
www.elsevier.com/locate/ytaap

Toxicology and Applied Pharmacology 194 (2004) 169–179
Dose–response study of thimerosal-induced murine

systemic autoimmunity

S. Havarinasab,a L. Lambertsson,b J. Qvarnström,b and P. Hultmana,*

aMolecular and Immunological Pathology (AIR), Department of Molecular and Clinical Medicine, Linköping University, SE-581 85 Linköping, Sweden
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Abstract

The organic compound ethylmercurithiosalicylate (thimerosal), which is primarily present in the tissues as ethylmercury, has caused

illness and several deaths due to erroneous handling when used as a disinfectant or as a preservative in medical preparations. Lately, possible

health effects of thimerosal in childhood vaccines have been much discussed. Thimerosal is a well-known sensitizing agent, although usually

of no clinical relevance. In rare cases, thimerosal has caused systemic immune reactions including acrodynia. We have studied if thimerosal

might induce the systemic autoimmune condition observed in genetically susceptible mice after exposure to inorganic mercury.

A.SW mice were exposed to 1.25–40 mg thimerosal/l drinking water for 70 days. Antinucleolar antibodies, targeting the 34-kDa protein

fibrillarin, developed in a dose-related pattern and first appeared after 10 days in the two highest dose groups. The lowest observed adverse

effect level (LOAEL) for antifibrillarin antibodies was 2.5 mg thimerosal/l, corresponding to an absorbed dose of 147 Ag Hg/kg bw and a

concentration of 21 and 1.9 Ag Hg/g in the kidney and lymph nodes, respectively. The same LOAEL was found for tissue immune-complex

deposits. The total serum concentration of IgE, IgG1, and IgG2a showed a significant dose-related increase in thimerosal-treated mice, with a

LOAEL of 5 mg thimerosal/l for IgG1 and IgE, and 20 mg thimerosal/l for IgG2a. The polyclonal B-cell activation showed a significant

dose–response relationship with a LOAEL of 10 mg thimerosal/l. Therefore, thimerosal induces in genetically susceptible mice a systemic

autoimmune syndrome very similar to that seen after treatment with inorganic mercury, although a higher absorbed dose of Hg is needed

using thimerosal. The autoimmune syndrome induced by thimerosal is different from the weaker and more restricted autoimmune reaction

observed after treatment with an equipotent dose of methylmercury.
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Introduction Ethylmercury and its decomposition product, Hg2+, rapidly
In a recent review Clarkson (2002) described thimerosal

in vaccines as one of three modern faces of mercury, the two

other being methylmercury in fish and mercury vapor from

dental amalgam fillings. Thimerosal is an organic, alkyl-

mercury compound in which an organic radical, ethylmer-

cury, is bound to the sulfur atom of the thiol group of

salicylic acid. The type of anion attached to ethylmercury

affects neither the distribution of mercury in the body nor

the toxicity (Suzuki et al., 1973; Ulfvarson, 1962), while the

organic radical has a strong impact on both (Magos, 2003).
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accumulate in the tissues (Magos, 2001).

Ethylmercury has been frequently used since it was first

synthesized in the 19th century. When used as a seed

disinfectant in developing countries, it caused several out-

breaks of poisoning with neurological symptoms and signs

similar to those of methylmercury intoxication (Clarkson,

2002). Such manifestations have also been recorded after

occupational exposure and after use as a wound disinfectant

and a preservative in medical preparations (Magos, 2001). A

number of severe intoxications and deaths have occurred

with the use of erroneous concentrations of thimerosal in

medical preparations during the last 30 years (Axton, 1972;

Suzuki et al., 1973).

Since the 1930s, thimerosal has been used world-wide

as a preservative in vaccines, a use that was approved as

late as 1976 by the U.S. Food and Drug Administration



Table 1

Autoimmune parameters in A.SW (H-2s) mice treated with equipotent

doses of mercury in the form of mercuric chloride or methylmercury

Immune parameter HgCl2 MeHg

Serum antinucleolar antibodies +++a +b

Polyclonal B-cell activation ++a F0b

Total serum IgG1 concentration +a F0b

Total serum IgG2a concentration +a +b

Total serum IgE concentration +++a (+)b

Immune-complex deposits

Glomerular deposits ++c F0b

Systemic vessel walls deposits ++c F0b

F0, no change; +, slight increase; ++, moderate increase; +++, strong

increase.
a Johansson et al., 1998.
b Hultman and Hansson-Georgiadis, 1999.
c Hultman et al., 1996.
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(Stratton et al., 2001). However, after introduction of more

extensive childhood immunization schedules in the early

1990s, it was realized that 2-year-old children might be

exposed for up to 275 Ag of mercury, which caused

concern for possible health effects, especially neurodeve-

lopmental disorders, and led to restrictions in the use of

thimerosal as a preservative in U.S. childhood vaccines

(Ball et al., 2001).

Poisoning with ethyl- and methylmercury is character-

ized by an interval of several weeks between the first

exposure and the onset of symptoms. This similarity is

likely to be due to similar tissue distribution of the two

compounds (Ball et al., 2001; Goldman and Shannon,

2001). However, ethylmercury induces significantly lower

Hg concentration in the brain but higher concentration in

the kidney compared with methylmercury (Suzuki et al.,

1963). In addition, conversion to inorganic mercury is

believed to be more rapid for ethylmercury, which leads

to higher accumulation of inorganic mercury in the brain,

blood, and kidneys after exposure to ethylmercury (Magos

et al., 1985).

Mercury in the form of metallic mercury (vapor) and

inorganic ionic as well as organic mercury (methylmercury)

compounds may cause adverse effects in the human immune

system, including local and systemic hypersensitivity (Ene-

ström and Hultman, 1995; Pollard and Hultman, 1997).

Thimerosal, with ethylmercury as the main sensitizing moi-

ety (Santucci et al., 1998), is a frequent sensitizer according

to the diagnostic patch test. In recent studies, the prevalence

of a positive patch test was 8.7% (Suneja and Belsito, 2001),

11.8% (Wöhrl et al., 2003), and 13.4% (Gonc�alo et al., 1996)
in patients with suspected contact allergy. Sensitization is

more common in individuals with certain polymorphisms in

the glutathione transferase genes (Westphal et al., 2000).

Although clinically relevant hypersensitivity to thimerosal is

unusual (Suneja and Belsito, 2001; van’t Veen and van Joost,

1994), thimerosal has in rare cases caused systemic hyper-

sensitivity with manifestations in the skin (Zenarola et al.,

1995) and the airways (Maibach, 1975), as well as acrodynia

(Matheson et al., 1980). Acrodynia occurs in only 1:500

mercury-exposed children, indicating that the susceptibility

is genetically regulated (Black, 1999).

Genetically regulated susceptibility is a characteristic

also of mercury-induced autoimmunity (HgIA) in rodents

(Fournié et al., 2001; Pollard and Hultman, 1997). The

induction of antinuclear autoantibodies (ANA) by mercury

in mice is highly specific and controlled in large part by

the mouse MHC (H-2): mice with certain H-2 haplotypes

develop autoantibodies to fibrillarin (AFA), a nucleolar

protein, in response to mercury (Goter-Robinson et al.,

1986; Hultman et al., 1992; Mirtcheva et al., 1989). The

mercury-induced AFA target epitopes on fibrillarin that is

also recognized by the AFA present in a subset of

humans with systemic scleroderma (Takeuchi et al.,

1995). The susceptible mouse strains develop systemic

immune-complex deposits, which contain AFA (Hultman
and Eneström, 1988). Other manifestations include lym-

phoproliferation and hypergammaglobulinemia (Pollard

and Hultman, 1997).

The ongoing debate on thimerosal in vaccines has

revealed a lack of information on the toxicology of thimer-

osal, and conclusions were to a large extent arrived at by

making an analogy with the toxicology of methylmercury

(Stratton et al., 2001). However, equimolar doses of Hg in

the form of methylmercury and inorganic mercury have

different effects on the immune system (Table 1). We have

therefore studied the effect of thimerosal on the immune

system using a mouse model for induction of autoimmunity.

Thimerosal induces an autoimmune reaction similar to that

of inorganic mercury, which is in several aspects different

from that of methylmercury (Hultman and Hansson-Geor-

giadis, 1999).
Material and methods

Animals. Female A.SW (H-2s) mice were obtained from

Taconic M&B, Ry, Denmark. All mice were 9–12 weeks of

age at onset of the experiments. Mice were housed under

12:12-h dark/light cycles, kept in steel-wire cages, given

pellets (Type R 70; Lactamin, Vadstena, Sweden) and tap

water ad libitum. The pellets were examined by gas chro-

matography–inductively coupled plasma–mass spectrome-

try (Qvarnström et al., 2003) and contained 23 ng Hg2+/g

and 4 ng methylmercury as Hg/g, whereas the ethylmercury

concentration was below the detection limit (0.1 ng/g).

Thimerosal treatment. Ethylmercurithiosalicylate, C9H9

HgNaO2S, thimerosal (Fluka, Seelze, Germany), contained

less than 1% free Hg (Qvarnström, unpublished observa-

tions) as assessed by gas chromatography–inductively cou-

pled plasma–mass spectrometry (Qvarnström et al., 2003).

Groups of five to eight female A.SW received drinking water

ad libitum with thimerosal for 70 days using the following

concentrations: 1.25, 2.5, 5, 10, 20, and 40 mg/l. Whereas
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the actual consumption of drinking water was not monitored

in this study, a previous study using mercuric chloride

(Hultman and Nielsen, 1998) showed no significant differ-

ences in drinking water consumption over a wide dose range

(1–16 mg HgCl2/l). Furthermore, in the present study, a

highly significant dose–response relationship was observed

between the concentration of thimerosal in the drinking

water and the body burden assessed by the renal mercury

concentration (see below). Drinking water was freshly pre-

pared weekly using tap water and thimerosal. Controls

received tap water without any additions.

Blood and tissue sampling. Blood was obtained after 10,

42, and 70 days of treatment in one set of animals. In a

second set of animals, blood was collected after 21 days,

and pieces of the liver, spleen, and right kidney were

obtained after 42 days for examination of immune deposits

and histology. The mesenterial lymph nodes and the left

kidney were excised using instruments regularly washed in

a fresh solution of 65% HNO3, weighed, and stored in

Eppendorf tubes at �70 jC before analyzed for the total

concentration of Hg.

Serum antinuclear antibodies by indirect immunofluores-

cence. Antibodies to nuclear antigens (ANA) were

detected by indirect immunofluorescence (IIF) as previ-

ously described (Hultman et al., 1989). HEp-2 slides

(Binding Site Ltd., Birmingham, England) were used as

the antigenic substrate, serum diluted 1:40 for screening

purposes, and bound antinuclear antibodies detected by

fluorescein isothiocyanate (FITC)-conjugated goat anti-

mouse IgG antibodies (Sigma, St Louis, Missouri, USA)

diluted 1:50. Sera showing a positive nuclear staining at a

dilution of 1:40 were further assessed by diluting twofold

up to 1:81920. The pattern and titer of the serum antinu-

clear antibodies was recorded.

Serum antinuclear antibodies assessed by immunoblot-

ting. The specificity of the antinuclear antibodies in the

serum was assessed by immunoblotting as described before

(Warfvinge et al., 1995) with minor modifications. Briefly,

mouse liver nucleoli were isolated (Chan and Pollard,

1992), aliquots of boiled nucleoli were SDS-PAGE separat-

ed using a 12.5% gel, and electrophoretic transfer to 0.45-

Am nitrocellulose membranes (BioRad Lab, Hercules, CA,

USA) was performed for 1 h at 0.8 mA/cm2 under water

cooling (Criterion Blotter; BioRad Lab). Nitrocellulose

strips were blocked in a Tris-buffered solution (TBS)–5%

nonfat dry milk (blotting grade; BioRad Lab)–0.05%

Tween 20 overnight at 4 jC before being incubated with

sera diluted 200-fold in TBS-Tween. Bound antibody was

detected with horseradish peroxidase (HRP)-conjugated

goat anti-mouse IgG (Southern Biotechnology, Birming-

ham, AL, USA) diluted 1:5000, followed by enhanced

chemiluminescence (ECL Western blotting detection

reagents; Amersham, Stockholm, Sweden).
Serum antichromatin antibodies assessed by ELISA. Anti-

chromatin antibodies (ACA) were measured using the

method of Burlingame and Rubin (1990). Calf thymus

chromatin (180 Al/well) in distilled water was added to

ELISA plates (Nunc, Copenhagen, Denmark) followed by

20 Al of 10 � PBS. After overnight incubation at 4 jC, the
plates were post-coated with gelatin, incubated with serum,

washed, alkaline phosphatase (ALP)-conjugated goat anti-

mouse IgG antibody (Caltag Laboratories, Burlingame, CA,

USA) added, followed by washing and addition of substrate.

The optical density was read at 405 nm, and background

values were subtracted.

Serum anti-ssDNA antibodies assessed by ELISA. The

method used has been described before (Johansson et al.,

1997). Microtiter plates (Nunc) were coated overnight with

ssDNA, washed with PBS-Tween 20, blocked with BSA–

Tween 20–PBS, repeatedly washed first with PBS–Tween

and then with PBS. Sera diluted 1:150 in 1% BSA–PBS

were incubated in the wells, the plates washed six times with

BSA–Tween–PBS, and incubated with ALP-conjugated

rabbit anti-mouse Ig (reacting with IgG, IgM, and IgA)

(Sigma) diluted in BSA–Tween–PBS. The plates were

repeatedly washed, substrate added, the reaction stopped

with 3 M NaOH, the optical density measured at 405 nm,

and the background subtracted. A pool of sera from MRL-

lpr/lpr mice was used as positive control. Using a mono-

clonal antibody (clone HB2) reacting with dsDNA (Sera-

Lab), we detected no contamination with dsDNA in the

coating (data not shown).

Serum anti-DNP antibodies assessed by ELISA. The

method used has been described before (Johansson et al.,

1997). Microtiter plates (Nunc) were coated over night with

human serum albumin conjugated with 30–40 mol DNP per

mole albumin (Sigma). Following repeated washes with

BSA–PBS, the wells were incubated with sera diluted

1:100, washed, and ALP-conjugated rabbit anti-mouse Ig

(reacting with IgG, IgM, and IgA) (Sigma) added. After

repeated washes with BSA–PBS, substrate was added and

the reaction stopped with 3 M NaOH. The optical density

was measured at 405 nm, and the background values in

wells coated with PBS were subtracted.

Serum IgM, IgG1, and IgG2a concentrations assessed by

ELISA. Microtiter plates (Nunc) were coated overnight at

4 jC with rat anti-mouse IgG1 and IgM MAb (LO-IMEX,

Brussels, Belgium). The plates were washed, blocked with

PBS, and the wells incubated with diluted serum. Bound

IgG1 and IgM were detected using HRP-conjugated rat anti-

mouse IgG1 and rat anti-mouse IgM MAb (LO-IMEX),

respectively. After washing and addition of substrate, the

optical density in the wells was measured at 450 nm, and the

background values in wells coated with PBS instead of

serum were subtracted. Standard curves using mouse mye-

loma proteins of the IgG1 and IgM isotype (LO-IMEX)
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were used to obtain the actual concentration. For serum

IgG2a analysis, microtiter plates (Nunc) were coated with

purified anti-mouse Ig n-light Chain (Pharmingen Inc., San

Diego, CA, USA), the wells were incubated with diluted

sera, and bound IgG2a was detected with ALP-conjugated

anti-mouse IgG2a (Pharmingen). The IgG2a concentration

in the samples was obtained from a standard curve using

purified IgG2a (Pharmingen).

Serum IgE concentration assessed by ELISA. Serum IgE

was determined as described before (Warfvinge et al.,

1995). Briefly, microtiter plates were coated with rat anti-

mouse IgE (Southern Biotechnology), followed by blocking

and incubation with diluted serum. Bound IgE was detected

by HRP-conjugated goat anti-mouse IgE (Nordic Immuno-

logical Lab, Tilburg, Netherlands), and the IgE concentra-

tion in the samples was derived from a standard curve using

mouse myeloma protein of the IgE isotype (Sigma).

Tissue immune deposits. Pieces of the right kidney were

examined with direct immunofluorescence as described be-

fore (Hultman et al., 1995) using FITC-conjugated goat anti-

mouse IgG and IgM (Sigma), as well as anti-C3c antibodies

(Organon-Technica, West Chester, PA, USA). The titer of

glomerular IgG and C3c deposits was determined by serial

dilution of the antibodies to 1:5120. Pieces of the spleen were

examined using anti-IgG and anti-C3c abs diluted 1:40. The

presence of IgG and C3c deposits in the renal and splenic

vessel walls was recorded.

Determination of total mercury concentration in the kidneys

and the mesenterial lymph nodes. The frozen tissues were

thawed and cut with a scalpel into 5- to 10-mg pieces that

were directly analyzed in a Leca AMA 254 mercury

analyzer.

Statistical methods. Statistical analyses were performed

using GraphPad Software Inc. The Spearman rank correla-

tion test was used to study dose–response relationships.

Concerning differences between controls and thimerosal-

treated mice, most parameters were analyzed by the non-

parametric Kruskal–Wallis test followed by Dunn’s post

test. Differences in the frequency of tissue vessel immune-

complex deposits was however analyzed by Fisher’s Exact

Test. Results were considered statistically significant at a

level of P < 0.05.
Results

Animal health

Two of the mice given 40 mg thimerosal/l died in

connection with blood sampling after 42 days, and one

mouse died of unknown cause after 8 weeks. These deaths

indicate an increased vulnerability in the highest dose group
especially during stress such as blood sampling. However,

the behavior in all thimerosal-treated mice was normal, and

regular examinations revealed no signs of disease. Since

LD50 for oral exposure to thimerosal is 91 mg/kg bw

(National Toxicology Program, 2003), and 40 mg thimero-

sal/l drinking water corresponds to a daily dose of thimer-

osal of 4.8 mg/kg bw, this was not unexpected.

Development of serum antinuclear antibodies

Sufficiently high doses of thimerosal induced antinucleo-

lar antibodies (ANoA), which stained the nucleoli in a

‘‘clumpy’’ pattern, gave a modest staining of condensed

chromosomes and stained multiple dots in the nucleus, a

pattern compatible with antifibrillarin antibodies (Pollard

and Hultman, 1997). The two highest concentrations of

thimerosal (20 and 40 mg/l) induced ANoA in some mice

already after 10 days administration (Fig. 1A). After 42 days

of administration, all mice receiving 10 mg/l or more of

thimerosal showed high titers of ANoA, although the

response was heterogeneous in mice given 2.5 and 5.0

mg/l (Fig. 1B). In the 2.5 mg/l group, two mice showed a

high titer after 42 days, although the other five mice

remained negative also after 70 days of treatment (Fig.

1C). In the 5 mg/l group, four mice showed modest-high

titers of ANoA after 42 days of treatment. After 70 days of

treatment, another mouse had developed ANoA, although

two mice remained negative. A single mouse treated with

1.25 mg thimerosal/l showed ANoA after 42 and 70 days.

The correlation between the dose of thimerosal and the

reciprocal ANoA titer was significant after 42 and 70 days

(P = 0.0004 and 0.0238, respectively; Spearman rank

correlation test), but the ANoA titer plateaued after 42 and

70 days of treatment in mice given 10–40 mg thimerosal/l.

Sera from a few controls, as well as thimerosal-treated mice,

showed ANA with another pattern than nucleolar, but none

of the pattern showed any correlation with thimerosal

treatment (data not shown).

Specificity of the antinucleolar antibodies

Immunoblotting using mouse liver nucleoli as antigen

showed that ANoA-positive sera with a titer of 1:320 or

more generally reacted with a 34-kDa protein that was also

targeted by a human reference serum against fibrillarin (Fig.

2). A few sera also reacted with nucleolar proteins of an

apparent molecular weight of 65–70 kDa (Fig. 2) as

described before (Pollard and Hultman, 1997). The blotting

reaction was generally stronger using sera with a higher

ANoA titer. The two mice in the 2.5 mg/l group with ANoA

both showed a modest reactivity with the 34-kDa protein in

immunoblotting (Fig. 2, lane 7, and data not shown). A

single mouse given 1.25 mg thimerosal/l showed an ANoA

titer of 1:5120 after 42 and 70 days. However, repeated

immunoblotting of these two sera from this mouse did not

demonstrate any convincing reactivity with nucleolar pro-



Fig. 2. Immunoblotting of sera from A.SW mice using SDS-PAGE

separated mouse liver nucleoli. Lane 1: molecular weight markers (kDa).

Lane 2: human reference serum blotting the 34-kDa protein fibrillarin.

Block A: sera from three control mice. Lane 6: serum from a mouse treated

with 20 mg thimerosal/l drinking water for 10 days. Lane 7: serum from a

mouse treated with 2.5 mg thimerosal/l for 70 days. Block B: mice treated

with 5 mg thimerosal/l for 42 (lane 9) or 70 (lane 8 and 10) days. Block C:

sera from mice treated with 10 mg thimerosal/l for 42 days. Numerals

beneath the figure are the reciprocal titer of ANoA. All ANoA-positive sera

targeted a protein with an apparent molecular weight of 34-kDa

corresponding to fibrillarin. A single serum reacted in addition with a

protein of 65–70 kDa (lane 6).

Fig. 1. Reciprocal titer of serum IgG antinucleolar antibodies in control mice

(0) and in mice treated with 1.25–40 mg thimerosal/l drinking water for

10 (A), 42 (B), or 70 (C) days as determined by indirect immunofluor-

escence using HEp-2 cells as a substrate. Horizontal scale bars denote

median titer.

S. Havarinasab et al. / Toxicology and Applied Pharmacology 194 (2004) 169–179 173
teins (data not shown). Due to the high titer of ANoA, AFA

should have been readily detectable by immunoblotting. We

therefore conclude that this mouse did not develop AFA.

Sera from the controls showed no reaction with mouse liver

nucleoli proteins.

Serum antichromatin antibodies

The serum ACA level was significantly correlated with

the dose of thimerosal after 42 and 70 days (P = 0.0028 and

P = 0.024, respectively). The increase in ACA was statis-

tically significant (P < 0.01) after 10 days in mice given 40

mg thimerosal/l group compared with the controls. After 42
days, mice given 5 mg thimerosal/l or more showed a

significant increase of ACA compared with controls. All

concentrations of thimerosal, except 5 mg/l, caused a

significant (P < 0.05) increase in ACA after 70 days

compared with the controls. However, the absolute increase

in ACA was modest. While the controls generally showed

ACA levels of 0.015–0.065, measured as the optical density

at 405 nm, the thimerosal-treated mice did not attain a

higher ACA value than 0.1 (data not shown).

Serum immunoglobulins

The serum IgE concentration showed a significant cor-

relation with the dose after 10 days (P = 0.0238). The mean

serum IgE concentration increased 36- to 39-fold after 10

days of treatment with 10–40 mg thimerosal/l compared

with the controls. In the 5 mg/l group, the increase was

eightfold (Fig. 3). After 42 and 70 days, the mean serum IgE

concentration was not increased more than twofold at any

dose of thimerosal as compared with the controls, although

a few thimerosal-treated mice showed up to an eightfold

increase. After 10 days of treatment with a dose of 5–40 mg

thimerosal/l, serum IgE was significantly increased com-

pared with the controls. Serum IgG1 showed a dose-related



Fig. 3. Serum concentrations of IgE, IgG1, and IgG2a in mice after 10, 42, and 70 days of treatment with 1.25–40 mg thimerosal/l drinking water or

controls (0). Horizontal scale bars denote median value. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the controls (Kruskal–Wallis followed by

Dunn’s post test).
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increase after 42 and 70 days (P = 0.0123 and 0.0028,

respectively). Serum IgG1 was significantly increased com-

pared with the controls in the groups receiving 20 and 40

mg thimerosal/l after 10 days, in the 10–40 mg/l groups

after 42 days, and in the 5–40 mg/l groups after 70 days

(Fig. 3). Serum IgG2a was significantly increased in the

20–40 mg/l groups after 42 and 70 days compared with the

controls, and there was a significant dose–response rela-

tionship after 70 days (P = 0.0238).

Polyclonal B-cell activation markers

The total (IgA, IgG, IgM) anti-ssDNA ab level showed a

significant dose-related increase after 10, 42, and 70 days

(P = 0.012, 0.00040, and 0.0028, respectively) and was sig-

nificantly increased compared with the controls in the 10–

40 mg/l groups after 10, 42, and 70 days. In addition, the 2.5

mg/l group (but not the 5 mg/l group) showed a significant

increase after 70 days (Fig. 4). The total anti-DNP ab level

showed a significant dose-related increase after 10, 42, and

70 days (P = 0.0028, 0.048, and 0.048, respectively) and

was significantly increased compared with the controls in
the 10–40 mg/l group s after 10 days, in the 10 and 40 mg/

l groups after 42 days, and in the 20–40 mg/l groups after

70 days (Fig. 4). The serum IgM concentration showed a

significant dose-related increase after 10, 42, and 70 days

(P = 0.0067, 0.012, and 0.048, respectively) and was signi-

ficantly increased compared with the controls in the 2.5 and

10–40 mg/l groups after 10, 42, and 70 days (Fig. 4). Taken

together, the data show a significant dose-related increase in

these parameters for assessment of polyclonal B-cell acti-

vation (Izui et al., 1977). The lowest dose of thimerosal that

caused a significant increase in all three parameters for

polyclonal B-cell activation compared with the controls was

10 mg/l, which is therefore considered to be the lowest

observed adverse effect level (LOAEL) for polyclonal B-

cell activation.

Tissue immune-complex deposits

The titer of granular IgG deposits in the renal mesangium

showed a correlation with the dose (P < 0.0001), and the

titer reached a plateau level at a dose of 20 mg thimerosal/

l (Table 2). The mean titer of C3c in the mesangium showed



Fig. 4. The polyclonal B-cell activation markers anti-ssDNA and anti-DNP antibodies, and serum IgM, after 10, 42, and 70 days of treatment with 1.25–40 mg

thimerosal/l drinking water or controls (0). Horizontal scale bars denote median value. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the controls

(Kruskal–Wallis followed by Dunn’s post test).
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a correlation with the dose (P < 0.0001) and plateaued at a

dose of 5 mg/l. The graded titer of mesangial IgM deposits

showed a significant (P = 0.0059) correlation with the dose,

and the mean graded titer was increased compared with the

controls at a dose of 5 mg thimerosal/l and higher. Granular
Table 2

Tissue immune-complex deposits in thimerosal-treated and control mice

Treatment/ No. Immune-complex deposits

dose (mg/l)
Renal mesangium

IgGa C3ca

Controls 5 0 224 F 39

1.25 5 0 512 F 74

2.5 5 512 F 78 928 F 229

5.0 5 704 F 256 1408 F 313

10 5 768 F 128 832 F 192

20 5 1152 F 128** 1344 F 356

40 2 1280 F 0 1920 F 640

a Mean reciprocal titer F SEM.
b Grading, 0–3: figures denote mean F SEM.

*Significantly different from controls P < 0.05; Fisher’s Exact Test.

**Significantly different from controls P < 0.01; Kruskal–Wallis and Dunn’s po
renal and splenic vessel wall deposits of IgG developed in a

significant (P < 0.0001) correlation with the dose, first

appeared in a fraction of mice given a dose of 2.5 mg/l, but

was present in all mice given at least 10 mg thimerosal/l.

Granular deposits of C3c in the vessel walls first appeared at
Vessel walls

IgMb Kidney Spleen

IgG C3c IgG C3c

(% positive)

1.4 F 0.24 0 0 0 0

1.2 F 0.20 0 0 0 0

1.2 F 0.20 40 0 80* 0

1.8 F 0.20 80* 20 80* 20

1.8 F 0.20 100* 40 100* 20

1.8 F 0.20 100* 100* 100* 80*

2.0 F 0 100* 50 100* 100*

st test.



Fig. 5. The total mercury concentration in kidney and mesenterial lymph node after 42 days of treatment with 1.25–40 mg thimerosal/l drinking water or

controls (0). Horizontal scale bars denote median values. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the controls (Kruskal–Wallis followed by

Dunn’s post test).
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a dose of 5 mg/l, but a dose of 20–40 mg/l was needed in

order for deposits to develop in all treated mice. The vessel

wall C3 deposits showed a significant (P < 0.0001) corre-

lation with the dose.

Tissue mercury concentrations

Controls contained 0.05–0.08 Ag Hg/g renal tissue and

ca. 0.001 Ag Hg/g lymph node tissue. The total mercury

concentration in both the kidney and the lymph nodes

showed a significant correlation with the dose (P =

0.00040 in both tissues), and the mercury concentration

was significantly higher in both the kidney and the mesen-

terial lymph nodes in mice given a dose of 5.0 mg

thimerosal/l or more as compared with the controls (Fig. 5).
Discussion

We show in this study that genetically susceptible mice

exposed to the organic ethylmercury compound thimerosal

develop, in a dose-dependent pattern, all the features de-

scribed in the systemic autoimmune condition occurring in

genetically susceptible mice after exposure to inorganic

mercury (Pollard and Hultman, 1997), whether given as

metallic mercury vapor (Warfvinge et al., 1995) or mercuric

chloride via the oral (Hultman and Eneström, 1992) or

subcutaneous (Hultman and Eneström, 1989) route. This

is in contrast to another organic mercury compound, meth-

ylmercury, which induces only modest titers of antifibril-

larin autoantibodies, and none of the two other hallmarks of

mercury-induced autoimmunity, a marked increase of IgE

and systemic immune-complex deposits (Hultman and
Hansson-Georgiadis, 1999). This difference between ethyl-

and methylmercury is interesting because it has been argued

that the toxicology of ethylmercury is similar to that of

methylmercury due to similarities in chemistry and toxico-

kinetics between the two compounds (Ball et al., 2001;

Goldman and Shannon, 2001).

Might there be other explanations for our findings than a

qualitatively different effect on the immune system of ethyl-

as compared with methylmercury? One possibility would be

differences in the absorbed dose of Hg. The increase of IgE

and induction of immune-complex deposits were first ob-

served at a dose of 5.0 mg thimerosal/l drinking water.

Given a mercury content of 49.6% in thimerosal, a drinking

water consumption of 2.5 ml/day (Hultman and Nielsen,

1998), and an uptake of 95% in the gastrointestinal tract

(Goldman and Shannon, 2001), the daily absorption using a

dose of 5.0 mg/l would be 5.9 Ag Hg/mouse, corresponding

to 295 Ag Hg/kg bw per day. In the methylmercury study,

where genetically susceptible A.SW mice were also used

(Hultman and Hansson-Georgiadis, 1999), treatment con-

sisted of subcutaneous injections of 1.0 mg CH3HgCl/kg bw

every third day for 4 weeks. Given a mercury content of

80% in CH3HgCl, the absorbed dose corresponds to 270 Ag
Hg/kg bw per day. Therefore, the absorbed dose of meth-

ylmercury in the previous study (Hultman and Hansson-

Georgiadis, 1999) should have caused an increase of serum

IgE and tissue immune-complex deposits if methylmercury

had been equipotent with ethylmercury.

Another possible explanation for the different effects of

ethyl- and methylmercury on the immune system would be

different toxicokinetics. The pattern of tissue disposition of

ethyl- and methylmercury is qualitatively similar (Clark-

son, 2002). However, in a short-term study in mice (Suzuki
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et al., 1963), using an equipotent dose of Hg given as

ethyl- or methylmercury, ethylmercury caused higher levels

of Hg in the kidney and the liver, but lower levels in the

brain. A higher concentration of Hg in the kidney after

ethyl- as compared with methylmercury exposure was also

reported in a long-term study in rats, while the Hg

concentration in the liver was similar (Ulfvarson, 1962).

Studies on the accumulation of ethyl- and methylmercury

in the immune system are scarce, but the short-term study

in mice (Suzuki et al., 1963) showed similar accumulation

of Hg in the spleen after exposure to the two compounds.

A more rapid conversion of ethylmercury to inorganic

mercury, as compared with methylmercury, has been dem-

onstrated (Magos et al., 1985; Matheson et al., 1980). This

would lead to an earlier and stronger effect on the immune

system from ethylmercury exposure due to the potent

interaction of inorganic mercury with the immune system.

AFA and maximum levels of serum IgE are present already

after 10 days of exposure to ethylmercury (present study).

The crucial effects of mercury on the immune system,

which induce autoimmunity, must therefore take place

already during the first week of exposure. Preliminary

studies have shown that Hg2+ make up 27–33% and

13–18% of the total Hg concentration in kidney and

lymph nodes after 6 days of exposure to thimerosal

(Qvarnström et al., 2003) and methylmercury (Hultman

et al., unpublished observations), respectively. Therefore,

the available data do not support differences in toxicoki-

netics as a likely explanation for the different effects

observed on the immune system after exposure to ethyl-

and methylmercury.

With regard to the dose of ethylmercury needed to induce

autoimmunity in genetically susceptible mice, the LOAEL

for AFA was 2.5 mg thimerosal/l drinking water,

corresponding to an absorbed dose of 147 Ag Hg/kg bw

and 21 Ag Hg/g kidney tissue. The LOAEL for ANoA/AFA

after oral HgCl2 exposure in female A.SW mice was in two

different studies 0.5 and 1.25 mg HgCl2/l drinking water,

which corresponds to a daily absorbed dose of 11 and 28 Ag
Hg/kg bw and a renal mercury concentration of 0.71 and 2.4

Ag Hg/g, respectively (Hultman and Eneström, 1992; Hult-

man and Nielsen, 2001). The LOAEL for vessel wall

immune-complex deposits in thimerosal-treated mice was

the same as for induction of AFA (present study), which

should be compared with 28 and 56 Ag Hg/kg bw per day,

corresponding to 2.4 and 3.8 Ag Hg/g kidney tissue,

respectively, after oral HgCl2-exposure (Hultman and Ene-

ström, 1992; Hultman and Nielsen, 2001). Consequently,

5–13 and 3–5 times higher absorbed dose of Hg is needed

to induce AFA and immune-complex deposits, respectively,

after exposure to ethylmercury as compared with inorganic

mercury. Considering that part of the ethylmercury in the

tissues is converted to the immunologically more active

inorganic mercury (Magos et al., 1985; Qvarnström et al.,

2003), ethylmercury must have a considerably weaker

autoimmune effect than inorganic mercury.
What about the risk for development of autoimmunity in

humans due to ethylmercury exposure? Such an event

requires two conditions. First, the individual should be

genetically susceptible. Secondly, a sufficient exposure must

take place. With regard to genetical susceptibility to mer-

cury-induced autoimmunity in humans, there is a limited

number of case reports of mercury-induced immune-medi-

ated disease (Eneström and Hultman, 1995), and Kazantzis

et al. (1962) observed that only a few of similarly mercury-

exposed persons developed adverse immunological reac-

tions. Unfortunately, no biomarker exists for genetical

susceptibility to adverse immune reactions after mercury

exposure, but a recent review indicated that in all events,

less than 1% of the population is at risk of being susceptible

(Berlin, 2003).

Using the dose–response data in mice (present study),

genetically susceptible humans would need to absorb at

least 147 Ag Hg/kg bw per day for at least 5 days to develop

autoimmunity. Interestingly, the median daily dose of Hg

caused by exposure to ethylmercury p-toluene sulfonanilide

in bread from an outbreak of poisoning by dressed seeds

was 180 Ag/kg bw for 45 days, and infusion of plasma with

erroneous high thimerosal concentration for 90 days was

calculated to have resulted in a daily dose of 160 Ag Hg/kg

bw (Magos, 2001). Several cases with acute neuro- and

nephrotoxicity have been described after doses of thimero-

sal ranging from 3 mg/kg bw to several hundred mg/kg bw

(Ball et al., 2001). However, the main cause for thimerosal

exposure in the human population in recent time is as a

preservative in vaccines (Clarkson, 2002). The maximum

cumulative dose of mercury from thimerosal in vaccines

before late 1999 in the U.S. was estimated to 200 and 275

Ag in a 6-month- and 2-year-old child, respectively (Stratton

et al., 2001). Since mercury exposure due to vaccination is

episodic, the time over which averaging of the exposure is

performed becomes critical. The most cautious calculation

used an averaging period of only 1 day, which would give

rise to a maximum single-day exposure to mercury of 15–

20 Ag/kg bw (Stratton et al., 2001). This is approximately

10–15% of the daily dose that would need to be present for

at least 5 days to induce autoimmunity in genetically

susceptible humans (see above). We therefore conclude that

there exists no significant risk for de novo induction of

systemic autoimmunity in humans due to thimerosal in

vaccines.

Autoimmune diseases occur with different frequencies in

females and males, the female/male ratio being 7 for

systemic lupus erythematosus and as high as 15 for Sjögren

syndrome (Jacobson et al., 1997). Our study included only

female mice, and our data are therefore formally not

applicable to the male gender. However, because genetically

susceptible male mice develop autoimmunity after exposure

to the ultimate metabolite of thimerosal, inorganic mercury

(Nielsen and Hultman, 2002), it can be assumed that males

from genetically susceptible strains will develop autoimmu-

nity after exposure to ethylmercury. After an equivalent
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dose of mercuric chloride, male mice accumulate slightly

more mercury than females (Nielsen, 1992). If the influence

of gender differences in kinetics is excluded by using

instead the absorbed and retained whole-body mercury

deposition, females show a lower threshold for induction

of AFA (Nielsen and Hultman, 2002). Furthermore, female

mice need a lower threshold to reach 100% AFA response

(Nielsen and Hultman, 2002). Female mice therefore have a

higher sensitivity and responsitivity for induction of auto-

immunity by inorganic mercury. With regard to the kinetics

of mercury in humans, one study found no difference in the

body burden between the genders as estimated by the total

renal mercury concentration (Drasch et al., 1992), but

another study showed significantly lower burden in males

(Barregård et al., 1999). There exists no specific data for

ethylmercury in humans, but it seems unlikely that males

should absorb more mercury or be at higher risk for

autoimmune manifestations than females.

However, recent discussions regarding the autoimmune

effect of mercury are not only, or even mainly, concerned

with the risk of inducing de novo autoimmune condition,

but further the possibility that mercury might accelerate or

aggravate spontaneously occurring systemic autoimmune

conditions. These concerns have been derived from the

finding of such effects in a number lupus-like mouse models

(Al-Balaghi et al., 1996; Pollard et al., 1999, 2001). In one

of these studies, the daily dose of Hg, administered as

HgCl2, which was needed to accelerate the autoantibody

production in the spontaneous lupus-like condition of fe-

male BXSB mice, was 4 Ag/kg bw (Pollard et al., 2001),

which should be compared with the 11–28 Ag Hg/kg bw

needed for de novo induction of autoimmunity. Further

studies are necessary to examine if and at what doses

thimerosal may accelerate the manifestations of spontane-

ously occurring systemic autoimmunity.
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Barregård, L., Svalander, C., Schütz, A., Westberg, G., Sällsten, G.,
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