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Mercury is a widespread environmental contaminant with neu-

rotoxic impacts that have been observed over a range of exposures.

In addition, there is increasing evidence that inorganic mercury

(iHg) and organic mercury (including methyl mercury) have a

range of immunotoxic effects, including immune suppression and

induction of autoimmunity. In this study, we investigated the

effect of iHg on a model of autoimmune heart disease in mice

induced by infection with coxsackievirus B3 (CVB3). We ex-

amined the role of timing of iHg exposure on disease; in some

experiments, mice were pretreated with iHg (200 mg/kg, every
other day for 15 days) before disease induction with virus

inoculation, and in others, they were treated with iHg after the

acute (viral) phase of disease but before the development of di-

lated cardiomyopathy (DCM). iHg alone had no effect on heart

pathology. Pretreatment with iHg before CVB3 infection signif-

icantly increased the severity of chronic myocarditis and DCM

compared with control animals receiving vehicle alone. In con-

trast, treatment with iHg after acute myocarditis did not affect the

severity of chronic disease. The increased chronic myocarditis,

fibrosis, and DCM induced by iHg pretreatment were not due to

increased viral replication in the heart, which was unaltered by

iHg treatment. iHg pretreatment induced a macrophage infiltrate

and mixed cytokine response in the heart during acute myocar-

ditis, including significantly increased interleukin (IL)-12, IL-17,

interferon-g, and tumor necrosis factor-a levels. IL-17 levels were

also significantly increased in the spleen during chronic disease.

Thus, we show for the first time that low-dose Hg exposure in-

creases chronic myocarditis and DCM in a murine model.
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Mercury (Hg) is a heavy metal with well-defined neurotox-

icity (National Research Council [U.S.] Committee on the

Toxicological Effects of Methylmercury, 2000) and increasing

evidence for immunotoxic effects (Schiraldi and Monestier,

2009; Silbergeld et al., 2005). Hg is of global public health

importance because many populations worldwide are exposed

at levels that exceed recommended guidelines of safe levels

(Mahaffey et al., 2004; WHO, 2010). Exposure to Hg com-

pounds can occur through occupation, diet, and consumption of

contaminated fish. Exposures to inorganic mercury (iHg) are

associated with the manufacture of fluorescent light bulbs, pres-

sure gauges, use of Hg-containing dental amalgams (Gochfeld,

2003), and artisanal gold mining (Silbergeld et al., 2005). An

association has been reported between self-reported occupa-

tional exposure to Hg (primarily in those working with dental

amalgams) and diagnosis of systemic lupus erythematosus

(SLE; Cooper et al., 2004). We and others have reported in-

creases in serum biomarkers of immune activation and auto-

antibodies in individuals exposed to Hg through artisanal gold

mining and/or consumption of contaminated fish (Alves et al.,
2006; Gardner et al., 2010; Nyland et al., 2011, forthcoming;

Silva et al., 2004). Many studies in rodents have demonstrated

that Hg exposure activates the immune response in certain in-

bred strains resulting in lupus-like autoimmune disease, as well

as accelerating pathology and death in the graft-versus-host

model of SLE (Hultman and Nielsen, 2001; Monestier et al.,
1994; Nielsen and Hultman, 2002; Via et al., 2003).

The mechanism(s) by which Hg induces autoimmune dis-

ease is still being elucidated. In rodent models, Hg treatment

either in vivo or ex vivo induces elevated interleukin (IL)-4

production from spleen cells resulting in a Th2 response and

proliferation of B cells and the Th2-associated antibodies IgG1

and IgE (Bagenstose et al., 1999; Schiraldi and Monestier,

2009). These animal model findings are consistent with the

type of immune response known to be induced by Hg exposure

in humans of increased autoantibodies and immune complex

deposition (Gardner et al., 2010; Nyland et al., 2011; Schiraldi

and Monestier, 2009). Although Hg increases a Th2 response,

in reality, Hg activates a ‘‘mixed’’ Th1 and Th2 response with
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increased interferon (IFN)-c production as well (Bagenstose

et al., 1999; Fournie et al., 2002).

Myocarditis, or inflammation of the myocardium, leads to

around half of all dilated cardiomyopathy (DCM) cases in the

United States (Roger et al., 2011). DCM is the most common

form of cardiomyopathy requiring a heart transplant due to

heart failure (Drory et al., 1991; Feldman and McNamara,

2000; Roger et al., 2011). Viral infection, particularly by

coxsackievirus B3 (CVB3), is the most frequent cause of myo-

carditis in developed countries (Blauwet and Cooper, 2010;

Guarner et al., 2007). CVB3 infection is believed to induce

autoimmunity by viral-induced damage resulting in exposure

of the immune system to the intracellular protein cardiac

myosin and by activation of Toll-like receptors (TLRs) during

the innate immune response similar to an adjuvant (Cihakova

et al., 2004; Fairweather and Rose, 2007b; Zhang et al., 2009).

In a hybrid model where susceptible BALB/c mice are

inoculated with heart-passaged CVB3 (i.e., infectious CVB3

and heart proteins), mice develop disease that is similar to that

observed in humans, with the development of acute in-

flammatory myocarditis from day 7 to 14 postinfection (pi)

followed by progression to chronic myocarditis and DCM that

persists from day 35 to at least day 90 pi (Fairweather et al.,
2001, Fairweather and Rose, 2007a). In this model, in-

flammation is driven by the TLR-4–derived proinflammatory

cytokines IL-1b and IL-18, and their levels are directly

correlated with the extent of inflammation in the heart

(Fairweather et al., 2003, 2005; Lane et al., 1992). Further,

TLR-4 and IL-12 receptor b1 signaling are critical for

progression of disease in susceptible male BALB/c mice

(Frisancho-Kiss et al., 2006, 2007).

To investigate whether low-dose Hg exposure could alter

acute or chronic myocarditis/DCM in this model (similar to its

effects on other models of autoimmune disease), we treated

mice with iHg prior to inoculation with CVB3 or in the interval

between inoculation and the development of chronic myocar-

ditis/DCM. Disease status was evaluated during the acute and

chronic stages of the disease.

MATERIALS AND METHODS

Treatment protocol. Male BALB/cJ (BALB/c) mice (6–8 weeks old; The

Jackson Laboratory) were used in this study because myocarditis and DCM are

more prevalent in men (Roger et al., 2011) and male BALB/c mice develop

more severe myocarditis and DCM (Frisancho-Kiss et al., 2006, 2007). Mice

were pretreated with low-dose iHg (HgCl2, 200 lg/kg body weight sc, or ve-

hicle [PBS] every other day for 2 weeks, 100 ll per dose per mouse) before

infection with CVB3 and heart proteins on day 0 according to Fairweather and

Rose (2007a). For ‘‘interim’’ treatment, mice were injected sc with iHg (200

lg/kg body weight every other day for 1 week, 4 doses in 100 ll per mouse)

beginning on day 20 pi following resolution of the acute phase of CVB3-

induced myocarditis. We chose to use iHg and sc dosing because this method is

frequently found in the literature (Gilbert et al., 2011; Pollard et al., 2001;

Santarelli et al., 2006) allowing for better comparison of our findings with those

of others in addition to providing more controlled levels of exposure. The

model time line and dosing is illustrated in Figure 1. In a separate study, we

examined the effect of iHg treatment alone (in the absence of CVB3

inoculation) on cardiac pathology.

Induction of myocarditis and DCM. Mice were inoculated ip with 103

plaque-forming units (PFU) of a heart-passaged stock of CVB3 that contained

cardiac proteins (Nancy strain; American Type Culture Collection). Mice were

maintained under pathogen-free conditions in the animal facility at the Johns

Hopkins University School of Medicine or University of South Carolina School

of Medicine, with prior approval obtained from the Animal Care and Use

Committees of the Johns Hopkins Bloomberg School of Public Health or

University of South Carolina for all procedures. Individual experiments were

conducted at least three times with 8–10 mice per treatment group.

Evaluation of myocarditis and fibrosis. Mice were euthanized at day 12 pi

(acute myocarditis) or day 35 pi (chronic myocarditis/DCM), and hearts were cut

longitudinally, fixed in 10% phosphate-buffered formalin, and embedded in

paraffin. Sections were cut 5 lm thick at various depths in the tissue section and

stained with hematoxylin and eosin (H&E) to determine the level of inflammation

and DCM or Masson’s trichrome to determine collagen deposition. Sections were

examined by two independent investigators in a blinded manner. Myocarditis and

fibrosis were assessed as the percentage of the heart section with inflammation or

fibrosis (collagen deposition) compared with the overall size of the heart section,

with the aid of a microscope eyepiece grid, as described previously (Fairweather

et al., 2003). The development of DCM was assessed by gross observation of

histology sections at low magnification, as described previously (Fairweather et al.,

2004). Characterization of the immune infiltrate was assessed in a blinded manner

by morphological evaluation of 15 adjacent fields of view at 360 magnification

(image area of ~105 mm2) per heart by a pathologist in the University of South

Carolina School of Medicine Instrument Resource Core Facility.

Cytokine measurement. The spleen was also removed for cytokine an-

alysis. The whole spleen and right half of each heart were frozen in dry ice

immediately after harvest and stored at �80�C until homogenized. Tissues

were thawed and homogenized at 10% wt/vol in 2% fetal bovine serum/

minimal essential medium, and supernatants were stored at �80�C until used in

cytokine assays. Cytokines were measured in tissue supernatants using bead-

based multiplex cytokine kits (Bio-Plex; Bio-Rad), according to manufacturer’s

instructions. The limits of detection for the cytokines were as follows: IL-1a,

1.32 pg/ml; IL-1b, 1.70 pg/ml; IL-2, 1.98 pg/ml; IL-3, 1.32 pg/ml; IL-4, 2.43 pg/

ml; IL-5, 1.69 pg/ml; IL-6, 1.02 pg/ml; IL-9, 1.36 pg/ml; IL-10, 1.04 pg/ml; IL-

12/23 p40, 1.15 pg/ml; IL-12 p70, 1.20 pg/ml; IL-13, 1.57 pg/ml; IL-17a, 1.44

pg/ml; IFN-c, 1.30 pg/ml; eotaxin, 1.70 pg/ml; granulocyte colony-stimulating

factor (G-CSF), 1.69 pg/ml; granulocyte-macrophage–colony stimulating factor

(GM-CSF), 1.58 pg/ml; monocyte chemoattractant protein (MCP-1), 1.71 pg/ml;

macrophage inflammatory protein (MIP)-1a, 1.57 pg/ml; MIP-1b, 1.20 pg/ml;

regulated upon activation normal T-cell expressed and presumably secreted

(RANTES), 0.95 pg/ml; tumor necrosis factor (TNF)-a, 1.73 pg/ml. Cytokines

were expressed as pg/g of tissue ±SEM.

Viral titers. The level of infectious virus was determined in individual

homogenates by plaque assay according to standard procedures (Fairweather

and Rose, 2007a). Samples were processed in the same manner as for cytokine

analysis. Dilutions of tissue homogenate supernatants were incubated on Vero

cell monolayers (ATCC) for 1 h at 37�C and 5% CO2 to allow viral attachment

and then incubated for 3 days to allow plaque formation. Virus titers were ex-

pressed as the mean PFU/g of tissue ±SEM. The limit of detection was 10 PFU/g

tissue.

Statistical analysis. Data comparing two groups were analyzed by the

Student’s t-test for normally distributed data or the Mann-Whitney U-test for

nonparametric data (significance of observed differences between treatment groups

for severity of myocarditis, cellular infiltrate characterization, and cytokine levels).

Fisher’s exact test was used to evaluate treatment differences in frequency data

(significance of observed differences between treatment groups for frequency of

DCM). Multiple comparisons were analyzed by ANOVA with a Bonferroni

correction. A value of p < 0.05 was considered significant.
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RESULTS

Hg Pretreatment Does Not Alter Acute Myocarditis or Viral
Replication

Treatment with low-dose iHg for 2 weeks prior to disease

induction (pretreatment) (Fig. 1) did not significantly alter

acute myocarditis at day 12 pi (Fig. 2a). Treatment of mice

with iHg alone (Fig. 2a) or uninfected heart homogenate (data

not shown) did not result in the development of acute myo-

carditis. Our results confirm a previous study using a virus-only

model of CVB3 myocarditis where methyl mercury (MeHg)

pretreatment of female BALB/c mice for 12 weeks prior to

CVB3 infection had no significant effect on acute myocarditis

at day 7 pi (Ilback et al., 1996). There was a trend for Hg to

increase acute myocarditis in that study, similar to our findings

(Fig. 2a), but the increase was not significant (Ilback et al.,
1996; Schiraldi and Monestier, 2009). Although CVB3

infection has been shown to alter Hg uptake in various organs

(not described for the heart), Hg treatment has not been

reported to alter viral replication in the heart (Frisk et al., 2008;

Ilback et al., 1996). iHg pretreatment did not alter viral rep-

lication in the heart at day 12 pi (Fig. 2b). No viral replication

was detected in the heart of iHg-treated mice, which were not

inoculated but age-matched to day 12 pi (data not shown).

Hg Pretreatment Increases Chronic CVB3-Induced
Autoimmune Myocarditis

iHg pretreatment significantly increased chronic CVB3-

induced myocarditis at day 35 pi (Fig. 2a). Treatment of mice

with iHg alone (Fig. 2a) or uninfected heart homogenate (data

not shown) did not result in the development of chronic

myocarditis/DCM. We previously reported that infectious CVB3

is cleared from the heart by day 14 pi (Fairweather et al., 2001),

and so as expected no infectious virus was detected in the heart

at day 35 pi (Fig. 2b). Thus, the mechanism for iHg-induced

exasperated chronic disease does not appear to be mediated by

increasing viral replication in the heart.

Increased Mixed Cytokine Response in the Heart with
Elevated Macrophages During Acute Myocarditis with Hg
Pretreatment

iHg pretreatment significantly increased the number of macro-

phages in the heart (Fig. 3) but not eosinophils or mast cells,

although there was no significant change in the overall level of

inflammation in the heart (Fig. 2a). However, iHg pretreatment

did not alter mast cell or eosinophil numbers in the heart (data

not shown).

Because Hg has been shown to increase Th1 and Th2 cy-

tokine responses in rodent models of Hg-induced autoimmune

disease (Schiraldi and Monestier, 2009), we examined a wide

panel of cytokines in the heart at day 12 pi (Fig. 4a) and day 35 pi

(Fig. 4b) using multiplex kits. iHg pretreatment signifi-

cantly altered cytokine levels in the heart only during acute

FIG. 2. Hg pretreatment exacerbated CVB3-induced autoimmune myo-

carditis at day 35 pi. PBS-treated (vehicle control) and Hg-treated mice were

compared for the percent inflammation in the heart at day 12 and 35 pi (A). For

pretreatment, mice received 100 ll HgCl2 at 200 lg/kg in PBS or vehicle alone

every other day for 2 weeks. The group listed as ‘‘Hg alone’’ did not receive

CVB3. Data shown are the mean ± SEM of 8–10 mice per treatment group.

Data are from one representative experiment of four. (B) Hearts were collected

on day 12 and 35 pi, homogenized, and homogenates analyzed by plaque assay

for viral replication. Data are presented as the mean PFU/g heart tissue ±SEM

of 8–10 mice per treatment group from one representative experiment of three.

* indicates p < 0.01.

FIG. 1. Dosing and model time line. Male BALB/cJ mice received either

pretreatment with iHg every other day (day �14 to day 0) or interim treatment

(day 20 to 27). Disease was initiated with CVB3 infection on day 0 with 103

PFU of heart-passaged virus containing cardiac proteins ip. Myocarditis/DCM

was examined during the acute (day 12 pi) or chronic (day 35 pi) phase.
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myocarditis but not during chronic disease (Fig. 4). Similar to

other Hg-induced autoimmune models, we found that iHg

exposure significantly increased a number of proinflammatory

(e.g., IL-1a, IL-2, IL-12 (p70), IL-17a, G-CSF, GM-CSF, IFN-c,

MIP-1a, and TNF-a) and Th2-associated (e.g., IL-5, IL-10,

eotaxin) cytokines in the heart during acute myocarditis (Fig. 4a).

No significant difference was observed in the level of IL-1b,

IL-3, IL-4, IL-6, IL-9, IL-13, IL-12/23 (p40), MCP-1, MIP-1b, or

RANTES in the heart during acute myocarditis in iHg-pretreated

mice compared with PBS controls (Fig. 4a or data not shown).

Hg Pretreatment Increases Fibrosis and Prevalence of DCM
During Chronic Myocarditis

We examined the effect of iHg exposure prior to inoculation

and in the interval between the acute and chronic phases of myo-

carditis. iHg pretreatment did not induce fibrosis at day 12 pi,

and hearts were similar to those of untreated BALB/c mice

(data not shown). In contrast, at day 35 pi, iHg pretreatment sig-

nificantly exacerbated fibrosis in the heart (Fig. 5). iHg pre-

treatment also significantly increased the incidence of DCM at

day 35 pi compared with PBS-inoculated controls (Fig. 6).

Pretreatment of mice with iHg alone did not induce fibrosis or

DCM in age-matched mice (Fig. 5a).

Interim Hg Treatment Does Not Alter Chronic Myocarditis

We explored whether the timing of iHg treatment relative to

disease induction impacted the exacerbation of inflammation

and prevalence of DCM during the chronic phase of the

disease. Interim iHg treatment (following acute myocarditis

and before the development of the chronic phase; see Fig. 1)

had no significant effect on inflammation at day 35 pi (Fig. 7a)

or DCM prevalence (Fig. 7b).

Hg Pretreatment Alters Splenic Cytokines During Chronic
Myocarditis

Previously, Ilback et al. (1996) found that MeHg sig-

nificantly increased splenocyte proliferation in response to

concanavalin A following CVB3 infection. Because cytokines

were unchanged in the heart during chronic myocarditis, we

investigated whether splenic cytokines were altered during

chronic CVB3 autoimmune myocarditis. We found that iHg

pretreatment induced significant changes in several splenic

cytokines at day 35 pi (Fig. 8). IL-1b, IL-23, IL-13, and

eotaxin levels in the spleen were significantly decreased with

iHg pretreatment. Conversely, splenic IL-17 levels were

significantly increased with iHg pretreatment.

DISCUSSION

In this study, we report for the first time that low-dose iHg

pretreatment significantly increases chronic CVB3-induced

autoimmune myocarditis, fibrosis, and DCM. iHg pretreatment

significantly altered cytokine levels in the heart during acute

myocarditis. Although, there was no overall change in the

severity of acute inflammation, the number of infiltrating

macrophages (but not eosinophils or mast cells) was signifi-

cantly increased in the heart during acute myocarditis. Thus,

iHg pretreatment shifts in immune cell subsets during acute

myocarditis without changing overall inflammation levels, as

we demonstrated previously (Fairweather et al., 2005). Future

studies will need to determine whether these shifts in cardiac

immune cell populations during acute myocarditis were ac-

companied by changes in functional or activation states. Shifts

in immune cell populations and activation levels could explain

the significant changes in cytokines observed in the heart

during acute myocarditis in Hg-treated mice.

It is interesting that IL-17a was significantly increased in the

heart of Hg-treated compared with PBS-treated mice during

acute myocarditis (Fig. 4a) and in the spleen during chronic

myocarditis (Fig. 8). However, the increase in IL-17 was not

accompanied by changes in other cytokines in the IL-17

regulatory axis including IL-23 and IL-6. Recently, IL-17 was

found to not alter the severity of acute myocarditis in the

experimental autoimmune myocarditis (EAM) model but to

be necessary for chronic fibrosis and progression to DCM

(Baldeviano et al., 2010). Our data show that Hg increases

cardiac and splenic IL-17 levels providing a potential

FIG. 3. Hg pretreatment increased macrophage infiltrate in the heart during

acute myocarditis. (A) PBS-pretreated (vehicle control) and (B) Hg-pretreated

mice were compared for the number of macrophages in the heart on day 12 pi.

Fifteen adjacent fields of view were counted at 360 magnification (bar

represents 50 l) beginning at a randomly selected location in the left ventricle

of each heart. Data are from one representative experiment of two. (C) The total

number of macrophages identified by morphological identification in all fields

of view is shown. Data are presented as the mean total number per heart ±SEM

of 5–10 mice per treatment group from one representative experiment of two.

* indicates p < 0.05.
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FIG. 4. Hg pretreatment increases cytokines in the heart during acute myocarditis. PBS-pretreated (vehicle control) and Hg-pretreated mice were compared for

the level of cytokines in the heart on (A) day 12 and (B) 35 pi. Hearts were collected, homogenized, and homogenates analyzed for cytokine level by Bio-Plex.

Data are expressed as mean cytokine level (pg/g tissue) ±SEM of 8–10 mice per treatment group. Data are shown from one representative experiment of four.

* indicates p < 0.01.
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mechanism for how Hg pretreatment could increase chronic

fibrosis and DCM in this study without altering the severity of

acute myocarditis. These data are consistent with other studies

of inflammatory heart disease leading to DCM in which both

IFN-c and IL-17, along with other cytokines, were increased in

a mixed cytokine milieu prior to development of DCM (Kania

et al., 2009). Although IL-17 and IFN-c inhibit each other

in vitro, this has not been observed in vivo, potentially because

other cytokines and factors influence the relationship as well.

Elevated IL-5, IL-10, and eotaxin in iHg-pretreated mice

suggest that Hg pretreatment may have also increased immune

responses associated with Th2 immunity. IL-5 and eotaxin are

known to increase the number and activation of mast cells and

eosinophils, although that was not observed in these studies.

Mast cells have been proposed to skew immune responses to

a more Th2 response following Hg treatment in other models of

Hg-induced autoimmunity (Schiraldi and Monestier, 2009).

Mast cells have also been found to play a role in exacerbating

myocarditis, fibrosis, and chronic DCM in our CVB3 model

(Fairweather et al., 2004; Frisancho-Kiss et al., 2007). In-

creased levels of IL-10 (and Th2 cytokines) in the heart during

acute myocarditis may regulate the proinflammatory effects of

elevated TNF-a, IL-12, IL-17, and IFN-c (Fig. 4a; Roether

et al., 2002). Overall, our findings in this study clearly dem-

onstrate that low doses of iHg are able to affect the immune

response in the heart, resulting in significantly worse

autoimmune heart disease.

The temporal relationship between iHg exposure and in-

duction of disease appears to be critical for modulation of dis-

ease because interim iHg exposure did not significantly alter

chronic disease. These results are consistent with other studies

that examined the effect of iHg pretreatment on EAM in mice

(Silbergeld et al., 2005). These results are also similar to our

studies in the graft-versus-host disease model of lupus nephritis

in which pretreatment with iHg exacerbated glomerulonephritis

and hastened death (Via et al., 2003). Importantly, our findings

in this study are consistent with those of Ilback et al. (1996,

2000) who found that pretreatment of mice with a high dose of

MeHg (3.9 mg/kg) for 12 weeks prior to CVB3 infection did

not significantly alter acute myocarditis. Hg was found to

increase proliferation of splenocytes to concanavalin A ex vivo.

However, cytokine levels were not examined in the heart and

FIG. 5. Hg pretreatment increases fibrosis in the heart. PBS-treated

(vehicle control) and Hg-treated mice were compared for the percent of the

heart section with fibrosis on day 35 pi. Mice received 100 ll HgCl2 at 200 lg/

kg in PBS or vehicle alone every other day for 2 weeks followed by 103 PFU of

CVB3 ip on day 0. The group listed as ‘‘Hg alone’’ did not receive CVB3. On

day 35 pi, (B) PBS and (C) Hg hearts were collected and stained with Masson’s

trichrome to detect collagen deposition. (A) Data are presented as the mean

percent of the heart section staining positive for fibrosis ±SEM of 8–10 mice

per treatment group from one representative independent experiment of three.

* indicates p < 0.01.

FIG. 6. Hg pretreatment increases the prevalence of DCM at day 35 pi.

PBS-pretreated (vehicle control) and Hg-pretreated mice were compared for the

prevalence of dilated phenotype on day 35 pi. (A) Data are expressed as the

frequency of hearts per group with dilatation. H&E-stained sections from

(B) PBS-pretreated and (C) Hg-pretreated mice, shown at 31.25. * indicates

significantly different by Fisher’s exact test.
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viral replication in the heart was not quantitated in those

studies. Although sera TNF-a and IFN-c levels were

significantly increased following CVB3 infection, they were

not altered in HgþCVB3 compared with CVB3-treated mice

(Ilback et al., 1996). We are the first to examine the effect

of iHg treatment on the chronic phase of myocarditis and

DCM.

Recent findings have revealed that genes necessary for

fibrosis induction are upregulated during acute CVB3 myocar-

ditis resulting in the gradual remodeling that produces fibrosis

during the chronic phase of disease (Fairweather, unpublished

data). Thus, we only observe fibrosis in this model of CVB3-

induced autoimmune myocarditis by day 35 pi in suscepti-

ble mice (Fairweather and Rose, 2007a), which is exasperated

with iHg pretreatment. These findings are consistent with

studies in mice and humans linking Hg exposure and increased

antifibrillarin antibodies in scleroderma, an autoimmune dis-

ease with a significant induction of fibrosis (Arnett et al., 2000;

FIG. 7. Interim Hg treatment does not change disease severity. PBS-treated (vehicle control) and Hg-treated mice were compared for the (A) percent

inflammation in the heart at day 35 pi. For interim treatment, mice received 100 ll HgCl2 at 200 lg/kg in PBS or vehicle every other day for 1 week beginning on

day 20 pi. The group listed as ‘‘Hg alone’’ did not receive CVB3. Data shown are the mean ± SEM of 8–10 mice per treatment group. Data are from one

representative independent experiment of four. (B) Mice were compared for the prevalence of dilated phenotype on day 35 pi. Data are expressed as the frequency

of hearts per group with the dilated phenotype.

FIG. 8. Hg pretreatment modulates cytokine levels in the spleen. PBS-pretreated (vehicle control) and Hg-pretreated mice were compared for the level of

cytokines in the spleen on day 35 pi. Spleens were collected, homogenized, and homogenates analyzed for cytokine level by Bio-Plex. Data are expressed as mean

cytokine level (pg/g tissue) ±SEM of 8–10 mice per treatment group. Data are shown from one representative independent experiment of four. * indicates p < 0.01.
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Hultman et al., 1989). Interestingly, cardiac fibrosis associated

with scleroderma tends to be patchy and distributed throughout

the myocardium (Champion, 2008), as we find in the CVB3-

induced model of autoimmune myocarditis.

Hg may also contribute to the progression to DCM

by mechanisms other than a direct effect on the immune

response. In 1999, a study was published that examined trace

elements in the heart of 13 patients with idiopathic DCM and

found that Hg levels in the myocardium were 22,000 times

higher than controls (Frustaci et al., 1999). The mechanism to

generate these elevated Hg levels or even the sequence of

events (infection vs. exposure) is unknown, but Hg may

compete with selenium, decreasing the activity of selenium-

dependent enzymes. Selenium is a trace element with both

structural and enzymatic roles that are essential for normal

cardiac physiology (Cooper et al., 2007). Exposure to

elevated levels of Hg may reduce selenium’s bioavailability

(Hg has a high binding affinity for selenium [Gailer et al.,
2000], which is higher than that for sulfur), negatively

impacting cardiac function. Selenium deficiency has been

shown to convert an ‘‘amyocarditic’’ strain of CVB3 (one that

induces high levels of viral replication in the heart but low or

no inflammation) to a myocarditic strain (one that induces

high levels of viral replication in the heart and myocarditis;

Beck et al., 1995, 2003a,b). However, the effect of selenium

deficiency on autoimmune myocarditis has not been estab-

lished, and we did not examine cardiac Hg or selenium levels

in this study. In an epidemiologic study of 1833 men with

heart disease, men with elevated Hg levels (�2 lg/g) in hair

samples were at a 2.9-fold increased risk of cardiovascular

death compared with those with lower hair Hg levels (Salonen

et al., 1995). Although that study did not specifically examine

myocarditis/DCM patients, their findings are consistent with

these experimental findings that Hg exposures can increase

cardiovascular disease.

In this study, we present data that show that low-dose iHg

exposure can induce significant changes in the immune re-

sponse resulting in increased autoimmune heart disease. The

interaction with viral infection events, related to cytokine pro-

duction and iHg-induced alterations in the immune response in

this model, is demonstrated by the importance of the timing of

iHg exposure.
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