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Thimerosal (ethylmercurithiosalicylic acid), an ethylmercury (EtHg)-releasing
compound (49.55% mercury (Hg)), was used in a range of medical products
for more than 70 years. Of particular recent concern, routine administering of
Thimerosal-containing biologics/childhood vaccines have become significant
sources of Hg exposure for some fetuses/infants. This study was undertaken to
investigate cellular damage among in vitro human neuronal (SH-SY-5Y
neuroblastoma and 1321N1 astrocytoma) and fetal (nontransformed) model
systems using cell vitality assays and microscope-based digital image capture
techniques to assess potential damage induced by Thimerosal and other metal
compounds (aluminum (Al) sulfate, lead (Pb)(II) acetate, methylmercury
(MeHg) hydroxide, and mercury (Hg)(II) chloride) where the cation was
reported to exert adverse effects on developing cells. Thimerosal-associated
cellular damage was also evaluated for similarity to pathophysiological
findings observed in patients diagnosed with autistic disorders (ADs).
Thimerosal-induced cellular damage as evidenced by concentration- and
time-dependent mitochondrial damage, reduced oxidative–reduction activity,
cellular degeneration, and cell death in the in vitro human neuronal and fetal
model systems studied. Thimerosal at low nanomolar (nM) concentrations
induced significant cellular toxicity in human neuronal and fetal cells.
Thimerosal-induced cytoxicity is similar to that observed in AD pathophysio-
logic studies. Thimerosal was found to be significantly more toxic than the
other metal compounds examined. Future studies need to be conducted to
evaluate additional mechanisms underlying Thimerosal-induced cellular
damage and assess potential co-exposures to other compounds that may
increase or decrease Thimerosal-mediated toxicity.
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Introduction

Thimerosal (ethylmercurithiosalicylic acid) is an ethylmercury (EtHg)-releasing
compound that has been used in a range of medical products for more than 70 years
(Geier et al. 2007). Thimerosal contains 49.55% mercury (Hg) and, in aqueous solutions, is
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known to breakdown into EtHg hydroxide and the sodium salt of thiosalicylic acid
(Tan and Parkin 2000).

Of particular recent concern, research showed that routine administration of
Thimerosal-containing childhood vaccines resulted in some infants receiving 450% of
their cumulative Hg exposure from these vaccines given during the first six months
of life (Bigham and Copes 2005). In addition, these researchers found that the
cumulative Hg doses (combined environmental and medicinal sources) some infants
received resulted in average daily Hg doses per kilogram bodyweight that were in
excess of the established US Environmental Protection Agency (EPA), Health
Canada, World Health Organization (WHO), Agency for Toxic Substances and
Disease Registry (ATSDR), and US Food and Drug Administration (FDA) daily
safety limits for ingested Hg, with several exposures to large bolus doses of Hg
resulting from Thimerosal-containing vaccine administration, during the first six
months of life.

Previous studies reported that Hg exposure in any form may produce immune,
sensory, neurological, motor, and behavioral dysfunctions similar to traits defining or
associated with autistic disorders (ADs), and that these similarities extend to
neuroanatomy, neurotransmitters, and biochemistry (Environmental Working Group
2004; Kern and Jones 2006; Mutter et al. 2005; 2007; Zahir et al. 2005). In
addition, researchers from the US National Institute of Environmental Health
Sciences (1999) and Nelson (1991) from the National Institute for Occupation Safety
and Health of the Centers for Disease Control and Prevention described a role for
Hg exposure in the pathogenesis of autism. The Collaborative on Health and the
Environment’s Learning and Developmental Disabilities (2008) recently published a
consensus statement reporting that there is no doubt that Hg exposure may produce
autism spectrum disorders. Presumptively, Hg poisoning has also been diagnosed
as autism of unknown etiology in some cases until Hg poisoning was
established (Chrysochoou et al. 2003), and other researchers identified significant
increases in Hg toxicity biomarkers in patients diagnosed with ADs (Geier and Geier
2006b, 2007b).

A series of recent epidemiological studies found a significant relationship between
Hg exposure from routinely administered Thimerosal-containing drugs (vaccines and
Rho(D)-immune globulin preparations) and an increasing risk for autism and other
neurodevelopmental delays (Geier and Geier 2006a, 2006c, 2007c; Geier et al. 2008;
Marques et al., in press; Young et al., in press). It was also reported in clinical studies
that the greater and the earlier a child’s cumulative exposure to Hg from Thimerosal-
containing vaccines and biologics, the more clinically severe the AD (Geier and Geier
2007a). In addition, epidemiological studies of environmental toxic exposures revealed
that Hg exposure was a significant dose-dependent risk factor for a child being
diagnosed with an AD (Counter et al. 2002; Palmer et al. 2006, in press; Rury 2006;
Windham et al. 2006).

The purpose of the present study was to evaluate the potential for Thimerosal-induced
cellular damage among in vitro human neuronal and fetal model systems using cell
vitality assays and microscope-based digital image capture and evaluation techniques.
Furthermore, the purpose of the present study was to evaluate potential Thimerosal-
associated cellular damage in the context of pathological findings observed in
patients diagnosed with autistic disorders, as well as to compare Thimerosal-
associated cellular damage with other toxic metal compounds (aluminum (Al) sulfate,
lead (Pb) acetate, methylmercury (MeHg) hydroxide, and Hg(II) chloride) that were
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reported to be neurodevelopmental toxins by other investigators (Toimela and Tahti 2004;
Waly et al. 2004).

Materials and methods

Human cell cultures

Cultures of SH-SY-5Y human neuroblastoma and 1321N1 human astrocytoma cells from
the European Collection of Cell Cultures were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Nontransformed human fetal cell cultures were established from a single
anonymous amniotic fluid cell sample. This sample was obtained from amniocentesis
discarded waste. Upon culturing, visual inspection under an inverted UNITRON�

microscope (Bohemia, NY, USA) indicated that the cell type was most probably
developing human epithelial cells.

For neuroblastoma cells, the culture medium consisted of Dulbecco’s Modified Eagle’s
Medium/Ham’s F12, 50/50 1X with L-glutamine (MEM-F12) (Mediatech, Inc., Manassas,
VA, USA), 15% fetal bovine serum (FBS) sterile filtered (Equitech-Bio, Inc., Kerrville,
TX, USA), and 1% MEM nonessential amino acid (MEM NEAA) solution 100X (Sigma-
Aldrich). For astrocytoma cells, the culture medium consisted of Minimum Essential
Medium, Alpha 1X with Earle’s salts, ribonucleosides, deoxyribonucleosides, and
L-glutamine (MEM-�) (Mediatech, Inc.), 10% FBS, and 1% MEM NEAA solution
100X. For the fetal cells, the culture medium consisted of CHANG MEDIUM� D with
L-glutamine (Irvine Scientific, Santa Ana, CA, USA) and 20% FBS. In all cases, the cells
were grown following a standardized procedure at 37�C, 95% humidity, and 5% CO2 in
40mL tissue culture (NunclonTM delta surface) flasks (NUNCTM, Rochester, NY, USA).

Cells were grown in flasks until nearly confluent and then were trypsinized (Trypsin,
INTERGEN� Company, Purchase, NY, USA). The disaggregated cells were seeded evenly
into COSTAR� (Corning International, Corning, NY, USA) 96-well [100mLwell�1], cell-
culture-cluster, flat-bottom, tissue-culture, treated plates with lid. Prior to treatment with
the compounds under study, the cell aliquots seeded in each well were grown following a
standardized procedure for at least one day at 37�C, 95% humidity, and 5% CO2 in the 96-
well cell culture plates with appropriate cell media and FBS concentration.

Compounds

Thimerosal (C9H9HgO2SNa, CAS No. 54-64-8), aluminum sulfate octadecahydrate
(Al2(SO4)3 � 18H2O, CAS No. 7784-31-8), Hg(II) chloride (HgCl2, CAS No. 7487-94-7),
and Pb (II) acetate trihydrate (Pb(C2H3O2)2, CAS No. 6080-56-4) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). MeHg(II) hydroxide, 1M in H2O (CH3HgOH, CAS
No. 1184-57-2) was purchased from Alfa Aesar�, a Johnson Matthey Company (Ward
Hill, MA, USA). The compounds tested in the present study were highly purified, and
were presumed to be495% pure. They were chosen for maximum solubility in aqueous
environments and resistant to destabilization by oxidation or reaction with other gases
that dissolve in water (CO2).

Stock solutions were prepared for each compound by dissolving them into or
appropriately diluting them with MEM-� culture medium, and the resultant solutions
were sterilized by filtration through a pre-sterilized 0.20mm NALGENE� Filter Unit
(Nalge Nunc International, Rochester, NY, USA). The stock solutions prepared and
utilized in the present study were freshly prepared for each compound tested.
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Determination of cytotoxicity

Thimerosal-induced mitochondrial dysfunction in different cell types

Mitochondrial dysfunction in human neuroblastoma, astrocytoma, and fetal cells were

assessed using the colorimetric 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-
5-carboxyanilide inner salt (XTT) cell assay kit (TOX-2, Sigma-Aldrich). After at least

24 h of growth, the original media was removed from each well in the 96-well cell-
culture-plates, and replaced with 200 mLwell�1 dilutions of Thimerosal (10 nM–10 mM)

in appropriate cell media. For the control wells (containing no Thimerosal), the same
procedure was followed except 200mL of the appropriate cell media without adding

Thimerosal. The resultant 96-well cell-culture plates were covered and incubated
following a standardized procedure for 24 h at 37�C, 95% humidity, and 5% CO2. The

media was then removed from each well, and 50 mL of XTT solution (20%
concentration, dissolved in appropriate cell media) were added to each well. The 96-

well cell-culture plates were transferred to a VERSAmax tunable microplate reader
(Molecular Devices, Sunnyvale, CA, USA) for assaying. The 96-well cell-culture plates

were maintained at 37�C and were shaken for 10 s every 15min. The contents of the
study wells in the 96-well culture plates were assayed at 2 h for absorption at 450 and

690 nm using SoftMax� Pro 5 software (Molecular Devices, Sunnyvale, CA, USA). The
test dilutions and the controls were each repeated in eight wells. The 690 nm
absorbance value was subtracted from the 450 nm absorbance value to determine a

measure of the level of mitochondrial function of the cells in each well evaluated. The
net values determined for each Thimerosal dilution were normalized to the average

value for the controls, which was set at 100%. The mean results and their uncertainties
(standard error of mean [SEM]) were expressed in terms of percentage control mean

ð½meanTest � SEMTest�=meanControl � 100%Þ:

Mitochondrial dysfunction in human neuroblastoma cells induced by other compounds
studied

Mitochondrial dysfunction in human neuroblastoma was assessed using the XTT cell
survival assay kit. The original media was removed from each well in the 96-well cell-

culture plates, and was replaced with 200 mLwell�1 dilutions of the following
compounds: Thimerosal (10 nM–10 mM), MeHg hydroxide (100 nM–10 mM), Hg chloride

(10–100 mM), Pb acetate (10–100 mM), and Al sulfate (100mM–10mM), each metal was
dissolved in the appropriate cell media. In the control wells (containing no added

compound), the same procedure was followed except no dilution of the compound being
studied was added. Cells were incubated following a standardized procedure for 24 h at

37�C, 95% humidity, and 5% CO2 in the 96-well cell culture plates. The media was then
removed from each well, and 50 mL of XTT solution (20% concentration, dissolved in

appropriate cell media) were added to each well. The 96-well cell-culture plates were
transferred to a VERSAmax for assaying. The 96-well cell-culture plates were maintained

at 37�C and were shaken for 10 s every 15min. The contents of the study wells in the 96-
well culture plates were assayed at 2 h for absorption at 450 and 690 nm using SoftMax�

Pro 5 software. The test dilutions and the controls were each repeated in eight wells. The
690 nm absorbance value was subtracted from the 450 nm absorbance value to determine

a measure of the level of mitochondrial function of the cells in each well evaluated. The
net values determined for each dilution of the compound being examined were
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normalized to the average value for the controls, which was set at 100%. The results
were expressed in terms of percentage control mean

ð½meanTest � SEMTest�=meanControl � 100%Þ:

Thimerosal-induced oxidative–reduction damage in human neuroblastoma cells

Oxidative–reduction damage was assessed in human neuroblastoma cells using the
colorimetric resazurin-based cell survival assay kit (TOX-8, Sigma-Aldrich). The original
media was removed from each well in the 96-well cell-culture plates and was replaced with
200 mLwell�1 dilutions of Thimerosal (1 nM–10 mM) in appropriate cell media. In the
control wells, the same procedure was followed, except that the media added contained no
added Thimerosal. Cells were incubated following a standardized procedure for 0 and 48 h
at 37�C, 95% humidity, and 5% CO2 in the 96-well cell-culture plates. Subsequently, 50 mL
of resazurin-based solution (10% concentration, dissolved in appropriate cell media) was
added to each well. The 96-well cell-culture plates were shaken for 10 s, and incubated for
12 h at 37�C, 95% humidity, and 5% CO2.

The 96-well cell-culture plates were transferred to a VERSAmax (maintained at 37�C)
for assaying. The contents of the study wells in the 96-well culture plates were then assayed
for absorption at 600 and 690 nm. The test dilutions and the controls were each repeated in
eight wells. The 690 nm absorbance value was subtracted from the 600 nm absorbance
value to determine a measure of the level of oxidative–reduction activity in each well
evaluated. The net values determined for each Thimerosal dilution were normalized to
controls set at 100%. From the 0 and 48 h incubation times, the results (mean and SEM)
were expressed as percentage control mean

ð½meanTest � SEMTest�=meanControl � 100%Þ:

Visual degeneration/death induced in human neuroblastoma and human fetal cells

Cellular degeneration in human neuroblastoma and human fetal cells were assayed using
microscope inspection with microscope digital image capture. The original media was
removed from each well in the 96-well cell-culture plates. The media was replaced with
200 mLwell�1 dilutions of Thimerosal that were added at about the LC50 derived from the
mitochondrial dysfunction assay (10–100 nM) in appropriate cell media. Further, in
another series of experiments on human neuroblastoma cells, the media was replaced with
200 mLwell�1 dilution of MeHg hydroxide that was added at about the LC50, derived from
the mitochondrial dysfunction assay (1–10mM) in appropriate cell media. In control wells
(containing no added test compound), the same procedure was followed except only the
appropriate cell media was added. Cells were incubated following a standardized
procedure for 24 h at 37�C, 95% humidity, and 5% CO2 in the 96-well cell-culture
plates. The wells were then assayed using an inverted UNITRON� microscope with the 5x
objective. A Big CatchTM digital eye-piece camera (EM-035M) and Scope Photo Image
software (Torrance, CA, USA) were used to capture digital images of the cells.

Statistics

The statistical packages contained in StatsDirect Version 2.4.2 (Cheshire, UK) and
SigmaPlot Version 9.0 (San Jose, CA, USA) were used in the present study. Dunnett’s one-
way analysis of variance (ANOVA) for multiple comparisons with a control test statistic
was used, and a p-value50.05 was considered statistically significant.
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Additionally, LC50s were determined for the mitochondrial dysfunction and oxidative–

reduction activity assays for the different cell types and compounds tested in the present

study. The linear regression test statistic from StatsDirect was utilized to examine the

linear portion of the curves derived from the assay response curves developed for

mitochondrial dysfunction and oxidative–reduction activity for the different cell types and

compounds tested to determine each LC50.

Results

Figure 1 presents the mitochondrial dysfunction measured at 24 h following exposure of

human neuroblastoma, astrocytoma, or fetal cells to increasing Thimerosal concentra-

tions. Thimerosal at the concentrations employed (10 nM–10 mM) in each cell type

examined resulted in a significant increase in mitochondrial dysfunction relative to

unexposed controls. In addition, the observed order of the sensitivity of the cell types to

Thimerosal-induced mitochondrial dysfunction was human fetal cells4human neuro-

blastoma cells4human astrocytoma cells.
Figure 2 depicts the mitochondrial dysfunction measured at 24 h following exposure of

human neuroblastoma cells to Thimerosal, MeHg hydroxide, Hg chloride, Pb acetate, and

Al sulfate. The LC50 levels were determined to be as follows: Thimerosal LC50¼ 82.2 nM,

MeHg hydroxide LC50¼ 5.6 mM, Hg chloride LC50¼ 59.5mM, Pb acetate LC504100 mM,

and Al sulfate LC50410mM. The observed relative order of the toxicity of the compounds

to the neuroblastoma cells was Thimerosal4MeHg hydroxide4Hgchloride4Pb

acetate4Al sulfate.
Figure 3 presents the concentration- and time-dependent assessment of cellular

oxidative–reduction activity in human neuroblastoma cells following Thimerosal exposure.

Overall, Thimerosal-induced concentration- and time-dependent reduced cellular

oxidative–reduction activity in human neuroblastoma cells. Specifically, the immediate

exposure of human neuroblastoma cells to Thimerosal resulted in a calculated
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Figure 1. A concentration-dependent assessment of Thimerosal induced mitochondrial dysfunction
in human cells lines following 24 h incubation.
Notes: Mitochondrial dysfunction was measured using the XTT cell assay (following 2 h incubation).
*p50.05 (Thimerosal exposure concentration in comparison with the 0 nM control). Human
neuroblastoma cells LC50¼ 82.2 nM, human fetal cells LC50¼ 9.7 nM, human astrocytoma cells
LC50¼ 337 nM.
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LC50¼ 10.3 mM for cellular oxidative–reduction activity in human neuroblastoma cells. In

contrast, following a 48 h incubation with Thimerosal, the observed LC50¼ 7.6 nM for

cellular oxidative–reduction activity in human neuroblastoma cells.
Figure 4 shows microscope digital image captures following the application of

10–100 nM Thimerosal or 1–10mM MeHg hydroxide to human neuroblastoma cells for

24 h in comparison to unexposed controls. Visually, the addition of Thimerosal and MeHg

hydroxide at concentrations consistent with the LC50 for mitochondrial-induced

dysfunction in human neuroblastoma cells was associated with marked human
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Figure 3. A concentration- and time-dependent assessment of Thimerosal induced cellular
oxidative-reduction activity in human neuroblastoma cells.
Notes: Cellular oxidative–reduction activity was measured using the Resazurin Dye Cell Viability
Assay (following 12 h incubation). *p50.05 (Thimerosal exposure concentration in comparison with
the 0 nM Control). Thimerosal LC50¼ 10.3mM (following 0 h incubation) and 7.6 nM (following
48 h incubation).
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Figure 2. A concentration-dependent assessment of metal-induced mitochondrial dysfunction in
human neuroblastoma cells following 24 h incubation.
Notes: Mitochondrial dysfunction was measured using the XTT cell assay (following 2 h incubation).
*p50.05 (Exposure concentration in comparison with the 0 nM Control). Thimerosal
LC50¼ 82.2 nM, MeHg hydroxide LC50¼ 5.6mM, Hg chloride LC50¼ 59.5mM, Pb acetate
LC504100 mM, Al sulfate LC50410mM.
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neuroblastoma cellular degeneration in comparison with unexposed controls.
Furthermore, Figure 5 shows microscope digital image captures following the
10–100 nM Thimerosal to human fetal cells for 24 h in comparison to unexposed controls.
Visually, Thimerosal at concentrations consistent with the LC50 for mitochondrial-induced

(a)

(b)

(c)

 

 

Figure 4. Images of human neuroblastoma cells following 24 h incubation. a) Neuroblastoma
cells exposed to 0 nM Thimerosal. b) Neuroblastoma cells exposed to 100 nM Thimerosal.
c) Neuroblastoma cells exposed to 1mM MeHg hydroxide.! – indicates cells that have undergone
cellular degeneration and cellular blebbing.
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dysfunction in human fetal cells was associated with marked human fetal cell
death/inhibition of cell growth in comparison with unexposed controls.

Discussion

Cellular toxicity

In considering the potential for an exposure to induce a disorder, it is important to
demonstrate that the exposure can induce the pathological findings, characterizing the
disorder in an in vitro model system. Furthermore, estimating the amount of exposure

(a)

(b)

Figure 5. A visual evaluation of human fetal cells following 24 h incubation with various
treatments. a) Human fetal cells exposed to 0 nM Thimerosal. b) Human fetal cells exposed to 10 nM
Thimerosal. ! – indicates cells that have undergone cellular degeneration, cellular blebbing, and
cell death.
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necessary to induce the pathology observed in the disorder, and evaluating this in the
context of other exposures that may produce and/or contribute to the disorder is essential.

The present study was principally designed to evaluate the potential for Thimerosal-
induced cellular damage among in vitro human neuronal and fetal model systems using cell
vitality assays and microscope-based digital image capture techniques in the context of the
pathological findings observed in ADs. The results of the present study showed that
Thimerosal was able to induce significant mitochondrial dysfunction, reduced cellular
oxidative–reduction activity, cell death, and cellular degeneration in a concentration- and
time-dependent fashion. The LC50 for mitochondrial dysfunction following 24 h incubation
with Thimerosal ranged between 9.7 and 337 nM.Additionally, following 48 h of incubation
with Thimerosal containing media, the LC50 for cell oxidative–reduction activity in the
neuroblastoma cells studied was 7.6 nM Thimerosal. Furthermore, the different cell types
showed different levels of susceptibility to Thimerosal-induced cellular toxicity. The
observed order of the sensitivity of the cell types studied to Thimerosal-induced cellular
toxicity was human fetal cells4human neuroblastoma cells4human astrocytoma cells.

The concentrations of Thimerosal, which induced cellular toxicity in the present study,
are quantitatively consistent with previous in vitro cell model systems. Parran et al. (2005)
described the LC50 for cell death in SH-SY-5Y human neuroblastoma following
incubation with Thimerosal (without serum) were 38.7 and 4.35 nM at 24 and 48 h,
respectively. Similarly, Yel et al. (2005) demonstrated that Thimerosal, in a concentration-
and time-dependent manner, even in nanomolar concentrations as low as 25 nM (these
researchers did not examine any concentrations of Thimerosal lower than 25 nM),
significantly increased cell death in neuroblastoma cells. These researchers demonstrated
that the cell death induced by Thimerosal was visually characterized by similar visual
phenomena as those observed in the present study, including nuclear morphology of
apoptosis, vacuolization, and chromatin condensation and shrinking. Further, Humphrey
et al. (2005) reported on mitochondrial mediated Thimerosal-induced apoptosis in SK-
N-SH human neuroblastoma cells. These researchers visually observed that
low-concentration Thimerosal exposure rapidly induced neuronal cell degeneration
characterized by alterations in membranes, characteristic of cellular blebbing seen in
apoptosis, a finding consistent with the visual observations made in the present study.
In addition, cell shrinkage, and detachment were also observed.

The concentrations of Thimerosal inducing significant neuronal cell toxicity in the
present study, as well as in several of the aforementioned studies, are compatible with
physiological levels known to be induced by fetal and early infant exposure to Hg from
Thimerosal-containing biologics and vaccines (Burbacher et al. 2005; Orct et al. 2006). For
example, Burbacher et al. (2005) conducted a study in infant monkeys to toxicologically
evaluate the distribution of Hg following the range of estimated doses of Thimerosal
received by human infants receiving vaccines during the first six months of life. These
researchers demonstrated that Thimerosal exposure resulted in post-dosing maximal brain
total Hg content of 40–50 ng g�1. In addition, a significant 16 ng g�1 inorganic Hg fraction
was found post-dosing that was observed to show no significant decline more than 120 days
later. These levels of Hg in the brain are comparable to in vitro levels of Thimerosal shown
to rapidly induce significant neuronal cytotoxicity in the present study, as well as that of
Parran et al. (2005), who found an LC50 at 48 h for human neuroblastoma cell death of
0.87 ng g�1 Hg with Thimerosal incubation. Furthermore, the concentrations of
Thimerosal inducing significant neuronal cell toxicity in the present study, as well as in
several of the aforementioned studies, are also compatible with levels of Thimerosal
exposure known to induce autistic-like behaviors and pathophysiology in a susceptible
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mouse model system (Hornig et al. 2004; Laurente et al. 2007). Other researchers have now

demonstrated similar adverse effects in other animal models following low-concentration
MeHg exposure (Falluel-Morel et al. 2007; Montgomery et al. 2008).

Autism pathophysiology

Additionally, the effects induced by Thimerosal in the present study, as well as from
previous studies (Deth et al. 2008; Herdman et al. 2006; Humphrey et al. 2005;

James et al. 2005; Parran et al. 2005; Waly et al. 2004; Yel et al. 2005), are consistent with

recently emerging evidence documenting the brain pathophysiology present in patients
diagnosed with ADs. The present study, as well as that of James et al. (2005), showed that

human neuroblastoma cells were significantly more susceptible to Thimerosal-induced
damage than human astrocytoma cells. Further, Toimela and Tahti (2004) evaluated

co-cultures of neuroblastoma and astrocytoma cells following organic and inorganic Hg

exposures. In co-cultures of neuroblastoma and astrocytoma cells, researchers visually
observed that neuroblastoma cells were significantly damaged at Hg concentrations, which

had little or no adverse effects on the astrocytoma cells. Consistent with these

observations, Lopez-Hurtado and Prieto (2008) found striking differences in the density
of glial cells, the density of neurons and the number of lipofuscin-containing neurons in

brain regions associated with the production and processing of speech when patients

diagnosed with ADs were compared to controls. Specifically, it was observed that the
brains in the patients diagnosed with ADs had significantly greater mean densities of glial

cells in comparison to controls. By contrast, the density of neurons was significantly
decreased in the brain samples of patients diagnosed with autistic disorders in comparison

with controls. It is important to note that visual images obtained from the brain samples of

patients diagnosed with ADs were virtually identical in morphology with those observed in
co-cultures of neuroblastoma and astrocytoma cells exposure to Hg by Toimela and Tahti

(2004). Finally, these researchers observed that patients diagnosed with ADs had

significantly increased numbers of lipofuscin-containing neurons comparison to controls.
The presence of lipofuscin in neurons is significant with regard to Hg toxicity, because

lipofuscin is a depot for heavy metals such as Hg (Opitz et al. 1996).
The present study, as well as several recent studies (Humphrey et al. 2005; James et al.

2005; Yel et al. 2005; Herdman et al. 2006), suggests that mitochondrial dysfunction and

impaired oxidative–reduction are significant mechanisms underlying neuronal cell damage

induced by Thimerosal. Consistent with these observations, studies identified evidence for
mitochondrial dysfunction and impaired oxidative–reduction in patients diagnosed with

ADs (Chauhaun and Chauhaun 2006). Chauhaun and Chauhaun (2006) postulated the

overall pathogenesis as a condition resulting from environmental factors including Hg
coupled with decreased levels of key body antioxidants, such as low glutathione or

antioxidant enzymes leading to the enhanced production of free radicals. These studies

showed that the resultant enhanced free-radical production may produce an increase in
lipid peroxidation, protein oxidation, and DNA oxidation, all leading to enhanced

oxidative stress. Further, it was found that the resultant rise in free radical production

increased mitochondrial damage, impaired energy production, and enhanced excitotoxi-
city, all leading to increased oxidative stress. In considering the effects of oxidative stress

on the mechanisms that mediate neuronal dysfunction and clinical symptoms in autism,
enhanced oxidative stress was shown to result in impaired neuronal development,

increased inflammatory response, impaired energy production, cell death, and decreased

Toxicological & Environmental Chemistry 11
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synaptic efficiency. Data indicated that these combined effects lead directly to the
pathogenesis and clinical presentation of ADs.

Relative toxicities of the metal compounds tested

The purpose of the present study was also to compare Thimerosal-associated cellular
damage with other potential environmental exposures to toxic metal compounds. When
assessing the toxicity of the metal compounds tested on human neuroblastoma cells,
repeatedly Thimerosal was observed to induce significantly greater mitochondrial and
visually observed cellular damage than the other compounds tested. In evaluating the basis
for the relative toxicity of the metal compounds examined, the following criteria appear to
dictate the measured toxicity (the more criteria met, the greater the toxicity): (1) solubility
of the compound in aqueous solutions; (2) solubility of the compound in lipid membranes;
and (3) the relative intracellular toxicity of the compound. Thimerosal as a compound,
based upon testing from the present study, appeared to excel in each of these criteria.

In considering each criteria for the compounds tested in the present study, the first
criteria (i.e. aqueous solubility) was met by each compound tested, although Thimerosal
does have extraordinary capacity to dissolve at a 1 : 1 concentration with water. The second
criteria (i.e. lipid solubility) was effectively met by the short chained alkylmercurial
compounds tested in the present study, including Thimerosal, in the form of its EtHg
breakdown component, and by MeHg hydroxide. In contrast, Hg chloride, Pb acetate, and
Al sulfate have limited lipid solubility. Finally, the third criterion (i.e. intracellular toxicity)
was met most effectively by Thimerosal. The EtHg breakdown product of Thimerosal is
known to intracellularly release inorganic Hg in the form of mercuric ions (Hg2þ) to a much
greater extent than MeHg hydroxide (Fang and Fallen 1974; Suzuki et al. 1973). Mercuric
ions have a significant affinity for intracellular proteins containing sulfhydryl groups, many
of which are very important to cellular function (Elferink 1999). In contrast, MeHg
hydroxide has a significantly lower affinity for sulfhydryl groups. Moreover, since MeHg
hydroxide is more stable, it possesses a greater probability to re-cross the cellular membrane
and leave the cell before it is metabolized, as opposed to Thimerosal’s EtHg metabolites.

The ranking of cellular toxicity among the metals tested in the present study confirms
that observed by several other researchers. For example, studies showed that the toxicity
of Al5Pb5Hg chloride5Thimerosal to neuroblastoma cells (Deth et al. 2008; Waly et al.
2004). Other investigations also similarly reported that Thimerosal induced significantly
greater cellular toxicity than MeHg (Parran et al. 2005; Yole et al. 2007).

Conclusion

The present study showed that Thimerosal-induced cellular damage among in vitro human
neuronal and fetal model systems in a concentration- and time-dependent fashion.
Thimerosal at low nanomolar concentrations was able to induce significant cellular
toxicity in human neuron and fetal cells. Thimerosal-induced cellular cytotoxicity similar
to that observed in pathophysiological studies of patients diagnosed with ADs. Namely, in
both cases, there was evidence of mitochondrial dysfunction, reduced cellular oxidative–
reduction activity, cell death, and cell degeneration. The present study also revealed that
Thimerosal is significantly more toxic than several other well-established neurodevelop-
mental toxins. Finally, future studies should be conducted to further evaluate additional
mechanisms for Thimerosal-induced cellular damage and to further assess potential
co-exposures that may work to ameliorate or enhance its toxicity.

12 D.A. Geier et al.
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