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Triclosan (TCS), a high-production-volume chemical used as a bac-
tericide in personal care products, is a priority pollutant of growing
concern to human and environmental health. TCS is capable of
altering the activity of type 1 ryanodine receptor (RyR1), but its
potential to influence physiological excitation–contraction cou-
pling (ECC) and muscle function has not been investigated. Here,
we report that TCS impairs ECC of both cardiac and skeletal muscle
in vitro and in vivo. TCS acutely depresses hemodynamics and grip
strength in mice at doses ≥12.5 mg/kg i.p., and a concentration
≥0.52 μM in water compromises swimming performance in larval
fathead minnow. In isolated ventricular cardiomyocytes, skeletal
myotubes, and adult flexor digitorum brevis fibers TCS depresses
electrically evoked ECC within ∼10–20 min. In myotubes, nanomo-
lar to low micromolar TCS initially potentiates electrically evoked
Ca2+ transients followed by complete failure of ECC, independent
of Ca2+ store depletion or block of RyR1 channels. TCS also com-
pletely blocks excitation-coupled Ca2+ entry. Voltage clamp experi-
ments showed that TCS partially inhibits L-type Ca2+ currents of
cardiac and skeletal muscle, and [3H]PN200 binding to skeletal
membranes is noncompetitively inhibited by TCS in the same con-
centration range that enhances [3H]ryanodine binding. TCS po-
tently impairs orthograde and retrograde signaling between L-
type Ca2+ and RyR channels in skeletal muscle, and L-type Ca2+

entry in cardiac muscle, revealing a mechanism by which TCS
weakens cardiac and skeletal muscle contractility in a manner that
may negatively impact muscle health, especially in susceptible
populations.

cachexia | calcium regulation | heart failure | muscle contraction |
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Triclosan [5-chloro-2-(2,4-dichlorophenoxy)phenol; TCS] is
a bactericide found in many personal care products and has

been incorporated into cleaning supplies, bedding, clothes, fab-
rics, shoes, carpets, plastics, and medical devices (1–3). Introduced
over 40 y ago, TCS production has dramatically increased over
the past two decades, exceeding 1 million pounds produced an-
nually when assessed in 1998 by the US Environmental Pro-
tection Agency (USEPA) (1). Based on the available data, TCS
is well tolerated following oral or dermal exposure, and several
aspects of safety have been assessed in animal models (2).
However, TCS has been detected in raw and treated waste water,
natural streams, sewage sludge, fish, and human samples of
urine, plasma, and breast milk (4–9), raising concerns of its po-
tential long-term adverse impacts on environmentally sensitive
species and human health. There is emerging evidence that TCS
can disrupt endocrine signaling and immune function, inhibit
carboxylesterase activity, bioaccumulate in organisms, and cause
bacterial resistance (10–15).
Structurally TCS, a polychlorinated diphenyl ether, shares

chemical properties with nondioxin-like persistent organic pollu-
tants, such as the hydroxylated metabolites of ortho-substituted
polychlorinated biphenyls (PCBs) and polybrominated diphenyl

ethers (PBDEs). Receptor-based screens (12, 16) revealed that
similar to PCBs (17) and PBDEs (18), TCS has potential for di-
rect interaction with type 1 and type 2 ryanodine receptors (RyR1
and RyR2), supporting a possible convergent mechanism of action
among structurally related noncoplanar halogenated persistent
organic pollutants. Despite extensive analysis of TCS efficacy and
toxicity, the potential of TCS to alter cardiac and skeletal muscle
physiology have not been previously reported (2). Considering
that RyRs are intracellular channels that mediate the release of
Ca2+ from the sarcoplasmic reticulum (SR), necessary for exci-
tation–contraction coupling (ECC) in skeletal and cardiac muscle,
alteration in ECC by TCS may promote acute or long-term
impacts on muscle health in human populations and environ-
mentally sensitive species. Moreover, mutations in the RYR1 gene
are linked to dysregulated Ca2+ homeostasis in heritable diseases
of skeletal muscle, including malignant hyperthermia and central
core disease (19, 20), and aging related muscle weakness (21).
Mutations in the RYR2 gene are responsible for arrhythmogenic
disorders, including catecholaminergic polymorphic ventricular
tachycardia and arrhythmogenic right ventricular dysplasia type 2
(20, 22), and are etiological contributors to ischemic heart failure
(23). Considering the critical role of RyR channels in muscle
physiology and pathophysiology, we deemed it necessary to in-
vestigate whether TCS has the potential of impairing ECC of
cardiac and skeletal muscle in vivo and in vitro to better assess
the potential risks associated with its pervasive use.

Results
TCS Depresses Cardiac Hemodynamics and Skeletal Muscle Contractility
in Vivo. Whether acute exposures to TCS were capable of altering
functional parameters of striated muscle were investigated using
three in vivo tests. First, anesthetized mice instrumented with a
pressure-sensitive catheter were exposed to a single intraperi-
toneal dose of TCS (6.25, 12.5, or 25 mg/kg) or an equal volume of
vehicle (20% vol/vol DMSO in saline, 200 μL). In contrast to
vehicle control, mice receiving TCS showed significantly impaired
hemodynamic functions within 10 min of exposure in a dose-de-
pendent manner. Cardiovascular impairments included signifi-
cantly reduced cardiac output, lower left ventricular end-diastolic
volume, and reduction in the maximum time-derivative of the left
ventricular pressure development (Fig. 1A). Of note, the highest-
dose group (25 mg/kg) exhibited a 25.3 ± 15.7% decrease in
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cardiac output, implying that TCS was capable of eliciting severe
cardiovascular impairments. The administration of TCS to mice
led to dose-dependent plasma levels of unconjugated TCS, with
up to 0.31 ± 0.09 μM detected in the samples from the 25-mg/kg
dose group (Fig. S1).
Second, skeletal muscle function was assessed using a grip-

strength meter by measuring the total force produced by the
limbs of mice at test times up to 60 min after a single 40 mg/kg
i.p. TCS dose. Normalized to predose baseline, TCS-treated
animals had a mean decrease of 18% [95% confidence interval
(CI): 12.0–24.0%] in grip strength, which was significantly lower
than both sham- and vehicle-injected groups (Fig. 1B). No sta-
tistical difference was seen between sham- and vehicle-injected
groups. These impairments were transitory and exposed mice
recovered grip strength comparable to baseline 24 h after dosing.
Third, the fathead minnow (Pimephales promelas) has been

extensively used as model organism to study the potential
impacts of aquatic pollutants on teleost (24). Considering the
pervasive nature of TCS in the aquatic environment, and TCS-
mediated impairments detected in mammalian striated muscle,
we investigated whether TCS adversely affected fish swimming
performance. Larval fathead minnow were exposed to TCS
(0.035, 0.26, or 0.52 μM) for up to 7 d and swimming performance
assessed at test termination. At the highest TCS concentration
tested, swimming activity, as well as predator avoidance and en-
durance, were significantly reduced when measured as total dis-
tance swam during nonprovoked swimming (Fig. 1C, bar graph)
and the number of lines crossed during a forced swim test (Fig. 1C,
line graph), respectively. Minnows exposed to 0.26 μM TCS
exhibited reduced nonprovoked and forced swimming behavior,
although the magnitude of these impairments did not reach sta-
tistical significance (Fig. 1C).

TCS Impairs ECC in Vitro. Themolecular mechanisms responsible for
the impairments in muscle performance observed in vivo were in-
vestigated using primary cells isolated from murine cardiac and
skeletal muscle. Cardiomyocytes were isolated from excised naive
mouse hearts, loaded with the fluorescent Ca2+ indicator Fluo-4,
and electrically paced at 1Hz to evokeCa2+ transients.After 20min
of exposure to 10 μMTCS, the evoked Ca2+ transients were greatly
depressed with normalized peak amplitudes reduced by 79.3 ±
5.2% compared with cells exposed to equivalent vehicle as control
(Fig. 2A). L-type Ca2+ entry through Cav1.2 (also termed the
dihydropyridine receptor; DHPR) is essential for initiating cardiac
ECC through a process termed Ca2+-induced Ca2+-release medi-
ated as a consequence ofRyR2 activation (25).Using the sameTCS
exposure protocol, voltage-clamped cardiomyocytes showed that 20
min after exposure to 10 μMTCS the peak L-type Ca2+ current was

attenuated by 54.4 ± 9.6% compared with cardiomyocytes exposed
to vehicle (Fig. 2B, Center), and the inactivation time constant was
prolonged from 25.8 ± 2.0 ms to 45.2 ± 3.6 ms (Fig. 2B, Right).
The acute influences of TCS on ECC were assessed in more

detail with mouse embryonic skeletal muscle cells (myotubes).
Myotubes were stimulated with a standardized protocol that in-
cluded electrical pulse trains ranging from 0.1 to 20 Hz over an
∼30-min test period. As shown in Fig. 3A (Top), perfusion of
vehicle had no measurable influence on the amplitude or kinetics
of Ca2+ transients applied during the protocol. However, inclusion
of TCS (0.5 μM) in the perfusate caused a gradual rise in baseline
Ca2+ and significantly potentiated the maximum amplitude (cor-
rected for baseline) of electrically evoked Ca2+ transients for the
duration of the experiment (Fig. 3A, Middle). In contrast, 1 μM
TCS initially potentiated Ca2+ transient amplitudes but invariably
produced a subsequent diminution and eventual loss of electrically
evoked Ca2+ transients (Fig. 3A, Bottom). The rapidity with which
ECC was lost was highly dependent on the TCS concentration,

Fig. 1. TCS depresses hemodynamics and in vivo skeletal muscle function. (A) Mice (vehicle: n = 3; TCS: n = 4–5) were anesthetized with ketamine/xylazine
and instrumented with recording PV catheter advanced into the left ventricle via the carotid artery. After dosing with TCS (20% DMSO vol/vol in 200 μL)
intraperitoneally, both 12.5 and 25 mg/kg groups experienced significant reductions in cardiac output, ventricular filling, and left ventricular developed
pressure. Error bars represent SEM. *P < 0.05; **P < 0.01, one-tailed paired t test. (B) Grip strength was assessed in mice (n = 7 per group) before and after
sham, vehicle (30 μL DMSO), or 40 mg/kg TCS intraperitoneal injection. Postdose grip was significantly lower in the TCS group compared with both sham and
vehicle. Gray bars represent mean and 95% CI. **P < 0.01, ANOVA. (C) Larval fathead minnow (n = 36 per concentration) were exposed up to 7 d to vehicle
(0.01% MeOH), or TCS (0.035, 0.26, or 0.52 μM). Swimming behavior was assessed by nonprovoked (distance traveled, bar graph) and forced (lines crossed in
60 s, line graph) activity. A decreasing trend was seen for both swimming parameters, with significance found in the 0.52-μM group. Error bars represent SEM.
**P < 0.01, Kruskal-Wallis.

Fig. 2. TCS impairs cardiac ECC. (A) Isolated mouse cardiomyocytes (n = 5)
were loaded with the fluorescent Ca2+ indicator Fluo-4. RyR2-mediated Ca2+

transients were evoked by field stimulation and measured by line-scan
confocal imaging. Twenty minutes after applying 10 μM TCS, Ca2+ transient
amplitudes were significantly reduced by 79.3 ± 5.2%. (B) Cardiomyocytes
(n = 5) were patch-clamped in whole-cell configuration, and depolarized by
voltage protocol. Exposure to 10 μM TCS for 20 min significantly reduced
peak inward currents through Cav1.2 by 54.4 ± 9.6% and prolonged the
inactivation time constant from 25.8 ± 2.0 ms to 45.2 ± 3.6 ms. All error bars
represent SEM. **P < 0.01; ***P < 0.001, t test.
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with 10 μM TCS causing a complete failure of ECC within ∼10
min (Fig. 3B; see also Fig. 6).
Myotubes exposed to TCS for 24 h before testing ECC re-

vealed the drug’s higher potency with longer (subacute) expo-
sures. Exposure to as low as 0.1 μM TCS enhanced myotube Ca2+

transient amplitudes tested at ≥10 Hz stimuli, although this effect
did not reach statistical significance. Nevertheless, TCS (0.5 μM)
caused a significant depression of Ca2+ transient amplitudes at ≥5
Hz stimulus frequencies tested (Fig. 3C).
Acute exposure to TCS (10 μM) also caused a rapid failure of

ECC in flexor digitorum brevis (FDB) muscle fibers isolated
from adult mice (Fig. S2A), without causing either an initial in-
crease in baseline Ca2+ or a potentiation of the Ca2+ transient
amplitude, as was observed with myotubes. Subacute (24 h) ex-
posure to lower TCS (0.5 μM) significantly reduced the number
of responsive FDB fibers by 44.7 ± 8.6% (Fig. S2B).
TCS is known to tightly bind serum protein (2), and we

therefore tested if the presence of BSA could prevent its acute
actions on ECC in myotubes. BSA perfused in the imaging buffer
at either 0.1% or 0.5% (final concentration) did not alter EC
coupling responses (Fig. S3A). Even in the presence of 0.1%
BSA, TCS (10 μM) impaired ECC in 67% of the cells (Fig. S3B),
whereas TCS in the presence of 0.5% BSA impaired ECC in
22% of myotubes treated with 10 μM TCS (Fig. S3C). In all
cases, however, serum albumin was unable to repress increases in
resting Ca2+ levels, indicating that serum proteins alone cannot
fully abate the adverse effects of TCS in myotubes.

In contrast to cardiac ECC, L-type Ca2+ entry through
Cav1.1 is not required for initiating skeletal muscle ECC (26,
27). Instead, a form of conformational coupling engages bi-
directional signaling between the voltage sensor of Cav1.1 and
RyR1 activation (28, 29). Exposure to 10 μM TCS for 10 min
before measuring Ca2+ current attenuated peak L-type Ca2+

current by nearly threefold compared with myotubes exposed
to vehicle control (Fig. 4B, Left), and also caused a ∼fourfold
acceleration of inactivation (Fig. 4B, Right). Although Ca2+

entry through Cav1.1 is not necessary to intially trigger ECC in
skeletal muscle cells, the entry of Ca2+ through a mechanism
requiring Cav1.1 appears to be essential for maintaining Ca2+

stores during prolonged physiological stimuli in a process
termed excitation-coupled Ca2+ entry (ECCE) (30, 31). We
therefore tested if TCS interfered with myotube ECCE using
two approaches. First, ECCE was measured as the rate of
quench of cytoplasmic fura-2 fluorescence as extracellular
Mn2+ enters the myotube in response to a train of electrical
pulses (40 Hz). As shown in Fig. 5A, 10 μM TCS caused
a complete block of ECCE. Second, myotubes were pretreated
with 500 μM ryanodine (30 min) to block RyR1, which was
verified by the loss of responses to challenge with caffeine. In
contrast to control cells that responded to a 40-Hz electrical
pulse with a large Ca2+ entry, myotubes exposed to TCS (10
μM) failed to respond to an electrical pulse train (Fig. 5B).
Importantly, inhibition of ECCE appears to be a selective ac-
tion of TCS because it failed to inhibit store-operated Ca2+

entry (SOCE) subsequent to depletion of SR Ca2+ stores by
thapsigargin (Fig. S4).

Molecular Targets of TCS-Mediated ECC Impairment. ECC in skeletal
muscle invariably relies on bidirectional signaling between
Cav1.1 and RyR1, which form a conformationally coupled unit.
To further investigate whether TCS directly targets Cav1.1,
RyR1, or both, we investigated its mechanism of action in wild-
type and dyspedic (RyR1-null) myotubes. In addition to se-
quentially potentiating then blocking ECC, TCS (10 μM) caused
a pronounced although transient rise in resting Ca2+ (Fig. 6A).
After recovery to a slightly elevated baseline, brief challenge with
caffeine (20 mM) produced a Ca2+ transient, the magnitude of
which was not different compared with the caffeine response
before TCS (area under curve = 72.5 ± 6.3 × 106 units before
TCS treatment vs. 60.3 ± 8.3 × 106 units after TCS treatment;
n= 9, P = 0.26), indicating that TCS causes ECC failure without
depleting SR Ca2+ stores nor by block of RyR1 activity. More-
over, the loss of ECC in skeletal myotubes exposed to TCS was
not the result of Na+ channel block because depolarization of
the myotube surface membrane with externally applied K+ (40
mM) failed to elicit a Ca2+ transient (Fig. 6A, Inset). Dyspedic

Fig. 3. TCS impairs skeletal ECC. (A) Mouse skeletal myotubes were
loaded with the Ca2+ indicator Fluo-4 and electrically stimulated. Com-
pared with vehicle (0.1% DMSO; Top) perfusion, 0.5 μM TCS significantly
potentiated Ca2+ transient amplitudes (Middle). A similar potentiation
was initially seen with 1 μM TCS, but this invariably led to the diminution
and complete abrogation of electrically evoked Ca2+ transients (Bottom).
(B) The effect of TCS on ECC is highly dose-dependent, with 10 μM
causing rapid ECC failure within 12.5 min. All TCS exposures significantly
altered the Ca2+ transient amplitude responses to single electrical test
pulses (P < 0.01). Error bars represent SEM. (C) Exposure to submicromolar
TCS for 24 h was sufficient to alter transient amplitudes in myotubes, with
0.5 μM TCS producing significant reductions at 5–40 Hz stimulus frequen-
cies. Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001, two-
way ANOVA.

Fig. 4. TCS attenuates skeletal muscle L-type Ca2+ current. (A) Averaged
recordings of L-type Ca2+ currents elicited by 2-s depolarizations from −50
mV to +30 mV are shown for untreated normal myotubes (black circle, n = 4)
or normal myotubes exposed to 10 μM TCS for 15–20 min at ∼25 °C (gray
circle, n = 9). (B) Summary of peak current densities (Left) and r2 values
(Right) for myotubes in the presence and absence of 10 μM TCS. r2 is ratio of
the current remaining at 2 s to the peak current. Error bars represent SEM.
***P < 0.001, t test.
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myotubes did not respond to 10 μM TCS, as did RyR1-
expressing myotubes (compare wild-type and dyspedic in Fig.
6B), indicating that TCS directly targeted RyR1 to produce
a transient rise in baseline Ca2+. In support of this interpre-
tation, direct radioligand-receptor binding analysis showed that

TCS (1–20 μM) significantly enhanced specific [3H]ryanodine
binding to mouse skeletal muscle membrane preparations in
a concentration-dependent manner (Fig. 6C). Specific binding of
[3H]PN200, a dihydropyridine that binds specifically to high-af-
finity sites on DHPR in skeletal muscle membrane preparations,
was inhibited by TCS in a concentration-dependent but non-
competitive (allosteric) manner (Fig. 6C).

Discussion
We report that TCS is capable of disrupting ECC in both cardiac
and skeletal muscle, resulting in impaired grip strength and he-
modynamics, and mobility in a model fish species. These results
were unexpected given the extensive toxicological testing of TCS
recently reviewed (2). In fact, there is a dearth of information
regarding the myotoxicity of TCS and its potential impacts on
human and environmental health. An earlier study reported TCS
to have an inhibitory effect on the excitability of rat phrenic
nerve-diaphragm preparations; however, the mechanisms behind
these findings were not explored and the study was largely ig-
nored (32). Our present findings identify a potential for TCS to
impair physiological muscle functions in vivo and identify pro-
teins essential for ECC as targets, namely Cav1.1, Cav1.2, and
RyR channels.
The molecular mechanisms by which TCS impairs ECC in

skeletal muscle appear to stem from a unique functional dis-
sociation (uncoupling) of bidirectional signaling between
Cav1.1 and RyR1 Ca2+ release units (CRUs). Several obser-
vations support that TCS functionally disrupts ECC by selec-
tive interactions with the CRU: (i) TCS-induced failure of
ECC is not associated with depletion of SR Ca2+ stores; (ii)
TCS, even at high concentration (10 μM), fails to block RyR1
channels (myotubes remain responsive to caffeine and [3H]
ryanodine binding is enhanced); (iii) The loss of ECC can be
demonstrated even with external additions of K+ to depolarize
the myotubes, which bypasses the Na+ action potential; (iv)
TCS influences [3H]PN200 binding to DHPR in a non-
competitive manner and enhances [3H]ryanodine binding to
RyR1 in the same concentration range; (v) The TCS-modified
skeletal L-type Ca2+ current is reduced in density; (vi) The
transient rise in basal Ca2+ caused by TCS is dependent on
RyR1 expression and tightly coincides with loss of ECC and
ECCE, but not SOCE, suggesting that TCS influences both
proteins at sites critical for CRU interactions. Regardless of
the exact molecular mechanisms leading to loss of CRU
function, impairment of bidirectional signaling in even a frac-
tion of skeletal muscle CRUs would be expected to result in
weakened contractility, promoting fatigue, sarcopenia, or ca-
chexia, a conclusion verified in grip-strength measurements
made following acute exposure to TCS. Prolonged increases in
cytosolic Ca2+ have been shown to promote contractile fatigue
in adult skinned muscle fibers and ECC failure (33, 34). Our
current results in adult FDB fibers and myotubes indicate that
at lower concentrations (≤1 μM) of TCS impairs CRU func-
tions without overtly promoting chronically elevated cytoplas-
mic Ca2+, suggesting TCS-mediated CRU dysfunction is
mediated by a unique mechanism that chemically interferes
with CRU function.
TCS also interferes with cardiac ECC, even though cardiac

CRUs have fundamental differences in physical organization
and functional coupling between Cav1.2 and RyR2. The acti-
vation of RyR2 depends solely on Ca2+ entry through Cav1.2,
and block of Ca2+ entry prevents RyR2-mediated Ca2+ release.
Because TCS reduces Cav1.2 current by ∼50%, direct block of
L-type Ca2+ current may represent the primary mechanism by
which TCS impairs cardiac ECC. TCS also retards inactivation
of Cav1.2, an action that is likely secondary to Ca2+ transient
attenuation, because RyR2-mediated Ca2+ release from the SR
plays major feedback role in the inactivation of L-type Ca2+

current (35). Indeed, the in vitro effects of TCS on cardiac ECC
are further supported by the in vivo analyses using hemody-

Fig. 5. TCS inhibits excitation-coupled Ca2+ entry. (A) The rate of ECCE was
measured using Mn2+ quench of Fura-2 fluorescence at the isosbestic
wavelength. Electrical stimuli (ES) were applied to myotubes perfused with
500 μM Mn2+. Myotubes exposed to 10 μM TCS had negligible fluorescence
quench compared with control, suggesting an inhibition of ECCE. (B) Ca2+

entry was monitored in ryanodine-treated myotubes loaded with the Ca2+

indicator Fluo-4. Ca2+ entry was induced by ES. Ryanodine-treated myotubes
did not respond to caffeine, hence the rising signal represented pure ECCE,
a process completely suppressed by 10 μM TCS. All error bars represent SEM.
***P < 0.001, t test.

Fig. 6. TCS concomitantly affects both RyR and DHPR activity without de-
pleting SR Ca2+ stores. (A) Mouse skeletal myotubes were loaded with the
Ca2+ indicator Fluo-4 and electrically stimulated. Perfusion with 10 μM TCS
resulted in a profound change in resting Ca2+, as well as a rapid diminution
and abrogation of Ca2+ transients. Challenge with 20 mM caffeine (Caff)
indicates SR Ca2+ stores were not depleted. (Inset) In separate experiments,
after TCS caused failure of myotubes to respond to electrical stimuli, chal-
lenge with 60 mM KCl (K+) also failed to elicit ECC. (B) Dyspedic myotubes
lacking RyR1 exhibited little change in cytosolic Ca2+ when exposed to TCS,
implicating RyR1 as a molecular target of TCS. (C) Mouse skeletal muscle
preparations were incubated with [3H]ryanodine or [3H]PN200 in the pres-
ence of TCS. TCS increased specific [3H]ryanodine binding with respect to
control, whereas specific [3H]PN200 binding was inhibited noncompetitively
across similar TCS concentrations.
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namic monitoring. TCS results in a suppression of the maximal
left ventricular pressure development in a dose-dependent man-
ner. This effect is associated with a significant reduction in car-
diac output.
Dysregulation of cardiac ECC has been implicated in heart

failure, cardiac arrhythmias, and cardiomyopathies (36). A
prominent comorbidity of heart failure with poor prognosis is
cachexia (37). TCS-mediated ECC failure could promote ad-
verse cardiac outcomes, especially in such susceptible pop-
ulations with mutations in CRU proteins known to confer stress-
triggered arrhythmias.
Commensurate with the increased production of TCS over the

past four decades (1–3) are increased exposures, as evidenced in
human samples of urine, plasma, and breast milk (7–9). Typical
routes of exposure to TCS (oral, dermal) are sufficient in
bringing the compound into systemic circulation (38, 39). Im-
portantly, one study reported plasma Cmax of nearly 1 μM within
1–3 h after administering a 4-mg oral dose in human subjects
(38). Our acute in vivo experiments were aimed at understanding
mechanisms and potential risks, and therefore used an in-
traperitoneal route of exposure. However, the exposures tested
here produced TCS blood plasma concentrations consistent with
levels found in some humans. Therefore, disruption of ECC in
skeletal and cardiac muscle may also inform about previously
unappreciated risk factors associated with pervasive exposures to
TCS in both humans and environmentally sensitive species (e.g.,
fish). TCS has been detected in sewage sludge and sediment, as
well as in organisms ranging from algae to fish to dolphins (3, 6).
Using fathead minnows as a marker for aquatic toxicology,
Schultz et al. recently reported that TCS decreased aggression
and predator-avoidance performance in the minnow (40). Con-
sistent with this report, our study revealed a negative impact on
swimming performance in larval fathead minnows exposed to
TCS, an effect attributable to perhaps a combination of both
cardiac and skeletal muscle impairments. In this regard, recent
studies have found TCS in both raw and treated drinking water,
as well as in >60% of streams across 30 states (1, 4, 5), suggesting
that ecosystems are also impacted by exposure to this high-
volume chemical.
In mammals, TCS is primarily metabolized to glucuronide and

sulfate conjugates, yet details regarding the extent of conjugation
have been equivocal. Reports about human exposure range from
very little or no detectable levels of parent compound to 38%
unconjugated after oral ingestion of TCS (2, 38, 41). The basis
for this discrepancy is not known, but a possible explanation may
involve disparate glucuronidation or sulfation capacities in the
subjects tested. Indeed, UDP-glucuronosyltransferases are highly
polymorphic (42) and genetic disorders, like Gilbert-Meulen-
gracht syndrome, which affects 5–10% of the population, can
lead to decreased UDP-glucuronosyltransferase activity (43).
Overall, these genetic variations could dramatically influence the
capacity to clear TCS from systemic circulation by conjugation.
Thus, a segment of the human population with impaired phase II
metabolism might be at a higher risk of adverse TCS effects
described in this article. Plasma protein binding has been sug-
gested to mitigate the possible effects of TCS, because more than
95% of the compound is protein-bound in human blood (2).
However, our results demonstrated that TCS disrupts skeletal
ECC even in the presence of excess serum protein.
In conclusion, we show that TCS potently impairs striated

muscle ECC by interfering with signaling between DHPR and
RyR, resulting in weakened contractility and depressed hemo-
dynamics. Considering that exposures to TCS are pervasive,
these recent finding may present a concern to both human and
environmental health.

Materials and Methods
More detailed descriptions can be found in SI Materials and Methods.

Animal Use. All mouse and fathead minnow experiments were conducted
under protocols approved by the Institutional Animal Care and Use Com-
mittee at the University of California at Davis.

Hemodynamic Measurement. Hemodynamic measurements were performed
as described previously (44). After signal stabilization for 10–15 min, the
baseline pressure-volume (PV) loops at a steady state were recorded fol-
lowed by intraperitoneal administration of 6.25, 12.5, or 25 mg/kg of TCS or
vehicle. PV loops were recorded after 15 min of drug administration. A stock
of TCS was prepared in DMSO and diluted [20% (vol/vol)] into saline to give
a total volume of 200 μL before injection.

Determination of TCS Concentration in Mouse Plasma. Fifteen minutes after
intraperitoneal administration of TCS to mice, blood was collected by cardiac
puncture and directly processed to plasma by centrifugation. TCS levels in
plasma were determined by liquid chromatography electrospray-ionization
tandem mass spectrometry with online solid-phase extraction, as previously
described (45).

Mouse in Vivo Grip Strength. Grip strength was measured with 3-mo-old wild-
type male C57BL/6 mice using a grip-strength meter with metal wire mesh
(Columbus Instruments). Upon acquiring baseline readings, the mice were
administered sham, vehicle, or 40 mg/kg TCS by intraperitoneal injection, and
grip strength was evaluated up to 1 h. Sham, vehicle, and TCS groups were
compared via one-way ANOVA with Newman-Keuls posttest using Prism
(GraphPad Software).

Swimming Behavior in Larval Fathead Minnow. Larval fathead minnow
(Aquatox, Inc.), 7 d posthatch, were exposed for up to 7 d to dilution water,
0.01%methanol, or 0.035, 0.26, and 0.52 μM TCS in 0.01%methanol. Control
and dilution water consisted of deionized water, modified to USEPA mod-
erately hard standards (46), and tests followed standard USEPA (46, 47)
protocols. Swimming behavior was assessed in two stages: (i) nonprovoked
swimming activity captured using video monitoring and analyzed using
Ethovision Behavior Software (Noldus Information Technology); (ii) pro-
voked swimming behavior techniques designed by Heath et al. (48) as de-
scribed by Beggel and colleagues (49). All time points were combined (n =
36) by concentration for each swimming parameter (n = 36) and effects
were determined using a Kruskal-Wallis followed by a Dunn’s posttest.

Isolation of Adult Mouse Ventricular Myocytes. Single-mouse free-wall left
ventricular myocytes were isolated from 10- to 12-wk-old C57BL/6J mice, as
previously described (50).

Confocal Ca2+ Imaging of Mouse Ventricular Myocytes. Ca2+ responses from
isolated left ventricular myocytes were evoked and measured, as previously
described (51).

Measurement of Cardiac L-type Ca2+ Current. L-type currents were recorded
from isolated left ventricular myocytes, as previously described (52).

Preparation and Culture of Primary Myotubes and Adult FDB Fibers. Primary
skeletal myoblasts were isolated from wild-type and dyspedic (RyR1-null)
mouse neonates and cultured, as previously described (31). FDB muscles were
dissected from 3- to 6-mo-old WT male mice, and single myofibers were
enzymatically isolated and cultured, as previously described (53).

Imaging of Primary Myotubes and Adult FDB Fibers. Ca2+ responses from
myotubes and FDB fibers were evoked and measured, as previously de-
scribed (54).

Measurement of Skeletal L-type Ca2+ Current. L-type currents were recorded
from skeletal myotubes as described previously (55).

Preparations of Membrane Fractions from Mouse Skeletal Muscle. SR micro-
somes were isolated from mouse skeletal muscle tissue, as previously de-
scribed (54).

Radioligand Binding Assay. Radioligand binding assays with [3H]ryanodine
and [3H]PN200 were performed as previously described (54, 56).

Statistical Analysis. All data are presented as mean ± SEM. All comparisons
were made by two-tailed unpaired t test unless otherwise indicated; P < 0.05
was considered significant.
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