 2002

Mercuric chloride

94 Mouse 10 weeks M: 0, 0.134, BW, BC, Bl, Immuno 0.118 Polyclonal B-cell activation at
(B10.S) (W) 0.232,0.479, IX =0.118 mg Hg/kg/day; positive
8M,8F 0.962, 1.872; ANoA and ANA, splenic and renal

F:0,0.118, immune deposits, and elevated IgE
0.218, 0.444, at 20.444 mg Hg/kg/day
0.954,1.774

[Autoimmune susceptible mice]

Khan et al. 2004 Mercuric chloride

95 Mouse 61-79 days 0, 0.18,0.37, CS, BW, FI, Bdwt 0.74
(C57BL/6) (premating 0.74 BC, HE, GN, Hepatic 0.74
25M, 25F fgg?ggln) OW, HP, RX Renal 0.18 F 0.37F Increased relative kidney weight

(GW) 0.18 M Increased relative kidney weight
Endocr 0.74
Neuro 0.74
Repro 0.18 28% decrease in fertility index at
0.18 mg Hg/kg/day; 81% decrease
in viability index at 0.74 mg
Hg/kg/day

Li et al. 2019a Mercuric chloride

96 Mouse 16 weeks 0,4.0,8.10, BC,HP Renal 4 Renal tubular degeneration,
(Kunming) (W) 16.1 necrosis, and hemorrhage; 40%
7™M increased serum BUN and 5%

increased creatinine

Malqui et al. 2018 Mercuric chloride

97 Mouse 16-17 weeks 0, 3.3 WI, DX Develop® 3.3 Increased anxiety and impaired
(Swiss GD 0-PND 21 memory and sociability in PND 63—
albino) (via dam) 70 offspring
10M PND 21—

PNDs 63-70
(direct)

(W)
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Mohammad Abu-Taweel and Al-Fifi 2021 Mercuric chloride
98 Mouse 35 days, 0,24 DX Develop 2.4 At PND 40: Decreased motor
(Swiss- GD 1-PND 15 activity and increased depression-
Webster) (W) and anxiety-like behaviors;
10F elevated serum cortisol and
corticosterone
NTP 1993 Mercuric chloride
99 Mouse 6 months 0, 0.923, 1.8, LE, BW, BC, Bd wt 15F
(B6C3F1) 5 days/week 4,7.4,15 GN, OW, HP 7.4M 15 M 12% decrease in body weight
10M,10 F (GW)
Resp 15
Cardio 15
Gastro 15
Musc/skel 15
Hepatic 15
Renal 15F
1.8 M 4 M Cytoplasmic vacuolation of tubule
epithelium, 219% increase in
kidney weight
Endocr 15
Immuno 15
Neuro 15
Repro 15
Pilones et al. 2009 Mercuric chloride
100 Mouse 3 weeks 0,1.5 DX Develop® 1.5 Alteration in immune endpoints in
(BALB/c) GDs 0-21 offspring at PND 70 (increased
6-7F (W) splenocyte proliferation and IFNy

[DBF1 offspring; progeny of DBA/1 males x BALB/c females]

and IL-4 production in mitogen
assay)
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)

Species
Figure (strain) Exposure

Parameters

Less
serious  Serious

key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Sin and Teh 1992 Mercuric sulfide
101 Mouse 4 weeks 0,6 BW, BC Bd wt 6
(Swiss (GW) Endocr 6 28-41% decreased plasma T4
albino)
20F
Son et al. 2010 Mercuric sulfide
102 Mouse 4 weeks 0,17,170, BW, FI, WI, Bdwt 1,700
(ICR) (GW) 1,700 BC, OW, HP Hepatic 1,700
SM Immuno 17 Altered T-cell populations in spleen
at 217 mg Hg/kg/day; hyperplasia
and/or increased lymphoid density
in spleen and thymus at 1,700 mg
Hg/kg/day
Zhang et al. 2011 Mercuric chloride
103 Mouse 5 weeks 0,27 DX, IX Immuno 2.7 Induction of serum IgG antibodies
(A.SW) GD 8-PND 21 to brain antigens
3-5F (W) Develop®® 2.7 Altered immune endpoints in
offspring at PNDs 21 and 70
(induction of serum IgG antibodies
to brain antigens; IgG deposits in
brain, brain inflammation);
hyperactivity in female offspring
[Autoimmune-susceptible mouse strain]
Zhang et al. 2011 Mercuric chloride
104 Mouse 5 weeks 0,27 DX, IX Immuno 2.7
(A/WySnJ) GD 8-PND 21 Develop®® 2.7
3-5F (W)

[Offspring immune and behavioral endpoints evaluated at PNDs 21 and 70]
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(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Zhang et al. 2013 Mercuric chloride
105 Mouse 5 weeks 0,27 DX, IX Immuno 2.7 Elevated serum IgG
(SJLW) GD 8to Develop®® 2.7 Altered immune endpoints in
7F PND 21 offspring at PNDs 21 and 70
(W) (elevated serum IgG, 1gG deposits
in brain, brain inflammation);
decreased sociability
[Offspring were SFvF1; autoimmune susceptible SJL/J females x wild-type FVB males]
Zhang et al. 2013 Mercuric chloride
106 Mouse 5 weeks 0,27 DX, IX Immuno 2.7 Induction of serum IgG antibodies
(FVB) GD 8 to to brain antigens
6-7F PND 21 Develop®® 2.7 Altered immune endpoints in
(W) offspring at PNDs 21 and 70
(elevated serum IgG, induction of
serum IgG antibodies to brain
antigens, IgG deposits in brain);
decreased social interaction
[Offspring were FVYSF1; autoimmune susceptible SJL/J males x wild-type FVB females]
Zhao et al. 2020 Mercuric chloride
107 Mouse 90 days 0,15 BW, BC, HP Bd wt 15 21% decrease in body weight
(Kunming) (W) Gastro 15 Histopathological changes in
6F cecum and rectum (atrophy of
glands, mild-to-moderate necrosis,
apoptosis)
Endocr 15 Decreased blood glucose
Chuu et al. 2001b Mercuric sulfide
108 Guinea pig 21 days 0, 86 NX Neuro 86 Abnormal vestibular ocular reflex

(Hartley) (G)
8-12F

[Vehicle was saline]
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
CHRONIC EXPOSURE
Dieter et al. 1992; NTP 1993 Mercuric chloride
109 Rat 2 years 0,1.8,4 LE, BW, BC, Death 1.8 M Decreased survival (21%)
(Fischer- 5 days/week UR, GN, compared to control (52%)
234“)/' 60 F (GW) oW, HP Bd wt 1.8 F 4 F 16% decrease in body weight
’ 1.8 M 4 M LOAEL: 16% decrease in body
weight
SLOAEL: 22% decrease in body
weight
Resp 1.8 4 Nasal mucosa inflammatory
lesions
Cardio 4F
1.8 M Heart mineralization (secondary to
marked renal impairment)
Gastro 18F 4F Epithelial hyperplasia and
forestomach ancanthosis
1.8 M Epithelial hyperplasia 21.8 and
forestomach ancanthosis at 4 mg
Hg/kg/day
Musc/skel 4 F
1.8 M Fibrous osteodystrophy (secondary
to marked renal impairment)
Hepatic 4
Renal 4 F
1.8 M Marked thickening of glomerular
and tubular basement membranes;
degeneration and atrophy of tubule
epithelium
Endocr 4 F
1.8 M Parathyroid hyperplasia

(secondary to marked renal
impairment)
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Immuno 4
Neuro 4
Repro 4
Cancer 4 M CEL: Forestomach squamous cell
papilloma and thyroid follicular cell
carcinoma in males; no exposure-
related neoplastic lesions in
females
Perry and Erlanger 1974 Mercuric chloride
110 Rat (Long- 1 year 0, 0.33, 0.66, CS, BW, OF Bd wt 1.3 3.3 13% decrease in final body weight
I1Et\3/aFns) (W) 1.3,3.3 Cardio 0.33 0.66 Increased systolic blood pressure
NTP 1993 Mercuric chloride
111 Mouse 2 years 0,4,74 LE, BW, BC, Bd wt 7.4
(BEC3F1) 5 days/week UR, GN, Resp 4F Increased metaplasia in the
60M,60F (GW) Ow, HP olfactory epithelium; increased
inflammatory lesions at 7.4 mg
Hg/kg/day
4 M 74 M Increased metaplasia in the
olfactory epithelium; increased
inflammatory lesions
Cardio 7.4
Gastro 7.4
Musc/skel 7.4
Hepatic 7.4
Renal 4 Increased incidence (females only)
and/or severity of renal
nephropathy; 220% increase in
kidney weight
Endocr 7.4

Immuno 7.4
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Table 2-3. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Neuro 7.4
Repro 7.4

aThe number corresponds to entries in Figure 2-7; differences in levels of health effects and cancer effects between male and females are not indicated in

Figure 2-7. Where such differences exist, only the levels of effect for the most sensitive sex are presented.

bUsed to derive an acute-duration oral MRL. Using BMD modeling, BMD1sp and BMDL1sp values of 0.64 and 0.29 mg Hg/kg/day, respectively, were calculated for
elevated relative kidney weight in male rats. The BMDL1sp was adjusted for continuous exposure (5 days/7 days) to a BMDLapy of 0.21 mg Hg/kg/day and divided
by an uncertainty factor of 100 (10 for animal to human, and 10 for human variability), resulting in an MRL of 0.002 mg Hg/kg/day.

°The neurodevelopmental effects are discussed in Section 2.16 (Neurological).

dUsed to derive an intermediate-duration oral MRL. The LOAEL of 0.015 mg Hg/kg/day was divided by an uncertainty factor of 1,000 (10 for use of a LOAEL,

10 for animal to human, and 10 for human variability), resulting in an MRL of 0.00001 mg Hg/kg/day (1x10-5> mg Hg/kg/day; 0.01 ug Hg/kg/day).
¢Immunodevelopmental effects are discussed with adult immune system effects in Section 2.15 (Immunological).

Principal studies for the MRLs

ADJ = adjusted; ALP = alkaline phosphatase; ALT = alanine aminotransferase; ANA = antinuclear antibodies; ANoA = antinucleolar antibodies; AST = aspartate
aminotransferase; B = both males and females; BC = serum (blood) chemistry; Bd wt or BW = body weight; Bl = biochemical changes; BMD = benchmark dose;
BMDL = 95% lower confidence limit on the BMD (subscripts denote benchmark response: i.e., 1spb = exposure dose associated with a 1 SD change from the
control); BUN = blood urea nitrogen; Cardio = cardiovascular; CEL = cancer effect level; CS = clinical signs; DX = developmental toxicity; Endocr = endocrine;
ESR = erythrocyte sedimentation rate; (F) = feed (dietary); F = female(s); FI = food intake; FSH = follicle-stimulating hormone; (G) = gavage; (GO) = gavage in oil;
(GW) = gavage in water; Gastro = gastrointestinal; GD = gestation day; GN = gross necropsy; HDL = high-density lipoprotein; HE = hematology;

Hemato = hematological; HP = histopathology; IFNy = interferon gamma; IgE = immunoglobulin E; IgG = immunoglobulin G; IL-4 = interleukin 4;

Immuno = immunological; (IN) = ingestion; IX = immune function; LC = Langerhans cell; LDso = lethal dose, 50% kill; LDH = lactate dehydrogenase; LE = lethality;
LH = luteinizing hormone; LOAEL = lowest-observed-adverse-effect level; M = male(s); MRL = Minimal Risk Level; Musc/skel = musculoskeletal;

Neuro = neurological; NOAEL = no-observed-adverse-effect level; NS = not specified; NX = neurological function; OF = organ function; OW = organ weight;

PND = postnatal day; RBC = red blood cell; Repro = reproductive; Resp = respiratory; RX = reproductive function; SD = standard deviation; SLOAEL = serious
lowest-observed-adverse-effect level; T3 = triiodothyronine; T4 = thyroxine; UR = urinalysis; (W) = drinking water; WBC = white blood cell; WI = water intake
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Acute (<14 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Acute (<14 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

Acute (<14 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Acute (<14 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral

Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Intermediate (15—-364 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Chronic (2365 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Chronic (2365 days)
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Figure 2-7. Levels of Significant Exposure to Inorganic Mercury Salts — Oral
Chronic (2365 days)
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious

key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
ACUTE EXPOSURE
Arito and Takahashi 1991 Methylmercuric chloride
1 Rat 2 days 0, 1.32,4, 12 BI, NX Neuro 1.32 4 Decreased paradoxical sleep and
(Sprague- (GW) increased slow-wave sleep
Dawley)
4-16 M
Arito and Takahashi 1991 Methylmercuric chloride
2 Rat 2 days 12 CS Cardio 12 10-18% decrease in heart rate for
(Sprague- (GW) up to 16 days post-exposure
Dawley) (compared to pre-exposure values)
6M Other 12 Hypothermia for >1 month post-
noncancer exposure
Bornhausen et al. 1980 Methylmercuric chloride
3 Rat (Wistar) 4 days 0, 0.004, DX Develop® 0.004 0.008 Impaired operant conditioning at 4
10 M, 10 F GDs 6-9 0.008, 0.035 months
(GW)
Cagiano et al. 1990 Methylmercuric chloride
4 Rat Once 0,6.4 DX Develop® 6.4 Decreased avoidance latency in
(Sprague- GD 15 offspring on PND 60
Dawley) (G)
NS F
Carratu et al. 2006 Methylmercury
5 Rat Once 0,7 BW, DX Bd wt 7
(Sprague-  GD 8 or 15 Develop® 7 Decreased postnatal survival; 18%
Dawley) (G) decrease in pup weight at PND 21
9-10F (GD 8 exposure only); decreased
exploratory behavior and impaired
habituation at PND 40
Carratu et al. 2008 Methylmercury
6 Rat Once 0,7 DX Develop® 7 Impaired associative learning and
(Sprague- GD 15 elevated corticosterone levels at
Dawley) (G) PND 90

10F
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Chang and Hartmann 1972 Methylmercuric chloride
7 Rat 1-2 weeks 0,0.8 CS, BW, HP Bd wt 0.8
(Holtzman) (G) Neuro 0.8 Ultrastructural changes in dorsal
4M root ganglia and cerebellum
Chen et al. 2019a Methylmercuric chloride
8 Rat 5 days 0,9 BI, HP, RX Repro 9 Decreased sperm count and
(Sprague- (G) motility; disruption of germinal
Dawley) epithelium in seminiferous tubules
6M with reduced spermatozoa;
increased germ cell apoptosis
[Vehicle was sodium carbonate]
Chuu et al. 2007 Methylmercury
9 Rat 5 days 0,1.9 NX Neuro 1.9 Impaired balance, suppression of
(Sprague- (GW) compound muscle action potentials
Dawley) followed by incomplete recovery
6 M after tetany
Chuu et al. 2007 Methylmercury
10 Rat 14 days 0,1.9 BW, NX Bd wt 1.9 ~10% decrease in body weight
(Sprague-  (GW) Neuro 1.9 Impaired balance, suppression of
Dawley) compound muscle action potentials
6M followed by incomplete recovery
after tetany; transient decrease in
motor nerve conduction velocity
and nociception
Coluccia et al. 2007 Methylmercuric chloride
11 Rat 10 days 0,0.6 DX Develop® 0.6 Impaired associative learning
(Sprague- PNDs 14-23 (PND 90) and decreased rearing in

Dawley) (IN)
8M

[Administered via micropipette as 1:1 ratio of MeHg:L-cysteine in 10% condensed milk]

open field (PNDs 31-45)
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Fehling et al. 1975 Methylmercuric chloride
12 Rat (Wistar) 2 days 0, 10, 20 HP, NX Neuro 10 20 SLOAEL: Decreased nerve
10M (G) conduction velocity and
degeneration of peripheral nerves
and dorsal nerve roots and ganglia
LOAEL: Impaired balance and
coordination
Fossato da Silva et al. 2011 Methylmercury
13 Rat (Wistar) 14 days 0,0.5,0.93, BW,BC, Bd wt 28
15M (GW) 2.8 Ow, HP Renal 0.93 2.8 18% increase in relative kidney
weight
Repro 0.5 Nonmonotonic sperm effects
(decreased count and motility,
increased abnormal) at 20.5 mg
Hg/kg/day; 65% decrease in serum
testosterone and 28% decrease in
relative seminal vesicle weight at
2.8 mg Hg/kg/day
Fossato da Silva et al. 2012 Methylmercury
14 Rat (Wistar) 14 days 0,0.5,0.93, BW, OW, HP Bd wt 2.8
10M (GW) 2.8 Repro 0.5 Inflammatory foci and thickening of
epithelium in prostate at 20.5 mg
Hg/kg/day; progressing to epithelial
atrophy and dilation of glandular
acini at 2.8 mg Hg/kg/day
Fredriksson et al. 1996 Methylmercury
15 Rat 4 days 0,1.9 CsS, BW, DX Bd wt 1.9
(Sprague- GDs 6-9 Develop® 1.9
Dawley) (G)
12F

[Behavior assessed in adult male offspring at 4—5 months of age]
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Fuyuta et al. 1978 Methylmercuric chloride
16 Rat (Wistar) 8 days 0,2,4,6 CS, BW, FI, Neuro 4 6 Spasms, gait disturbance, and hind
20 F GDs 7-14 WI, DX limb crossing in dams
(GW) Develop 2 4 Decreased fetal weight; increased
incidence of fetal malformations
Kendricks et al. 2022 Methylmercuric chloride
17 Rat (Long- 9 days 0, 0.064, DX Develop 0.064 0.280 Slower acquisition (Impaired
Evans) PNDs 1-10 0.280 learning) at PND 91
12 M (GW)
Khera 1973 Methylmercuric chloride
18 Rat (Wistar) 7 days 0,1,25,5 CS,BW,RX Bdwt 5
15-20 M (G) Repro 2.5 5 Decreased fertility and decreased
viable fetuses
[Males mated to untreated females after exposure]
Lee and Han 1995 Methylmercuric chloride
19 Rat Once 0,8,16,24 LE,BW, DX Death 16 17% maternal death
(Fischer-  GD 7 Bd wt 8 16 LOAEL: 14% decrease in maternal
344) (G) body weight
30F SLOAEL: >20% decrease in
maternal body weight
Develop 8 Decreased fetal survival; decrease
in fetal weight and length, delayed
ossification, spinal curvature
Miyakawa et al. 1974 Methylmercuric sulfide
20 Rat (Wistar) 10 days 0,7 CS, BW, HP Bd wt 7
SM (IN) Neuro 7 Ataxia and instability post-
exposure; peripheral nerve
degeneration

[Rats sacrificed 600 days post-exposure]
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Nolen et al. 1972 Methylmercuric chloride
21 Rat (NS) 9 days 0, 0.024, BW Bd wt 0.23 4.6 55% decreased maternal weight
20F GDs 6-14 0.23,4.6 gain
(W) Develop 0.024 Increased incidence of fetal urinary
bladder defects and missing
5t sternebra
Post et al. 1973 Methylmercuric chloride
22 Rat Once 0,20 CS, HP, NX Neuro 20 Transient lethargy and ataxia;
(Sprague- (G) impaired spatial learning;
Dawley) decreased motor activity
15M
[Behavioral tests administered over a 60-day period post-exposure]
Post et al. 1973 Methylmercuric chloride
23 Rat Once 0,16 DX Develop® 16 Transient lethargy and ataxia
(Sprague- PND 15 or 21
Dawley) (G)
15M
[Behavioral tests administered over a 60-day period post-weaning]
Sakamoto et al. 2020 Methylmercuric chloride
24 Rat (Wistar) 10 days 0,8 DX Develop 8 >20% decrease in body weight;
8M PNDs 14-23 hind-limb paralysis and dystonia;
(IN) impaired motor coordination;
impaired memory; severe cerebral
degeneration
Shinoda et al. 2019 Methylmercuric chloride
25 Rat (Wistar) 2 weeks 0,54 HP Neuro 5.4 Decreased number and area of
3M 5 days/week axons and neuronal loss in dorsal
(GW) root ganglion of lumbar spinal cord;
Schwann cell proliferation of
sensory nerve fibers
Shinoda et al. 2019 Methylmercuric chloride
26 Rat (Wistar) 5 days 0,54 HP Neuro 54

3M (GW)
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Stoltenburg-Didinger and Markwort 1990 Methylmercuric chloride
27 Rat (Wistar) 4 days 0, 0.02,0.04, CS, HP Develop® 0.04 0.4 4 SLOAEL.: Altered behavior and
NS F GDs 6-9 04,4 dendritic spine abnormalities
(G) LOAEL: Increased startle response
in adult offspring
Su et al. 1998 Methylmercuric chloride
28 Rat (Wistar) 10 days 0,8 LE, CS, BW, Death 8 14/34 rats died prior to scheduled
4 NS (G) HP sacrifice
Bd wt 8 Body weight loss
Musc/skel 8 Neurogenic atrophy of gluteal
muscle
Neuro 8 Ataxia, hind-limb crossing,
weakness, degeneration of cortical
and cerebellar neurons, large
motor neurons in spinal cord, and
myelinated fibers of spinal anterior
roots
[Vehicle was L-cysteine; rats sacrificed at intervals 1-8 days post-exposure]
Usuki et al. 1998 Methylmercuric chloride
29 Rat (Wistar) 12 days 0,4 CS, BW, HP Death 4 50% death by 3 weeks post-
NS M (GW) exposure
Bd wt 4 37% decrease in body weight
Musc/skel 4 Muscle weakness and wasting
Neuro 4 Weakness, hind-limb crossing
Zanoli et al. 1994 Methylmercuric chloride
30 Rat Once 0,64 DX Develop® 6.4 Decreased passive avoidance
(Sprague- GD 15 latency in PND 42 offspring

Dawley) NS (G)
F
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)

Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Belles et al. 2002 Methylmercuric chloride
31 Mouse Once 0,9.99 BW, OW, DX Bd wt 9.99

(CD-1) GD 10

10-12 F (GW)

Develop 9.99 17% decrease in fetal weight;
increased incidence of cleft palate;
delayed ossification

Bellum et al. 2007 Methylmercuric chloride
32 Mouse 5 days 0,0.2,0.8 DX Develop® 0.2 Impaired balance and motor
(C57BL/6J) PNDs 29-33 coordination on PND 38
22-29B (F)
Bellum et al. 2013 Methylmercuric chloride
33 Mouse 5 days 0,0.9 BI, NX Neuro 0.9 Hypoactivity, motor incoordination
(C57BL/6) (F)
20-25B
[Aged mice]
Chen et al. 2012 Methylmercuric chloride
34 Mouse 2 weeks 0,16 BC, BI, HP  Endocr 1.6 ~60—70% decrease in baseline and
(ICR) (GW) fasting plasma insulin; impaired
16 M glucose tolerance; apoptosis in
pancreatic islet cells
Chuu et al. 2001a Methylmercury
35 Mouse (NS) 7 days 0,0.2,1.9, LE, NX Death 9.3 100% mortality
8-10 M (G) 9.3 Neuro 0.2 1.9 LOAEL: Reversible hearing loss
SLOAEL.: Persistent hearing loss
Das et al. 1997 Methylmercuric chloride
36 Mouse 4 days 0,12 BW, BI, OW, Bd wt 12 10% body weight loss
(Swiss- (G) HP Resp 12 22-23% increase in absolute and
\l{lvstlj\/ISter) relative lung weight; reduced

alveolar diameter and increased
alveolar wall thickness; increased
minimal surface tension
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Dietrich et al. 2005 Methylmercuric chloride
37 Mouse 7-14 days 0,4.7,8.7 CS, WI, NX Neuro 4.7 Impaired motor coordination,
(Swiss) (W) hypoactivity
13-14 M
Dore et al. 2001 Methylmercuric chloride
38 Mouse 3 days 0,3,5 DX Develop® 3 5 LOAEL: Impaired spatial memory
(C57BL/6) GDs 7-9 at PND 49
10-21 F (G) SLOAEL: 28% decrease in
postnatal survival
[Vehicle was phosphate-buffered saline]
Dore et al. 2001 Methylmercuric chloride
39 Mouse 3 days 0,3,5 DX Develop® 3 5 LOAEL: Hypoactivity at PND 42
(C57BL/6) GDs 12-14 SLOAEL: 26% decrease in
10-21F (G) postnatal survival and impaired
spatial learning at PNDs 49-98
[Vehicle was phosphate-buffered saline]
Fischer et al. 2008 Methylmercuric chloride
40 Mouse Once 0,0.37,3.7 DX Develop® 0.37 Decreased motor activity and
(NMRI) PND 10 impaired learning and memory at
NS M (GW) 2—6 months of age at 20.37 mg
Hg/kg/day; impaired exploratory
habituation at 3.7 mg Hg/kg/day
Fuyuta et al. 1978 Methylmercuric chloride
41 Mouse 8 days 0,2,4,4.8,6 CS, BW, FI, Develop 2 Increased incidence of fetal
(C57BL/6N) GDs 6-13 WI, DX malformations
9-10F (GW)
Fuyuta et al. 1979 Methylmercuric chloride
42 Mouse Once 0,8,12,16, DX Develop 8 12 SLOAEL: Cleft palate and
(ICR)20F GD 10 20 decreased fetal weight
(GW) LOAEL.: Incomplete fusion of

sternebrae
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Hughes and Annau 1976 Methylmercury hydroxide
43 Mouse Once 0,1,2,3,5, DX Develop® 2 3 10 LOAEL: 35% decrease in litter
(CFW) GD 8 10 size, 13% decrease in pup weight
NS F (G) on PND 21, decreased conditioned
avoidance
SLOAEL: 73% decrease in litter
size
Inouye et al. 1985 Methylmercuric chloride
44 Mouse Once on 0, 16 DX Develop® 16 Decreased survival of offspring;
(C3H/HeN) GD 13, 14, 15, neurological effects in offspring
10F 16, or 17 (impaired righting response,

(GW) altered gait, hindlimb crossing,
decreased brain weight, dilated
lateral ventricles; smaller caudate
putamen)

Ishihara et al. 2019 Methylmercuric chloride
45 Mouse 2 weeks 0,3.2 HP, NX Neuro 3.2 Increased reactive astrocytes in
(ICR) (IN) inferior colliculus
10M
Khera 1973 Methylmercuric chloride
46 Mouse 7 days 0,1,25,5 CS,BW,RX Bdwt 5
(Swiss- (G) Repro 5
Webster)
10-12 M
[Males mated to untreated females after exposure]
Khera and Tabacova 1973 Methylmercuric chloride
47 Mouse 12 days 0, 0.001, LE, CS, BW, Death 10 100% maternal mortality
(Swiss- GDs 6-17 0.01,0.1,1, DX Develop 1

Webster) (GO) 10
6-17 F
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Khera and Tabacova 1973 Methylmercuric chloride
48 Mouse 12 days 0, 0.001, CS, BW, Bl, Develop® 0.01 1 5 LOAEL.: Delayed cerebellar
(Swiss- GDs 6-17 0.01,1,5 DX development
Webster) (GO) SLOAEL: 100% stillbirth
5-14 F
Kim et al. 2000 Methylmercury
49 Mouse 3 days 0,3 CS, DX Develop® 3M Effects in male offspring: 15%
(BALB/c) GDs 12-14 reduction in body weight;
6F (G) decreased motor activity and
decreased anxiety-like behaviors at
PND 42; altered nocturnal rhythm
at PNDs 84-98
Kim et al. 2000 Methylmercury
50 Mouse 3 days 0,3 CS, DX Develop® 3M Effects in male offspring:
(C57BL/ GDs 12-14 Decreased motor activity and
6Cr)5-6F (G) rearing at PND 42; impaired spatial
learning and memory at PND 56
Kim et al. 2000 Methylmercury
51 Mouse 3 day 0,3 CS, DX Develop® 3M Effects in male offspring: Impaired
(C57BL/6J) GDs 12-14 spatial learning on PND 56;
4F (G) increased grooming/preening
behaviors on PND 42
Kirkpatrick et al. 2015 Methylmercury
52 Mouse 7-14 days 0,4.6 BW, NX Bd wt 4.6
(C57BL/6N) (IN) Neuro 4.6
NS M
[Mice given MeHg-dosed cookies]
Montgomery et al. 2008 Methylmercuric chloride
53 Mouse 11 days 0, 0.009 DX Develop® 0.009 Impaired learning and memory and
(C57BL/6) GDs 8-18 decreased motor activity and

6 F (F)

coordination in adult offspring
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Moreira et al. 2012 Methylmercury
54 Mouse 14 days 0,56 BC, Bl, NX Hepatic 5.6 Elevated plasma total cholesterol
(C57BL/6) (W) Neuro 5.6
8M
Moreira et al. 2012 Methylmercury
55 Mouse 7 days 0,56 BC, Bl, NX Hepatic 5.6
(C57BL/6) (W) Neuro 5.6
8M
Yasuda et al. 1985 Methylmercuric chloride
56 Mouse Once 0, 10,12, 16, DX Develop 12 16 Cleft palate; dilatation of renal
(JCL:IICR) GD10or12 20 pelvis; decreased fetal weight
10F (GW)
Yasutake et al. 1991 Methylmercuric chloride
57 Mouse Once 0,4,8,16, LE,BC, HP, Death 40 F
(C57BL/6N) (G) 24,32, 40 OF 16 M 4/6 died
g_F6 M, 4- Renal 24 F 32F Impaired renal function
8M 16 M Impaired renal function; increased
serum creatinine at 232 mg Hg/kg
Reuhl et al. 1981a Methylmercuric chloride
58 Hamster Once 0,16 DX Develop® 1.6 Degeneration of cerebellar neurons
(Golden GD 10; or in neonates
Syrian) 6 days
10F GDs 10-15
(GW)
Reuhl et al. 1981b Methylmercuric chloride
59 Hamster Once 0,1.6 DX Develop® 1.6 Degeneration of cerebellar neurons
(Golden GD 10; in adult offspring
Syrian) or 6 days
10F GDs 10-15

(GW)
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Inouye and Kajiwara 1988 Methylmercuric chloride
60 Guinea pig Once 0,115 CS, FI,DX Develop 11.5 >30% total litter loss, 12—30%
(Hartley) GD 21, 28, 35, decrease in fetal body weight,
59F 42, 0r 49 abnormal fetal brain development
(GW)
INTERMEDIATE EXPOSURE
Charleston et al. 1994 Methylmercury hydroxide
61 Monkey 6 months 0, 0.05 CS, OW, HP Neuro 0.05 72% increase in reactive glia in the
(Macaca (IN) brain
fascicularis)
4-5F
Charleston et al. 1995 Methylmercury
62 Monkey 6 months 0, 0.05 HP Neuro 0.05 72% increased number of reactive
(Macaca (IN) glia
fascicularis)
NS F
Charleston et al. 1996; Vahter et al. 1994 Methylmercury hydroxide
63 Monkey 6 months 0, 0.05 BC, BW, CS, Bd wt 0.05
(Macaca  (IN) GN,HE,HP yemato  0.05
fascicularis)
4F
Neuro 0.05 Decreased astrocytes in thalamus
Eto et al. 2001 Methylmercury
64 Monkey Up to 242 days 0, 0.5 CS, BW, HP Bd wt 0.5 Body weight loss
(Marmoset) (W)
4 M
Neuro 0.5 Mild ataxia; cerebral edema and

gliosis, microcystic change in
occipital white matter
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Mohamed et al. 1987 Methylmercury
65 Monkey 20 weeks 0, 0.046, CS, BW, BC, Bd wt 0.065
(Macaca (IN) 0.065 HP, RX
fascicularis)
3M
Repro 0.046 Increased sperm tail-defects;
decreased spermatozoa motility;
decreased sperm speed and
forward progression
Petruccioli and Turillazzi 1991 Methylmercuric chloride
66 Monkey 150 days 0, 0.0003, CS, BW Bd wt 0.04
(Macaca (IN) 0.0032, 0.04 Neuro 0.04
fascicularis)
4-6F
Willes et al. 1978 Methylmercuric chloride
67 Monkey 28-29 days 0,05 DX Develop® 0.5 Severe signs of neurotoxicity (loss
(Macaca PNDs 0-28 or of dexterity, decreased locomotor
fascicularis) 29 activity, ataxia, blindness,
2M,2F (IN) comatose); neuronal degeneration;
body weight loss
Abd El-Aziz et al. 2012 Methylmercuric chloride
68 Rat 3 weeks 0,091.8 DX Develop 0.9 Incomplete skeletal ossification at
(Sprague- GDs 0-20 >0.9 mg Hg/kg/day; 13-14%
Dawley) (GW) decrease in fetal weight, length,
8F and head size and decrease in
long bone width/length at 1.8 mg
Hg/kg/day
Albores-Garcia et al. 2016 Methylmercuric chloride
69 Rat 38 days 0,0.2,04 CS, DX Develop® 0.2 Effects in PND 40 offspring:
(Sprague- GD 5-PND 21 Impaired learning and memory at
Dawley) (GW) 20.2 mg Hg/kg/day; altered open
15F field activity (decreased rearing) at

0.4 mg Hg/kg/day; no effect on
PND 90
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Beyrouty et al. 2006 Methylmercuric chloride
70 Rat 7-8 weeks 0,0.5,0.9 CS, BW, FI, Bdwt 0.9
(Sprague- (4 weeks DX Develop 0.5 0.9 6-9% decrease in pup body weight
Dawley) premating— gain from PND 4 to 41
8F GD 20)
(GW)
[Offspring neurobehavior assessed PNDs 17-38]
Bittencourt et al. 2019 Methylmercuric chloride
71 Rat (Wistar) 60 days 0,0.04 BI, NX Neuro 0.04 Impaired social and spatial
30M (GO) memory; decreased number of
mature neurons and astrocytes in
hippocampus
Bittencourt et al. 2019 Methylmercuric chloride
72 Rat (Wistar) 60 days 0, 0.04 HP, NX Neuro 0.04 Impaired social factual memory
30M (GO) and spatial memory; decreased
number of hippocampal neurons
and astrocytes
Bittencourt et al. 2022 Methylmercuric chloride
73 Rat (Wistar) 60 days 0, 0.04 HP, NX Neuro 0.04 Decreased motor activity, impaired
27 M (GO) motor coordination, reduced
cerebellar density of Purkinje cells,
mature neurons, astrocytes,
microglia, oligodendrocytes and
synaptic vesicles
Chang and Hartmann 1972 Methylmercuric chloride
74 Rat 6 weeks 0,0.8 CS, BW, HP Bd wt 0.8 Body weight loss
(Holtzman) (G) Neuro 0.8 Hind-limb crossing, severe ataxia,

4 M

tremor, partial paralysis; cellular
degeneration and ultrastructural
changes in dorsal root ganglia and
cerebellum
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Figure (strain) Exposure Parameters serious  Serious
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Chemelo et al. 2022 Methylmercuric chloride
75 Rat (Wistar) 42 days 0, 0.03 DX Develop 0.03 Alveolar bone loss, decreased
4F GD 0-PND 21 osteocyte density and collagen in
(F) mandibles on PND 41
[Rats were given methylmercury-dosed cookies; controls were treated with vehicle-dosed cookies (ethanol)]
Cheng et al. 2015 Methylmercury
76 Rat (Wistar) 6 weeks 0, 0.05,0.23 RX, DX Repro 0.23
3F GD 1to Develop® 0.05 0.23 Delayed acquisition of
PND 21 neurodevelopmental reflexes;
(W) impaired motor coordination
PNDs 34-35; increased motor
activity in females on PND 36
da Silva et al. 2022 Methylmercuric chloride
77 Rat (Wistar) 42 days 0, 0.03 DX Develop 0.03 Loss of motor neurons and
3F GD 0-PND 21 decreased myelination in the spinal
(F) cord at PND42
[Rats were given methylmercury-dosed cookies; controls were treated with vehicle-dosed cookies (ethanol)]
de Oliveira Lopes et al. 2021 Methylmercuric chloride
78 Rat (Wistar) 60 days 0, 0.03 BW, HP Bd wt 0.03
15M (GO) Musc/skel 0.03 Loss of alveolar bone volume and
microstructure in mandible
Elsner 1991 Methylmercuric chloride
79 Rat (Wistar) ~60 days 0,0.19,0.74 BW, RX, DX Bd wt 0.74
16 F premating Repro 0.74
through b , -
; Develop 0.19 Impaired operant training and
lactation . o
W) decreased ultrasonic vocalization

in offspring
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(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Fagundes et al. 2022 Methylmercuric chloride
80 Rat (Wistar) 42 days 0, 0.03 DX Develop 0.03 Decreased motor activity, impaired
5F GD 0-PND 21 motor coordination, and impaired
(IN) short-term memory in offspring on
PND 41
[Rats were given methylmercury-dosed cookies]
Freire et al. 2020 Methylmercuric chloride
81 Rat (Wistar) 60 days 0, 0.03 BW, HP, NX Bd wt 0.03
9M (GO)

Neuro 0.03 Decreased motor activity,
moderate bristling of back hair;
impaired motor coordination
(balance); reduced number and
altered morphology of astrocytes in
visual cortex; decreased contrast
index

Friedmann et al. 1998 Methylmercuric chloride
82 Rat (Brown 19 weeks 0, 0.0008, CS, BW, BC, Bd wt 0.08
Norway) 5— 2 days/week  0.008,0.08 OW, RX Repro 0.0008 0.008  No viable litters produced at
14 M (G) 0.008 mg Hg/kg/day; 100%
infertility, 8% decrease in absolute
testes weight, 17% reduction in
caudal sperm count, and 44%
reduction in testicular testosterone
at 0.08 mg Hg/kg/day
[Mated to untreated females during week 11]
Fujimura et al. 2012 Methylmercury
83 Rat (Wistar) 6 weeks 0, 0.05, 0.23, RX, DX Repro 0.23 0.5 No viable litters
3F GD1-PND 21 0.5 Develop® 0.05 0.23 Impaired motor coordination in

(W) PND 34-35 offspring
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Figure (strain) Exposure Parameters serious  Serious
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Gandhi et al. 2013 Methylmercury
84 Rat (Wistar) ~17 days 0,0.5,0.9, CS,BW,DX Bdwt 0.9 1.9 >50% decrease in maternal body
7-8F GD 5 until 1.9 weight gain
parturition Neuro 0.9 1.9 Incoordination, altered gait,
(E;GD 21) hindlimb ataxia
©) Develop 0.5 1.9 LOAEL: 12% decrease in mean
litter weight on PND 1
SLOAEL: 100% full-litter resorption
Giménez-Llort et al. 2001 Methylmercury hydroxide
85 Rat 22 days 0,0.5 BW, FI, WI, Bd wt 0.5
(Sprague- GD 7-PND 7 DX
Dawley) (W)
7F
Develop® 0.5 Increased motor activity at PND 14
Grotto et al. 2009a Methylmercuric chloride
86 Rat (Wistar) 100 days 0,0.08 BW, BC, OF Bd wt 0.08
™ (G) Cardio 0.08 Increased systolic blood pressure
liback et al. 1991 Methylmercury
87 Rat ~15 weeks 0,0.37 BW, DX Bd wt 0.37
(Sprague- 11 weeks Develop® 0.37 45% increase in WBCs in offspring
Dawley) premating on PND 15
8F through GD 21
(F)
liback et al. 1991 Methylmercury
88 Rat 15 days 0, 0.37 BW, DX Bd wt 0.37
(Sprague-  PNDs 1-15 Develop® 0.37 7% decrease in pup weight; 13%
Dawley) (via dam) decrease in relative spleen weight;
8F (F) altered immune function in

offspring (decreased splenic
lymphoproliferative response to
mitogen)
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liback et al. 1991 Methylmercury
89 Rat ~17 weeks 0,0.37 BW, DX Bd wt 0.37
(Sprague- 11 weeks Develop® 0.37 9% decrease in pup weight; altered
Dawley) 8 F premating immune function in offspring
through (increased thymic
PND 15 lymphoproliferative response to
(F) mitogen, decreased cell-mediated
cytotoxicity)
Jindal et al. 2011 Methylmercuric chloride
90 Rat (Wistar) 1 month 0,0.5 OF Cardio 0.5 Altered left ventricular function;
10B (G) impaired baroreflex
Kakita et al. 2000 Methylmercuric chloride
91 Rat (Wistar) 25 days 0,0.8 DX Develop® 0.8 Evidence of neuronal damage on
6 F premating— PNDs 1 and 3 (not PNDs 7-180);
GD 19 decreased cell numbers in
(GW) amygdala and hippocampus on
PND 70; impaired associative
learning at PND 180
Kendricks et al. 2020a Methylmercuric chloride
92 Rat (Long- 39 days 0, 0.032, DX Develop  0.032
Evans) 8- PND21-60  0.320
1M (W)
[Attention and memory assessed at 7.5 months]
Kendricks et al. 2020b Methylmercuric chloride
93 Rat (Long- 39 days 0, 0.032, DX Develop  0.032
Evans) PND 21-60  0.320
12 M (W)

[Operant learning assessed at 6 months]
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Figure (strain) Exposure Parameters serious  Serious
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Khera 1973 Methylmercuric chloride
94 Rat (Wistar) 95-125days 0,0.1,0.5,1 CS, BW, RX Bd wt 0.5 1 Body weight loss
14-19M (G) Repro 0.1 0.5 Decreased viable fetuses at
0.5 mg Hg/kg/day; decreased
fertility at 1 mg Hg/kg/day
[Males mated to untreated females concurrent with exposure]
Khera and Tabacova 1973 Methylmercuric chloride
95 Rat (Wistar) Up to 122 days 0, 0.002, CS, BW, HP, Bd wt 0.25
35F 2 generations 0.01,0.05, DX Renal 0.25
(F) 0.25 Repro 0.25
Develop 0.05 0.25 Increased incidence of ocular
lesions (delayed eyelid separation,
suborbital edema, corneal opacity)
Larsen and Brandgaard 1995; Schignning et al. 1998a Methylmercuric chloride
96 Rat (Wistar) 19 days 0,16 CS, BwW, Bd wt 1.6 Body weight loss
10-18 M (GW) oW, HP Neuro 1.6 Axonal destruction in dorsal root of
spinal cord, loss of large motor
neurons in dorsal root ganglia;
clinical signs of neurotoxicity
(apathy, hindlimb crossing,
clumsiness, ataxia)
Moussa et al. 2010 Methylmercury
97 Rat (Wistar) 8 weeks 0,3.2 BW, BC, Bd wt 3.2 29% decrease in final body weight
10M (W) oW, HP Repro 3.2 98% decrease in serum

testosterone; 54—73% decrease in
testicular testosterone
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Newland and Reile 1999; Newland and Rasmussen 2000; Newland Methylmercuric chloride
et al. 2004
98 Rat (Long- ~10-13 weeks 0, 0.045, 0.6 RX, DX Repro 0.6
Evans) 4-7 weeks Develop® 0.045 Acceleration of age-related
10F premating— cognitive decline in operant training
PND 16 in offspring from 6 months to
(W) 2.5 years
Oliveira et al. 2018 Methylmercury
99 Rat (Wistar) 35 days 0, 0.037 DX Develop 0.037 Decreased locomotor activity,
5F PNDs 31-65 bradykinesia, impaired motor
(GW) coordination
Ortega et al. 1997a Methylmercuric chloride
100 Rat 8 weeks 0, 0.0004, BC, BW, IX Bd wt 0.004
(Sprague- (W) 0.04 Immuno 0.0004 Biphasic lymphocyte response to
Dawley) mitogen PHA (544% increase at
6M 0.0004 mg Hg/kg/day; 56%
decrease at 0.04 mg Hg/kg/day)
Ortega et al. 1997a Methylmercuric sulfide
101 Rat 8 weeks 0, 0.0004, BC, BW, IX Bd wt 0.04
(Sprague- (W) 0.04 Immuno 0.0004 278% increase in lymphocyte
Dawley) response to mitogen PHA at
6M 0.0004 mg Hg/kg/day; no change
at 0.04 mg Hg/kg/day
Ortega et al. 1997a Bis(methylmercury)sulfide
102 Rat 8 weeks 0, 0.0004, BC, BW, IX Bd wt 0.04
(Sprague- (W) 0.04 Immuno 0.0004 300% increase in lymphocyte
g?/lw'ey) response to mitogen PHA at

0.0004 mg Hg/kg/day; no change
at 0.04 mg Hg/kg/day
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Ortega et al. 1997a Tris(methylmercuric)sulphonium ion
103 Rat 8 weeks 0, 0.0004, BC, BW, IX Bd wt 0.04
f)Spr?gue- (W) 0.04 Immuno 0.0004 56% decrease in lymphocyte
6 ?/IW ey) response to mitogen PHA
Ortega et al. 1997b Methylmercuric chloride
104 Rat 8 weeks 0, 0.0004, BC, IX Endocr 0.0004 >100% increase in ACTH
(Sprague- (W) 0.04 Immuno 0.0004 Biphasic lymphocyte response to
Dawley) mitogen Con-A (313% increase at
6M 0.0004 mg Hg/kg/day; 67%
decrease at 0.04 mg Hg/kg/day);
>275% increase in IL-6 at both
doses
Ortega et al. 1997b Bis(methylmercury)sulfide
105 Rat 8 weeks 0, 0.0004, BC, IX Endocr 0.0004 >100% increase in ACTH
(Sprague- (W) 0.04 Immuno 0.0004 >133% increase in lymphocyte
Dawley) response to Con-A; 300% increase
6M in IL-6 at 0.04 mg Hg/kg/day
Ortega et al. 1997b Bis(methylmercury)sulfide
106 Rat 16 weeks 0, 0.0004, BC, IX Endocr 0.04
(Sprague- (W) 0.04 Immuno 0.0004 Biphasic lymphocyte response to
giﬂwley) mitogen Con-A (69% decrease at

0.0004 mg Hg/kg/day; 200%
increase at 0.04 mg Hg/kg/day);
>140% increase in IL-6 at both
dose levels
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Ortega et al. 1997b Methylmercuric chloride
107 Rat 16 weeks 0, 0.0004, BC, IX Endocr 0.0004 149% increase in ACTH
(Sprague- (W) 0.04
Dawley)
6 M
Immuno 0.0004 >75% decrease in lymphocyte
response to mitogen Con-A at
=0.0004 mg Hg/kg/day; 14-fold
increase in IL-6 at 0.04 mg
Hg/kg/day
Rosa-Silva et al. 2020a, 2020b Methylmercuric chloride
108 Rat (Wistar) 45 days 0,04 BW, FI, BC, Bdwt 0.4 21% decrease in body weight with
10M (GO) NX 8% decrease in food consumption
Hepatic 0.4 174% increase in serum AST and
106% increase in serum ALT
Neuro 0.4 Increased motor activity and
increased anxiety-like behavior (at
age PND 145 days)
Rosa-Silva et al. 2020a, 2020b Methylmercuric chloride
109 Rat (Wistar) 87 days 0,04 BW, FI, BC, Develop 0.4 25% decrease in body weight with
10F GD 1-PND 22 NX, DX 8% decrease in food consumption
+ PNDs 100- Hepatic: 220% increase in serum
145 AST and 123% increase in serum
(GO) ALT; increased motor activity and
increased anxiety-like behavior at
PND 145
Rossi et al. 1997 Methylmercury hydroxide
110 Rat 22 days 0,0.474 BW, FI, WI, Bd wt 0.474
(Sprague- GD 7-PND 7 DX Developb 0474 F
Dawl w
8?:W ev) W) 0.474 M Decreased motor activity in male

offspring at 6 months
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Sakamoto et al. 2002 Methylmercury
111 Rat (Wistar) One 0,0.5 DX Develop® 0.5 Impaired motor coordination and
4-10 F generation memory at PNDs 35-42; focal
8 weeks dysplastic lesions in cerebellum
premating
through
PND 30 (via
dam)
PNDs 31-55
(direct)
(F)
Sakamoto et al. 2004 Methylmercuric chloride
112 Rat (Wistar) 30 days 0,0.8,2,4 DX Develop® 0.8 4 LOAEL: Impaired associative
12 M PNDs 1-30 learning at 6 weeks of age
(IN) SLOAEL: Body weight loss,
impaired motor coordination and
hindlimb crossing/paralysis,
widespread CNS degeneration and
neuronal loss
[Via micropipette in water and condensed milk]
Sakamoto et al. 2017 Methylmercuric chloride
113 Rat (Wistar) 5 weeks 0,0.3,14 BW, HP Bd wt 0.3 1.4 Body weight loss
SM (W) Neuro 14 Severe damage and degeneration
of sensory regions of the spinal
cord (dorsal root ganglia, posterior
roots, posterior column)
Sakamoto et al. 2017 Methylmercuric chloride
114 Rat (Wistar) 5 weeks 0,1.9,9.72 BW,HP Bd wt 1.9 9.72 Body weight loss
10M (W) Neuro 9.72 Severe damage and degeneration

of sensory regions of the spinal
cord (dorsal root ganglia, posterior
roots, posterior column)




MERCURY

2. HEALTH EFFECTS

122

Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Santana et al. 2019 Methylmercury
115 Rat (Wistar) 60 days 0, 0.037 BW, HP, NX Bd wt 0.037
20M (GO) Neuro 0.037 Decreased motor activity and
impaired coordination; decreased
density of neurons and astrocytes
in motor cortex
Sitarek and Gralewicz 2009 Methylmercuric chloride
116 Rat (Wistar) 5 weeks 0,0.5,1.9 CS, BW, FI, Bdwt 0.5
M-12F GD 7-PND 21 WI, DX Neuro 0.5 1.9 Ataxia
W) Develop 0.5 1.9 ~8—10% decrease in PND 21 pup
weight; delayed development of
righting reflex
Szasz et al. 2002 Methylmercuric chloride
117 Rat (Wistar) 7-8 weeks 0,0.3 CS, BW, FI, Bdwt 0.3
5F premating— WI, RX, DX Repro 0.3
PND 21 b 0 in bi i
(W) Develop 0.3 11% decrease in birth weight;
increased susceptibility to seizure
activity at PNDs 28 and 90
Tamashiro et al. 1986 Methylmercuric chloride
118 Rat 26 days 0,1.6 LE, CS, BW, Death 1.6 M 100% mortality
(1%""\/'?/';‘52) (NS) NX, OF Bd wt 1.6 Body weight loss; severe in males
’ Cardio 16 F Increased systolic blood pressure
Neuro 1.6 Hind limb crossing, disturbed

[Spontaneous hypertensive rat strain]

righting reflex, abnormal gait
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Tonk et al. 2010 Methylmercuric chloride
119 Rat (Wistar) 26 days 0,0.08,0.3, LE,CS, BW, Death 1.6 5/11 dams sacrificed moribund
M-14F GD 6-PND 10 0.6,0.8,1.2, DX Bd wt 0.8 1.2 1.6 LOAEL: Decreased maternal
(GO) 1.6 weight
SLOAEL: Weight loss
Neuro 1.2 1.6 Unsteady gait, partial hind limb
paralysis
Develop® 0.08 0.8 LOAEL: Altered functional immune
endpoints in PND 21-70 offspring
SLOAEL: Decreased body weight
and prenatal/neonatal death
Vezér et al. 2005 Methylmercuric chloride
120 Rat (Wistar) 5 weeks 0,0.5,2.0 NX Neuro 0.5 Decreased motor activity; altered
24 M 5 days/week acoustic startle response; altered
(GW) electrophysiological responses in
sensory cortices and hippocampus
Vilagi et al. 2000 Methylmercuric chloride
121 Rat (Wistar) 6 weeks 0, 0.347 DX Develop® 0.347 >20% decrease in F1 body weight
8F GD 0-PND 21 at PND 28; decreased
(W) spontaneous and evoked cortical
potentials in F1 pups at PND 28
Wakita 1987 Methylmercuric chloride
122 Rat (Wistar) 23-28 days 0, 0.4 CS, BW, OF Bd wt 0.4
9M (G) Cardio 0.4 Persistent increases in systolic
blood pressure post-exposure
Wang et al. 2022a Methylmercuric chloride
123 Rat 17 days 0, 0.48, 0.96, DX Develop® 0.48 PND 60: Impaired spatial memory,
(Sprague- GD5-PND1 1.9 decreased neuronal density in

Dawley) (GW)
6F

hippocampus
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Wild et al. 1997 Methylmercuric chloride
124 Rat 14-16 weeks 0, 0.0006, BW, DX Bd wt 0.06 F
(Sprague-  premating—  0.06 Develop® 0.0006 Altered functional immune
Dawley) PND 21 endpoints in PND 42 and 84
NS M, F (W) offspring (enhanced
lymphoproliferation in response to
mitogens; decreased NK cell
activity)
Wild et al. 1997 Bis(methylmercury)sulfide
125 Rat 14-16 weeks 0, 0.0003 BW, DX Bd wt 0.0003 F
(Sprague-  premating— Develop 0.0003 Altered functional immune
Dawley) PND 21 endpoints in PND 84 offspring
NS M, F (W) (enhanced lymphoproliferation in
response to mitogens)
Wildemann et al. 2015a Methylmercuric chloride
126 Rat (Wistar) 4 weeks 0, 0.002, BW, OW, OF Bd wt 0.216 0.879 66% decrease in body weight gain
>-9M (W) 0.005, 0.009, Cardio 0.002 0.005 Elevated systolic blood pressure
0.018, 0.036, and pulse pressure at =20.005 mg
0.216, 0.879 Hg/kg/day; elevated diastolic blood
pressure at 20.009 mg/kg/day
Wildemann et al. 2015b Methylmercuric chloride
127 Rat (Wistar) 4 weeks 0, 0.018, BW, OW, OF Bd wt 0.216
56 M (W) 0.216 Cardio 0.018 0.216 Elevated systolic blood pressure
and pulse pressure
Wildemann et al. 2016 Methylmercuric chloride
128 Rat (Wistar) 4 weeks 0, 0.006, BC, Bl, UR, Cardio 0.006 Elevated systolic blood pressure at
5-6M (W) 0.285 OF =20.006 mg Hg/kg/day; elevated
diastolic at 0.285 mg/kg/day
Renal 0.006 0.285 Elevated urinary creatinine
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Wu et al. 2023 Methylmercuric chloride
129 Rat 3 months 0, 0.09 BW, Bl, OW, Bd wt 0.09
(Sprague-  (G) HP, NX Neuro 0.09 Impaired spatial memory; reduced
Dawley) hippocampal neurons in pyramidal
8M layer
Yip and Chang 1981 Methylmercuric chloride
130 Rat 8 weeks 0,1.6 HP Neuro 1.6 Extensive degeneration of dorsal
(Charles (G) root fibers
River)
6 M
Algahtani et al. 2023 Methylmercuric chloride
131 Mouse 3 weeks 0, 0.08 DX Develop  0.08
(C57BL/6) PNDs 21-42
8M Oral
Algahtani et al. 2023 Methylmercuric chloride
132 Mouse 3 weeks 0, 0.08 DX Develop  0.08
(BTBR) PNDs 2142
8M Oral
Al-Mazroua et al. 2022 Methylmercuric chloride
133 Mouse 28 days 0,0.16 BC, BI, NX Immuno 0.16 Increased serum IFN-y
(C57BL/6) (IN)
6 M
Neuro 0.16
[locomotor behavior]
Berthoud et al. 1976 Methylmercuric chloride
134 Mouse 60 days 0,0.25,1,4 CS, BW, FIl, Neuro 0.25 1 LOAEL: Hindleg weakness
(CD-1) (G) HP SLOAEL: Motor incoordination and
12 M neuronal degeneration and

microgliocytosis in subcortical
regions of the brain
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Blakley et al. 1980 Methylmercuric chloride
135 Mouse 3 weeks 0, 0.08, 0.35, BW, WI, GN, Bd wt 1.7
(ICR) (W) 1.7 IX
9-10 M
Immuno 0.08 Suppressed immune response to
antigens
Boomhower and Newland 2019 Methylmercuric chloride
136 Mouse 39 days 0, 0.032, DX Develop 0.032 Impaired operant learning (faster
(C57BL/6N) PNDs 21-59 0.32 minimum response times and
12 M (W) higher saturation rates) on
PND 200
Boomhower and Newland 2019 Methylmercuric chloride
137 Mouse 39 days 0,0.32 DX Develop 0.32
(C57BL/6N) PNDs 24-62
12M (W)
[Operant learning tested on PND 200]
Bourdineaud et al. 2011 Methylmercury
138 Mouse 2 months 0, 0.00046, BW, NX Bd wt 0.0073
(1%5&5'/6) (F) 0.0073 Neuro 0.00046 0.0073 Impaired memory
Chen et al. 2012 Methylmercuric chloride
139 Mouse 4or6weeks 0,1.6 BC Endocr 1.6 ~80-95% decrease in plasma
(ICR)16 M (GW) insulin; ~25-40% increase in
serum glucose
Dietrich et al. 2005 Methylmercuric chloride
140 Mouse 21 days 0,4.7,8.7 LE, CS, BW, Death 8.7 100% mortality
(1%WI1848)|\/| (W) WI, NX Bd wt 4.7 >10% body weight loss
a Neuro 4.7 Impaired motor coordination,

hypoactivity, altered gait




MERCURY

2. HEALTH EFFECTS

127

Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Franco et al. 2006 Methylmercuric chloride
141 Mouse 21 days 0,4.7 BW, WI, DX Bd wt 4.7
(albino) PNDs 1-21 Develop 4.7 Impaired motor coordination in
7F (via dam) PND 21 offspring
(W)
Ghizoni et al. 2018 Methylmercuric chloride
142 Mouse 42 days 0, 1 BW, FI, WI, Bd wt 1
(Swiss) GD 1-PND 21 DX Develop® 1
21-22 F W) Impaired motor coordination
(balance) in offspring on PND 22
Goulet et al. 2003 Methylmercuric chloride
143 Mouse 6 weeks 0,09,13, DX Repro 1.3 1.7 18% decrease in number of
(C57BL/6) GD 2-PND 21 1.7 pups/litter
14-34 F (W) Develop® 1.7 F
09M 1.7M LOAEL: Reduced locomotor
activity
SLOAEL: Impaired working
memory at 21.3 mg Hg/kg/day;
14% reduction in postnatal survival
at 1.7 mg/kg/day
[Neurobehavior assessed at PNDs 35-70]
Havarinasab et al. 2007 Methylmercuric chloride
144 Mouse 30 days 0, 0.420 BC, BI, IX  Immuno 0.42 Positive ANoA and ACA, elevated
(A.SW) (W) serum 1gG1, IgG2a; polyclonal
5-7F B-cell activation
[Autoimmune susceptible mice]
Hirano et al. 1986 Methylmercuric chloride
145 Mouse 26 weeks M: 0, 0.0300, CS, BW, Bd wt 0.724
(ICR) (F) 0.150, 0.724 GN, HP Resp 0.724
6M,6F F: 0, 0.0254, ,
0.115, 0.627 Cardio 0.724
Gastro 0.724

Musc/skel

0.724
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Hepatic 0.724
Renal 0.115 0.627 Epithelial degeneration and
regeneration of the renal proximal
tubules
Dermal 0.724
Ocular 0.724
Endocr 0.724
Immuno 0.724
Neuro 0.724
Repro 0.724
[Interim sacrifice group]
Huang et al. 2011 Methylmercury
146 Mouse 7 weeks 0, 0.02 DX Develop® 0.02 Hyperactivity, impaired motor
(ICR) PNDs 21-70 coordination, and hearing
12-15M (GW) impairment at PND 70
Huang et al. 2011 Methylmercury
147 Mouse 10-17 weeks 0, 0.02 RX, DX Repro 0.02 16% decrease in litter size
(ICR) Premating Develop® 0.02M Effects at PND 70: 19-32%
12-15F through PND decrease in pup weight, decreased
21 (via dam? motor activity and impaired hearing
Select pups: (both groups), impaired motor
PNDs 21-70 coordination (direct group only)
(direct)
(GW)
liback 1991 Methylmercury
148 Mouse 12 weeks 0,0.77 BW, BC, Bd wt 0.77
(BALB/c (F) ow, IX Immuno 0.77 Reduced natural killer T-cell
ggM) activity, enhanced T-cell

lymphoproliferative response, 22%
decrease in absolute thymus
weight, and ~50% decrease in
thymic cell number
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters monitored Endpoint NOAEL LOAEL LOAEL Effects
Ishihara et al. 2019 Methylmercuric chloride
149 Mouse 4-8 weeks HP, NX Neuro 3.2 Impaired motor coordination at 5—
(ICR) (IN) 8 weeks; impaired auditory
10M function, ventricular enlargement
and reactive astrocytes in inferior
colliculus
Kendricks and Newland 2021 Methylmercuric chloride
150 Mouse 37 days DX Develop  0.032 0.4 Impaired attention at 11—
(C57BL/6) PNDs 22-59 14 months
8-10 M (W)
Kirkpatrick et al. 2015 Methylmercury
151 Mouse 21-28 days BI, NX Bd wt 4.6
(C57BL/6N) (IN) Neuro 4.6 Impaired motor coordination at
NS M 4 weeks
[Mice given MeHg-dosed cookies]
Loan et al. 2023 Methylmercuric chloride
152 Mouse 3 weeks DX Develop 0.05 Decreased frequency and length of
(C57BL/6) GDs 0-21 ultrasonic pup vocalizations at
NS F (W) PND 9; decreased socialization,
(dams); increased stereotypical behaviors,
9-16 B and impaired reversal learning at
(pups) PND 60
MacDonald and Harbison 1977 Methylmercuric chloride
153 Mouse 28 weeks 0,0.89,9.5 CS, BW, WI, Death 9.5 100% mortality by 4-5 weeks
(Swiss) (W) HP Bd wt 0.89 9.5 Body weight loss
35-40 M
Gastro 9.5
Hepatic 9.5
Renal 0.89 9.5 Slight degenerative changes in
proximal tubular epithelial cells
Neuro 0.89 Severe neurotoxicity (clinical signs,

behavioral signs, histopathologic
cerebellar changes)
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Magbool et al. 2019 Methylmercuric chloride
154 Mouse 4 weeks 0,2.0,4.0, BC Other 2 47% increased plasma insulin
(NMRI) (GW) 8.0 noncancer
6 M
Mitsumori et al. 1981 Methylmercuric chloride
155 Mouse 26 weeks 0,2.3,4.5 LE, CS, HP Death 4.5 51/60 males and 59/60 females
(ICR) (F) died or were sacrificed moribund
60 M, 60 F by study week 26
Neuro 4.5 Clinical signs of neurotoxicity prior
to death or sacrifice
Moreira et al. 2012 Methylmercury
156 Mouse 28 days 0,56 BC Hepatic 5.6 Elevated plasma total cholesterol,
(Swiss (W) HDL cholesterol, non-HDL
Albino) cholesterol, and triglycerides
NS M
Moreira et al. 2012 Methylmercury
157 Mouse 21 days 0,56 BC, HP Hepatic 5.6 Elevated plasma total cholesterol
(C57BL/6) (W) Renal 5.6 Glomerular shrinkage and tubular
6 M vacuolization
Moreira et al. 2012 Methylmercury
158 Mouse 21 days 0,56 BC, Bl, NX Hepatic 5.6 Elevated plasma total cholesterol
gCI\?IYBL/G) (W) Neuro 5.6 Decreased motor activity
Nascimento et al. 2022 Methylmercuric chloride
159 Mouse 30 days 0,0.21 BW, BC, Bl, Bd wt 0.21
C57BL/6 (W) NX Hepatic 0.21 Increased serum total cholesterol
60 M and triacylglycerol levels
Immuno 0.21 Increase plasma TNF and LPS

levels
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Neuro 0.21 Decreased motor activity and
exploration, increased stereotypy,
impaired spatial learning and
memory
Rand et al. 2020 Methylmercuric chloride
160 Mouse 56 days 0,0.13,1.3 HP,DX Musc/skel 1.3
(C57BL/6) 2 weeks prior
3-18 F to mating—
PND 21
(W)
Develop 0.13 1.3 PND 0: Decreased weight in males
(~5%) and females (~8%)
PND 60: decreased forelimb
strength in both sexes; males with
decreased rearing distance, and
increased resting time in open field
Silva et al. 2021 Methylmercuric chloride
161 Mouse 15 days 0,27 BW, FI, WI, Bd wt 2.7
(C57BL/6) (W) BC, HP, OF  cardio 2.7 Elevated blood pressure,
8-15F atherosclerotic lesions
Hepatic 2.7 Elevated total cholesterol and non-
HDL cholesterol
Thuvander et al. 1996 Methylmercuric chloride
162 Mouse 15—-16 weeks 0, 0.098, CS, BW, RX, Bd wt 0.98
(BALB/c) 10 weeks 0.98 DX
27-72 F premating Repro 0.98
through c Lo , ,
PND 15 Develop 0.098 Alterations in functional immune

(F)

endpoints and thymocyte cell
populations in offspring at
20.098 mg Hg/kg/day; 8%
decrease in pup body weight at
0.98 mg Hg/kg/day




MERCURY 132
2. HEALTH EFFECTS
Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Weiss et al. 2005 Methylmercuric chloride
163 Mouse 9-10weeks 0,0.2,0.6 BW, RX, DX Bd wt 0.6
(B6C3F1/H Premating — Repro 0.6
SD) PND 13 Develop® 0.2 Impaired spatial learning and
15-18 F (W) . o
increased hindlimb splay at
5 and/or 15 months
Yoshida et al. 2011 Methylmercury
164 Mouse 19 days 0,0.9 DX Develop® 0.9 Male offspring: Increased activity,
(C57BL/6) GDs 0-18 decreased anxiety, and impaired
NS F (F) spatial learning at PND 56
Female offspring: Decreased
activity at PND 56
Yoshida et al. 2018 Methylmercuric chloride
165 Mouse 27 days 0,0.9 DX Develop® 0.9 Decreased motor activity at
(C57BL/6J) PNDs 2-28 PND 77
7-8F (F)
Zhang et al. 2011 Methylmercury
166 Mouse 5 weeks 0, 0.03, 0.06, DX Develop  0.06 0.13 Complete litter loss in 6/7 dams
(A.SW)2—- GD8-PND 21 0.13
7F (W)
[Autoimmune susceptible mouse strain]
Zhang et al. 2011 Methylmercury
167 Mouse 5 weeks 0, 0.06 DX, IX Immuno  0.06
(A.SW) GD 8-PND 21 Develop®*® 0.06 F Hyperactivity, cerebellar
3-5F (W) inflammation
0.06 M

[Autoimmune susceptible mouse strain; offspring immune and behavioral endpoints evaluated at PNDs 21 and 70]

Zhang et al. 2011

168 Mouse 5 weeks
(A/WySnJ) GD 8-PND 21
3-5F (W)

0, 0.06

DX, IX

Immuno  0.06
Develop®¢ 0.06

[Offspring immune and behavioral endpoints evaluated at PNDs 21 and 70]

Methylmercury
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Koller et al. 1977 Methylmercuric chloride
169 Rabbit 14 weeks M: 0,0.05, LE, CS, BW, Death 1 100% mortality
(New (F) 0.53, 1.1 BC, HE, HP, B wt 0.05
Zeal F: i IX
18?\;:”1(10) = 0_4%’,01 _%5’ 049F Decreased body weight gain (13%)
0.53 M Decreased body weight gain (43%)
Hemato  0.53
Renal 0.49 1 Mild-to-moderate proximal tubule
necrosis
Immuno  0.05 0.49 Decreased immune response to
influenza infection
Neuro 0.05 0.49 Ataxia and intermittent convulsions
at 20.49 mg Hg/kg/day; cerebellar
degeneration at 21.0 mg Hg/kg/day
Chang et al. 1974 Methylmercury
170 Cat 11 months 0,0.012 CS, BW, HP Neuro 0.012 Serious clinical signs of
15-16 B (F) neurotoxicity, degenerative brain
lesions
Charbonneau et al. 1976 Methylmercury
171 Cat Upto 1year 0.003, LE, CS, BW, Death 0.074 0.176 100% sacrifice moribund by
4-5M,4- (F) 0.0084, FI, WI, BC, ~16 weeks
5F 0.020, 0.046, UR, GN, HP g4 wt 0.176
0.074,0.176 Resp 0.176
Cardio 0.176
Gastro 0.176
Hemato 0.176
Hepatic 0.176
Renal 0.176
Endocr 0.176
Immuno  0.176
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Neuro 0.046 0.074 0.176 LOAEL: Clinical signs of
neurotoxicity first observed at
~40 weeks
SLOAEL: Clinical signs of
neurotoxicity first observed at
~14 weeks; serious clinical signs
and degeneration in cerebral
cortex, cerebellum, and dorsal root
ganglia observed at ~16 weeks
Khera et al. 1974 Methylmercuric chloride
172 Cat 44-243 days 0, 0.25,0.37, CS, HP Neuro 0.25 Degeneration in granule cells,
3or5M, (G) 0.5,0.75,1.0 Purkinje cells, and cerebral
20r6F neurons; distorted myelination in
cortical hemispheres
CHRONIC EXPOSURE
Axelrad et al. 2007a, 2007b Methylmercury
173 Human Chronic dietary 0.34-0.62 DX Develop® 0.000419 NOAEL is based on estimated
238-917 intake; high mercury dose associated with a
per study  fish consumers 1-point decrease in 1Q (calculated
(F) from -0.18 1Q points per ug Hg/g
hair)
[meta-analysis of three prospective birth cohorts]
Burbacher and Mottet 1988; Burbacher et al. 2005 Methylmercury hydroxide
174 Monkey Up to ~4 years 0, 0.04, 0.06, BW, BC, NX, Bd wt 0.08
(Macaca (two breeding 0.08 RX, DX
fascicularis) cycles) Neuro 0.06 0.08 Slight tremors, decreased sucking
716 F (IN) response, gross motor
incoordination, apparent blindness
Repro 0.04 0.06 54% decrease in number of viable

pregnancies
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(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
Burbacher et al. 1984 Methylmercury hydroxide
175 Monkey Up to 395 days 0, 0.04, 0.08 CS, BW, NX, Bd wt 0.08
(Macaca  (four menstrual RX, DX Neuro 0.04 0.08 Gross motor incoordination,
fascicularis) cycles, mating, decreased sucking responses,
7-8F glilStatlon) intention tremors, blindness
(IN) Repro 0.04 0.08 Decreased number of viable
pregnancies
Develop  0.04
Charleston et al. 1994 Methylmercury hydroxide
176 Monkey 12 or 18 0, 0.05 CS, OW, HP Neuro 0.05 Up to 152% increase in number of
(Macaca months reactive glia in the brain
fascicularis) (IN)
4-5F
Charleston et al. 1995 Methylmercury
177 Monkey 12 or 0, 0.05 HP Neuro 0.05 89-152% increased number of
(Macaca 18 months reactive glia
fascicularis) (IN)
NS F
Charleston et al. 1996; Vahter et al. 1994 Methylmercury hydroxide
178 Monkey 12 or 0, 0.05 BC, BW, CS, Bd wt 0.05
(Macaca 18 months GN, HE, HP, Hemato  0.05
fascicularis) (IN ow
48_850 /lc__:u ars) (IN) Neuro 0.05 Increased microglia and decreased
astrocytes in thalamus
Rice 1989c Methylmercuric chloride
179 Monkey 6.5-7years 0,0.05 CS, NX Neuro 0.05 Clumsiness, impaired fine motor

(Macaca (starting at
fascicularis) birth)
4M1F (IN)

skills, and diminished touch and
pinprick sensitivity at 13—14 years
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)

Species
Figure (strain) Exposure
key?2  No./group parameters

Parameters

Less
serious
monitored Endpoint NOAEL LOAEL

Serious

LOAEL Effects

Rice 1998a; Rice and Hayward 1999

Methylmercuric chloride

180 Monkey Gestation— DX Develop® 0.01 Impaired auditory function and
(Macaca 4 years of age 0.025, 0.050 visual spatial discrimination in
fascicularis) 5 days/week offspring at 10—19 years
1-2B (IN)

Rice 1998b; Rice and Hayward 1999 Methylmercuric chloride

181 Monkey 7 years NX Neuro 0.05
(Macaca 5 days/week
fascicularis) (C)

2-4 M, 1—
2F

[Visual function and operant training assessed at 10—20 years]

Rice and Gilbert 1982, 1990 Methylmercuric chloride

182 Monkey 3—4 years DX Develop® 0.05 Spatial visual impairment at 3—
(Macaca (starting at 4 years; 3/5 high luminance
fascicularis) birth) impairment, 3/5 high and middle
5treated, (IN) frequency impairment; 5/5 low
2 controls, luminance impairment
NS

Rice and Gilbert 1990 Methylmercuric chloride

183 Monkey Gestation—4— DX Develop® 0.025 0.05 Overt neurotoxicity in 2/5 offspring
1-5 NS 4.5 years old; 0.025, 0.05

3 days/week
during
gestation;

5 days/week
postnatally
(IN)

Rice and Gilbert 1992 Methylmercuric chloride

184 Monkey 7 years CS, NX Neuro 0.05 Clumsiness and impaired high-
(Macaca (starting at frequency hearing at 13—14 years

fascicularis) birth)
3-5NS (C)
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral
(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects

Solecki et al. 1991

Phenyl mercuric acetate

185 Rat (Wistar) 103 weeks 0,0.37,3.7 LE, BW, HE, Death 3.7 14/20 treated died, compared to
20 M (W) HP 7/20 control
Bd wt 0.37 Approximately 10% decrease in
body weight gain
Gastro 0.37 3.7 Ulcerative cecitis
Hemato  0.37 3.7 Increased leukocytes; decreased
erythrocytes, hemoglobin, and
hematocrit
Renal 0.37 Increased severity of chronic renal
nephrosis
Endocr 3.7
Cancer 3.7 CEL: Renal cell adenoma
Verschuuren et al. 1976 Methylmercuric chloride
186 Rat (NS) 2 years M: 0, 0.006, LE,CS, BW, Bd wt 0.18 F
25M,25F (F) 0.03,0.16;  FI, BC, BI, 0.16 M
F:0,0.007, UR,HE,
0.04,018 OW, HP, NX ResP 0.18 F
0.16 M
Cardio 018 F
0.16 M
Gastro 018 F
0.16 M
Hemato 0.18 F
0.16 M
Musc/skel 0.18 F
0.16 M
Hepatic 0.18 F
0.16 M
Renal 0.04 F 018 F 36% increase in relative kidney

weight, decreased kidney enzyme
activity
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
0.03M 0.16 M 30% increase in relative kidney
weight, decreased kidney enzyme
activity
Dermal 0.18 F
0.16 M
Ocular 0.18 F
0.16 M
Endocr 0.18 F
0.16 M
Immuno 0.18 F
0.16 M
Neuro 0.18 F
0.16 M
Repro 0.18 F
0.16 M
Hirano et al. 1986 Methylmercuric chloride
187 Mouse 104 weeks M: 0, 0.0300, LE, CS, BW, Bd wt 0.724
(ICR) (F) 0.150, 0.724; GN, HP Resp 0.724
%M. 54F F-0.00254 Cardio 0724

Gastro 0.724
Musc/skel 0.724
Hepatic 0.724

Renal 0.115F 0.627F Epithelial degeneration and
regeneration of the renal proximal
tubules at 0.627 mg Hg/kg/day
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Table 2-4. Levels of Significant Exposure to Organic Mercury — Oral

(mg/kg/day)
Species Less
Figure (strain) Exposure Parameters serious  Serious
key?2  No./group parameters Doses monitored Endpoint NOAEL LOAEL LOAEL Effects
0.03M 0.15M Epithelial degeneration and

regeneration of the renal proximal
tubules, urinary casts, and pelvic
dilation at =20.15 mg Hg/kg/day;
cystic kidney and epithelial
regeneration and focal hyperplasia
at 0.724 mg Hg/kg/day

Dermal 0.724

Ocula