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improved cardiac contractility in a manner dependent upon 
sarcoplasmic reticulum Ca2+ cycling. The data indicate that 
taurine likely plays an important role in the regulation of 
cardiac performance in teleosts.
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Introduction

Taurine is a non-proteogenic amino acid implicated in a 
wide array of physiological processes in mammals, includ-
ing osmoregulation, excitation–contraction (EC) coupling, 
bile salt conjugation, and the regulation of oxidative stress 
(reviewed by Schaffer et al. 2010). It is the most abundant 
amino acid in teleost ventricular muscle, accounting for 
50% of all intracellular free amino acids. Concentrations 
range from 50 to 70 mmol kg−1 cell water (Fugelli and Vis-
lie 1982), far exceeding extracellular levels, which are usu-
ally <1  µmol g−1 (Huxtable 1992). For example; in rain-
bow trout, ventricular taurine concentration is 48.7  µmol 
g−1, while plasma contains only 0.73 µmol g−1. In contrast, 
taurine appears to be distributed equally across intracel-
lular and extracellular compartments in cephalopod hearts 
(Hochachka et  al. 1983). Fish appear to lack the capacity 
for intracellular taurine synthesis and actively accumu-
late it from the extracellular fluid, despite the steep gradi-
ent across the sarcolemmal membrane (Goldstein et  al. 
1990). In euryhaline teleosts, taurine plays a crucial role 
as an osmolyte, allowing cell volume to remain constant as 
body fluid osmolality changes with environmental salinity 
(Evans 1979; Vislie 1983). Cellular taurine efflux increases 
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under hypo-osmotic conditions, while intracellular accu-
mulation occurs under hyper-osmotic conditions (Vislie 
1983).

Taurine is considered cardioprotective in both mam-
malian (e.g., Bkaily et  al. 1998) and cephalopod hearts 
(MacCormack et  al. 2016). In the mammals, taurine dif-
ferentially affects intracellular (Ca2+

i) and extracellular 
Ca2+ (Ca2+

e) handling to promote either Ca2+ efflux or 
influx, depending on the circumstances (Schaffer et  al. 
1994). In hypodynamic mammalian hearts, which are char-
acterized by decreases in contractile strength, taurine pro-
motes Ca2+

e influx to replenish depleted Ca2+
i pools (e.g., 

Sperelakis et  al. 1992). In Ca2+ overloaded mammalian 
hearts, taurine exerts the opposite effect, promoting Ca2+ 
efflux to protect against arrhythmias (Satoh 1994) and pre-
vent the initiation of apoptosis (Xu et al. 2006). A similar 
mechanism is observed in ischemia–reperfusion models, 
where supplemental taurine can prevent Ca2+ overload 
in ischemia–reperfusion models (Takahashi et  al. 2002). 
The potential cardioprotective nature of taurine in fish has 
not been addressed. It is not clear whether physiological 
changes associated with environmental stressors such as 
salinity, hypoxia, or temperature extremes alter cardiac tau-
rine levels in fish or how this may impact contractility.

The mechanisms underlying cardiac excitation–contrac-
tion (EC) coupling in fish are generally similar to those in 
mammals, although the relative importance of Ca2+

i and 
Ca2+

e flux differs greatly across teleost species (Shiels 
and Sitsapesan 2015). In mammals, a relatively small 
Ca2+ influx across the sarcolemmal membrane triggers the 
release of a larger Ca2+ pool from the sarcoplasmic reticu-
lum (SR), termed Ca2+-induced Ca2+ release (CICR). In 
most teleosts, CICR is small and SR Ca2+ flux plays only 
a minor role in routine contractile function, becoming 
increasingly important at higher contractile frequencies 
(Shiels and Galli 2014). The role of taurine in modulating 
Ca2+ flux and contractility in teleost hearts has not been 
addressed, but it does substantially impact cardiac perfor-
mance in the cephalopod Sepia officinalis. In S. officinalis, 
extracellular taurine substantially reduces stroke volume 
and cardiac output and improves cardiac Ca2+ handling 
in  vitro (MacCormack et  al. 2016). Cephalopods have a 
well-developed SR that contributes to routine cardiac con-
tractility (Gesser et al. 1997) and it is not clear if this is a 
requisite to facilitate taurine’s actions on EC coupling.

Taurine also influences energy metabolism in cephalo-
pods, increasing glucose utilization without effecting aero-
bic metabolic rate (MacCormack et al. 2016). In mammals, 
taurine is linked to energy metabolism through the insulin-
signaling pathway (Imae et al. 2014). In perfused rat hearts, 
taurine stimulates oxygen consumption and increases the 
rate of glucose utilization, an effect which is more pro-
nounced in the presence of insulin (Lampson et al. 1983). 

Taurine’s involvement in cardiac energy metabolism has 
not been studied in teleosts, but the general conservation of 
glucoregulatory mechanisms with mammals (Polakof et al. 
2012) suggests that taurine could play a similar role in fish.

Given the considerable gap in knowledge regarding 
taurine’s function(s) in fish hearts, we aimed to determine 
if cardiac taurine levels changed in fish exposed to com-
mon environmental stressors, including changes in salin-
ity, temperature, and oxygen availability. We then used 
in  vitro cardiac muscle preparations to assess the effects 
of supplemental extracellular taurine on cardiac contrac-
tility and energy metabolism. Experiments were carried 
out on killifish, Fundulus heteroclitus, as they represent a 
highly stress-tolerant model species. Cardiac taurine con-
centrations were generally maintained in killifish exposed 
to environmental stressors, but supplemental taurine did 
have significant effects on cardiac contractility in vitro. The 
latter effects were abolished by ryanodine, suggesting that 
taurine alters cardiac contractility by influencing SR Ca2+ 
cycling.

Materials and methods

Animals

Male and female killifish, Fundulus heteroclitus (body 
mass 8.5 ± 2.5 g), were caught by beach seine in brackish 
water (BW) in Little Shemogue, NB, Canada. They were 
transported to the Harold Crabtree Aqualab, Mount Alli-
son University, and held in 750 L partially recirculated BW 
tanks (15 ppt, 15 °C) for a minimum of 2 weeks. A subset 
of fish were then transferred into a 100  L partially recir-
culated freshwater (FW) tank (15 °C) and acclimated for a 
minimum of 2 weeks prior to experimentation. All killifish 
were fed sinking trout chow (Corey Aquafeeds; Frederic-
ton, NB, Canada) daily ad  libitum. All studies followed 
Canadian Council on Animal Care guidelines and protocols 
were approved by Mount Allison University’s Animal Care 
Committee.

Cardiac taurine content

Measurements of cardiac taurine content closely followed 
the standard methods outlined in MacCormack et  al. 
(2016), as originally modified from Shaffer and Kocsis 
(1981). It was necessary to pool ventricles from 5 fish to 
obtain the minimum sample mass required for the assay. 
Briefly, tissue was digested in 1:9 (w/v) 2% perchloric acid 
(PCA) overnight before an additional 1 in 10 dilution in 2% 
PCA. Taurine standards ranging from 0.198 to 7.02  mM 
were prepared in 2% PCA. 5 mL of each standard or sam-
ple dilution was passed through 4 mL of Dowex®50WX8 
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hydrogen form (100–200 mesh, Sigma–Aldrich, St. Louis, 
MO, USA) resin equilibrated in 2% PCA in a gravity-fed 
column (10GDG desalting column, Bio-Rad, Hercules, CA, 
USA). Contaminating amino acids were washed through 
with 2% PCA and taurine was then eluted with 2 mL 
ddH2O. 20 µL of eluate was added to 40 µL dinitrofluor-
obenzene (DNFB), 40 µL NaOH (1 M), 200 µL dimethyl-
sulfoxide (DMSO), and vortexed for 3 × 10 s bursts. Next, 
40 µL of HCl (3 M) and 1.660 mL of ddH2O were mixed 
into the reaction before the addition of 8 mL of ethyl ace-
tate. The solutions were mixed for 10 min, after which the 
aqueous phase was removed and absorbance measured at 
355 nm in quartz cuvettes in a spectrophotometer.

Isometrically contracting ventricular strip preparations

Isometrically contracting ventricular strip preparations 
were prepared as previously described (MacCormack et al. 
2016) to assess the influence of extracellular taurine on car-
diac contractility. Due to the limited quantity of heart tissue 
available, we were unable to quantify how supplemental 
taurine influenced intracellular taurine levels in  vitro, but 
the data from these studies should still provide insight into 
taurine’s role in EC coupling. Killifish acclimated to FW 
were quickly transferred from their holding tank to a solu-
tion of buffered tricaine methanesulfonate (1.5 mmol L−1) 
until ventilation ceased and the spinal cord was severed. 
The heart was removed and placed into ice cold bathing 
media (modified from Marshall et al. 2002) containing (in 
mmol L−1): NaCl 140.0, KCl 2.6, CaCl2·2H2O 1.6, MgSO4 
0.9, NaHCO3 11.9, NaH2PO4 3.0, glucose 5.6 (pH 7.8). 
Depending on the experimental condition, the media con-
tained either 40.0 mmol L−1 taurine or sucrose, with osmo-
lality closely matching that of killifish plasma at 340 mos-
mol kg−1. Sucrose was chosen as an osmotic control as it 
is a kosmotropic agent and, to our knowledge, there is no 
evidence that vertebrate cardiac muscle expresses the gly-
coside hydrolases required to metabolize it. Adrenaline 
(3.0  nmol L−1) was included in all preparations to main-
tain cardiac tonus (Shiels and Farrell 1997) and the media 
were equilibrated with 99.5% O2/0.5% CO2. The atrium 
and bulbus arteriosus were removed and the ventricle was 
sliced into two equal strips approximately 1 mm wide and 
2 mm in length (3.8 ± 0.2 mg). Each strip was mounted in 
a Plexiglas chamber containing 20 mL of bathing media 
maintained at 15 °C and continuously gassed with 99.5% 
O2/0.5% CO2. Ventricular strips were tied to an isometric 
force transducer (Harvard Apparatus, South Natick, MA, 
USA) using suture thread and were stimulated to con-
tract via two platinum electrodes using an SD9 Stimula-
tor (Grass Instruments; Quincy, MA, USA) set at 50–70 V 
and 10  ms duration. Force transducers were interfaced to 
a PowerLab 8/26 data acquisition system (ADInstruments, 

Colorado Springs, CO, USA) and data were collected and 
analyzed using Chart V7.1 (ADInstruments). Resting ten-
sion was adjusted to achieve peak tension development 
(Fmax) and preparations were allowed to stabilize at a con-
traction frequency of 1.0  Hz for approximately 20  min. 
Preliminary electrocardiography studies on an anesthetized 
killifish indicated a heart rate of approximately 1.2 Hz (data 
not shown). The lower basal pacing frequency of 1.0  Hz 
was chosen to compensate for the additional demands asso-
ciated with isometric contractions at Fmax.

Experiment 1: environmental effects on cardiac taurine 
content

To examine if taurine levels change in response to environ-
mental change or physiological stress, cardiac taurine con-
centrations were measured in BW and FW acclimated killi-
fish, and FW acclimated killifish exposed to acute hypoxia, 
or to an acute heat stress (15 fish per treatment group). For 
both hypoxia and heat stress trials, fish were transferred 
from their holding tank to cooler containing 30 L of aerated 
FW held at 15 °C and allowed to acclimate overnight. For 
the acute hypoxia exposure, dissolved oxygen saturation 
(DO2) was reduced from 100 to 10% over 5 h by bubbling 
with N2 and then held at 10% DO2 for 3 h. For the acute 
heat stress, temperature was increased linearly from 15 to 
33 °C over 8 h, before fish were sampled. Following treat-
ment, fish were sacrificed in a solution of buffered tricaine 
methanesulfonate (1.5 mmol L−1) and the spinal cord sev-
ered. Heart ventricular tissue was then quickly sampled and 
immediately flash frozen in liquid N2 and stored at −80 °C 
until use.

Experiment 2: effects of extracellular taurine 
and ryanodine on cardiac contractility

Each preparation was subject to a single treatment and run 
in parallel with the appropriate control from the same fish. 
Following the 20  min stabilization period, a force–fre-
quency trial was performed where frequency was increased 
in 0.2  Hz increments at 1  min intervals until frequency 
reached 3.5  Hz or the strip stopped responding to stimu-
lation. After this, frequency was reset to 1.0  Hz and the 
preparations were left to recover for 10 min. Preparations 
were then challenged by incrementally raising extracellular 
Ca2+ (Ca2+

e) levels by 1.0 mmol L−1 every 4 min, up to a 
maximum of 5.6 mmol L−1. In a second set of experiments, 
ventricular strip preparations were allowed to stabilize 
for 20  min before being treated with 10  µmol L−1 ryano-
dine (in DMSO). Preparations were left to stabilize for an 
additional 20  min before being challenged with the same 
force-frequency and Ca2 + e titrations described above. At 
this concentration, ryanodine inhibits the release of Ca2+ 
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from the sarcoplasmic reticulum (SR) in fish cardiac mus-
cle (Vornanen et al. 2002). All other tissue preparations in 
this experimental group were exposed to 10 µL DMSO as a 
vehicle control.

Experiment 3: cardioprotective effects of taurine 
during anoxia and reoxygenation

Contractility in killifish ventricular strip preparations 
exposed to hypoxia and reoxygenation was characterized 
to investigate a potential cardioprotective role of taurine 
under these conditions. Ventricular strips were prepared 
as described above and allowed to stabilize at 1.0  Hz for 
20  min under oxygenated conditions. Preparations were 
first challenged with a force–frequency trial, as above, and 
subsequently allowed to recover at 1.0 Hz stimulation fre-
quency for 5  min. The tissue chambers were then gassed 
with 99.5% N2/0.5% CO2 and held for 15 min under anoxia 
before reoxygenation with 99.5% O2/0.5% CO2. Prepara-
tions were allowed to recover from anoxia for 10 min, sub-
jected to a second force-frequency trial, then allowed 5 min 
to recover before being challenged with increasing concen-
trations of Ca2+

e challenge, as described above.

Experiment 4: effects of extracellular taurine 
on cardiac metabolism

To assess the influence of taurine on aerobic metabolism 
in killifish heart, oxygen consumption (ṀO2) and glucose 
utilization rates were measured in non-contracting tissue 
preparations. Ventricular muscle strips were prepared from 
2 to 3 animals as described above, and pooled into one of 
two identical respirometry cuvettes (OX1LP, Qubit Sys-
tems Inc., Kingston, ON, Canada), each with a total tissue 
mass of ~25 mg. The cuvettes contained 1.0 mL of bath-
ing media (including 3.0 nmol L−1 adrenaline) with either 
40  mmol L−1 taurine or an equivalent concentration of 
sucrose and were maintained at 15 °C with a recirculating 
refrigerated water bath. The preparations received no stim-
ulation and spontaneous contractions were not observed. 
DO2 data were collected with a LabQuest Mini data acqui-
sition system and LoggerPro software (Vernier Software & 
Technology, Beaverton, OR, USA) and mass-specific ṀO2 
was calculated from the initial linear decline in DO2.

The rate of tissue glucose utilization was also assessed 
according to MacCormack et  al. (2016). An initial sam-
ple of bathing media was taken just after ventricular strip 
preparations were added to the respirometer cuvettes and 
a subsequent sample was collected after 25  min. Glucose 
concentration was quantified in media samples according to 
Clow et al. (2004).

Data analysis and statistics

All the values are expressed as mean ± SEM. In the ven-
tricular strip procedure, resting tension (RT) was meas-
ured between beats and quantified as percent initial from 
the RT at 1.0 Hz and 1.6 mM Ca2+

e. Fmax represented the 
difference between resting and peak tension developed dur-
ing contraction and was normalized to initial Fmax for each 
strip. Due to their small size, it was not possible to accu-
rately measure the dimensions of ventricular strips while 
mounted in the tissue baths, so absolute force develop-
ment was not calculated. Statistical analyses were carried 
out using either Prism 6 (GraphPad Software Inc., La Jolla, 
CA, USA) or R 3.2.1 (RStudio, Boston, MA, USA). Differ-
ences in plasma osmolality, tissue ṀO2 and tissue glucose 
utilization rates were assessed with paired or unpaired t 
tests, as appropriate. Differences in the frequency at which 
ventricular strips failed to respond to stimulation were 
assessed using a one-way analysis of variance (ANOVA) 
followed by a Gehan–Breslow–Wilcoxon test with a Bon-
ferroni correction. The effect of Ca2+

e or changes in stim-
ulation frequency on RT and Fmax were assessed using a 
two-way repeated-measures ANOVA. The effects of anoxia 
exposure and taurine supplementation on the force-fre-
quency relationship were assessed using a three-way split 
plot ANOVA, with repeated measures for oxygenation con-
dition. Not all taurine/sucrose supplemented ventricular 
strips represented paired preparations, so repeated meas-
ures was not appropriate in this instance. When significant 
interactions were observed, data were split and analyzed by 
one-way ANOVA and Tukey post hoc tests with a Bonfer-
roni correction. Shapiro’s test was performed to check for 
normality, and Levene’s test was used to check for homo-
geneity. P values <0.05 were considered significant unless 
otherwise noted.

Results

Experiment 1: environmental effects on cardiac taurine 
content

Plasma osmolality in killifish acclimated to BW was mar-
ginally, but significantly higher than in fish acclimated 
to FW (354.6 ± 3.0 vs. 333.7 ± 4  mOsm/kg respectively, 
P < 0.001, n = 10–11). This agrees well with the previ-
ous studies showing killifish effectively maintain plasma 
ion levels over a range of salinities (Scott et al. 2008). No 
statistically significant differences in cardiac taurine con-
centrations were noted between BW and FW killifish or 
between FW killifish acutely exposed to high temperatures 
or hypoxia (Fig. 1; P = 0.406).
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Experiment 2: effects of taurine and ryanodine 
on cardiac contractility

The influence of supplemental taurine on cardiac contrac-
tility was assessed using isometrically contracting ven-
tricular strip preparations (Fig. 2). For Fmax, no significant 
interaction was detected between treatment and stimulation 
frequency (P = 0.08) and significant effects of both treat-
ment (P < 0.001) and frequency (P < 0.001) were noted. 
A significant negative force–frequency relationship was 
observed between 1.0 and 2.0 Hz, after which Fmax stabi-
lized somewhat in strips that continued to respond to stim-
ulation. Taurine (40 mmol L−1) had a protective effect on 
contractility, significantly attenuating the decline in Fmax 
relative to preparations treated with 40 mmol L−1 sucrose. 
For RT, no interaction was noted between treatment and 
stimulation frequency (P = 1.00), and no significant effects 
of either were parameter were observed (Fig. 3).

The force–frequency trial was repeated with the addi-
tion of ryanodine (10  µmol L−1) on a separate set of 
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sion (RT) in killifish ventricular strip preparations challenged with 
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with sample size decreasing with increased frequency as preparations 
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between taurine and sucrose-treated hearts are denoted with an aster-
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preparations to assess the affects of supplemental tau-
rine on SR Ca2+ cycling (Fig.  2). Exposure to ryanodine 
for 20 min pacing at 1.0 Hz had no effect on Fmax in either 
taurine or sucrose-treated preparations (P = 0.870, data not 
shown). Fmax at higher frequencies was generally depressed 
for all preparations in the presence of ryanodine and strips 
failed to contract at lower imposed stimulation frequencies 
(see below). No interaction was noted between treatment 
and stimulation frequency (P = 0.240). Increasing pacing 
frequently significantly decreased Fmax (P < 0.001) overall, 
and ryanodine abolished the protective effect of taurine on 
Fmax, with no significant difference noted between treat-
ments (P = 0.103). No changes in RT were observed.

The frequency at which the strips failed to contract upon 
stimulation was examined to infer the contribution of SR 
Ca2+ handling to cardiac contractility (Fig. 3). No signifi-
cant interaction was detected between sucrose/taurine treat-
ment and ryanodine exposure (P = 0.280), and no differ-
ences in maximum pacing frequency were noted between 
sucrose- and taurine-treated preparations in the absence 
of ryanodine (P = 0.425). Ryanodine addition significantly 
reduced maximum pacing frequency (P < 0.001) by ~40%, 
indicating that the importance of SR Ca2+ cycling increases 
at higher pacing frequencies, regardless of whether taurine 
is present.

Ventricular strip preparations were also challenged with 
increasing concentrations of Ca2+

e to assess Ca2+ sensitiv-
ity. In the absence of ryanodine, Fmax generally remained 
stable in both taurine and sucrose-treated preparations, 
while it tended to decrease in sucrose-treated strips in 
the presence of ryanodine. No interaction was detected 
between treatment and Ca2+

e concentration (P = 0.161) 
and no significant effect of increasing Ca2+

e was observed 
overall (P = 0.914). A significant effect of treatment was 

apparent (P < 0.001), and post hoc tests showed that in the 
presence of ryanodine, Fmax at 4.6 mmol L−1 Ca2+

e was sig-
nificantly higher in preparations supplemented with taurine 
than those supplemented with sucrose (P = 0.036). Fmax 
remained elevated at 5.6 mmol L−1 Ca2+

e, although not sig-
nificantly, so (P = 0.076). RT was unaffected by increases 
in Ca2+

e under any treatment condition (data not shown).

Experiment 3: cardioprotective effects of taurine 
during anoxia and reoxygenation

Ventricular strip preparations were supplemented with 
either taurine or sucrose and basal contractility (at 1.0 Hz 
pacing frequency) was assessed before and after 15  min 
anoxia, and after 20 min recovery under oxygenated con-
ditions (Fig.  5). No significant interaction was noted 
between treatment and oxygenation (P = 0.166) and no 
significant effect of taurine supplementation was observed 
(P = 0.337). Oxygenation significantly influenced basal 
Fmax overall (P < 0.001), so taurine and sucrose data were 
pooled and the specific effects of oxygenation examined. 
A 15 min anoxia exposure significantly decreased Fmax by 
38% (P < 0.001). Following reoxygenation, Fmax tended to 
be higher than that observed pre-anoxia, potentially indi-
cating Ca2+

i accumulation. This trend was more evident 
in taurine-treated preparations that those supplemented 
with sucrose, but the effect was not statistically significant 
(P = 0.082).

In force–frequency challenges, a significant interaction 
was noted between exposure to anoxia and taurine supple-
mentation (P < 0.001). A prior 15 min exposure to anoxia 
significantly impaired performance in a subsequent force-
frequency challenge (P < 0.001) and supplemental taurine 
had a significant protective effect on Fmax during this period 

Fig. 3   Impact of 10 µmol L−1 ryanodine (Ry) for the proportion of 
killifish ventricular strip preparations responding to stimulation with 
increased pacing frequency (a) and the maximum pacing frequency 

(b) for each treatment group. Maximum pacing frequency was signifi-
cantly depressed in ryanodine treated preparations, as denoted by an 
asterisk
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(P = 0.020, Fig. 5b). A prior anoxia exposure had no effect 
on maximum pacing frequency (P = 0.470; data not shown) 
and RT was unaffected under any test condition (data not 
shown).

Following the post-anoxia force–frequency challenge, 
preparations were exposed to increasing levels of Ca2+

e. 
No interaction was noted between taurine treatment and 
Ca2+

e (P = 0.956) and no effect of either supplemental tau-
rine (P = 0.338) or increasing Ca2+

e (P = 0.178) was noted 
(Fig. 5c).

Experiment 4: effects of extracellular taurine 
on cardiac metabolism

In invertebrates, taurine can increase extracellular glucose 
utilization without impacting tissue ṀO2 (MacCormack 
et al. 2016). In the current study, ṀO2 (Fig. 6) in non-con-
tracting ventricular strip preparations were ~fourfold higher 
than those observed in similar preparations from cuttlefish 
systemic heart (MacCormack et  al. 2016) and were close 
to rates measured in rainbow trout hearts contracting at 
0.5 Hz (Kalinin and Gesser 2002). ṀO2 was similar in both 
sucrose- and taurine-treated ventricles (P = 0.901). Rates of 
extracellular glucose utilization were also higher than those 
seen in cuttlefish and no statistically significant differences 
were noted between treatments (P = 0.408). These data also 
support the validity of sucrose as an appropriate osmotic 
control for these studies. If sucrose was cytotoxic or metab-
olized by the tissue, we would expect ṀO2 and glucose uti-
lization rates to differ greatly between treatment groups.

Discussion

The goal of the current study was to determine if ventricu-
lar taurine concentration changes in response to common 

environmental stressors and to characterize the influence 
of taurine on cardiac contractility in a model teleost, the 
killifish.

Heart taurine levels are maintained in killifish

The sensitivity of the taurine analysis in the current study 
was limited by the need to pool samples from 5 fish to 
obtain sufficient ventricular tissue for the taurine assay. 
This limited our capacity for replication and statistical 
power, and thus, the associated data should be considered 
accordingly. Killifish exhibited no significant alterations in 
ventricular taurine levels in response to changes in salinity 
(Fig. 1). Cardiac taurine levels vary with plasma osmolal-
ity in flounder (Vislie and Fugelli 1975) and brown trout 
(Fugelli and Vislie 1982), but no such relationship was 
noted in killifish. The <6% change in plasma osmolality 
that we observed between FW and BW acclimated kil-
lifish was likely insufficient to induce a detectable change 
in tissue taurine content. A similar maintenance of taurine 
content was observed in  vivo and in  vitro in ventricular 
tissue from little skate, which exhibits an equivalent con-
centration of taurine (Boyd et al. 1977; Forster et al. 1978). 
Increases in gill perfusion and ventilation during high tem-
peratures and hypoxia can reduce plasma osmolality in 
some FW fish (Sardella and Brauner 2007), so taurine lev-
els may be expected to change under such conditions. This 
was not the case in the current study, as ventricular taurine 
levels were also maintained in FW killifish following acute 
high temperature and hypoxia exposures. The severity and/
or duration of the challenges was likely insufficient to dis-
rupt plasma osmolality in this euryhaline, eurythermal, and 
euryoxic species (Schulte 2014). Addressing this question 
in more stress-sensitive species or those exhibiting unique 
physiological coping strategies may lend greater insight 
into the influence of environmental factors on cardiac 
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taurine dynamics. In some fish species, stress responses 
can profoundly alter extracellular fluid composition, which 
may trigger associated changes in intracellular taurine lev-
els. More information is needed to understand how taurine 
varies under such conditions and how this subsequently 
impacts cardiac physiology.

Taurine protects normoxic contractility by enhancing 
SR function

In isometrically contracting ventricular strips, taurine sig-
nificantly protected Fmax at high pacing frequencies, an 
effect that was abolished by ryanodine (Fig.  2). SR Ca2+ 
cycling contributes little to contractility at low frequencies 
in most fish hearts (<2 Hz; Vornanen et al. 2002), but its 

importance increases with increasing pacing rate (reviewed 
by Shiels and Galli 2014). This is clearly the case in kil-
lifish as well, as ryanodine reduced maximum pacing fre-
quency by 40% (Fig.  3). In mammalian studies, extracel-
lular taurine supplementation has been shown to trigger 
sustained increases in Ca2+

i, likely via increased Na+ entry 
through a Na+-taurine symporter, which then promotes 
Ca2+ influx through the NCX (Bkaily et  al. 1998). Tau-
rine’s direct influences on mammalian cardiomyocyte Ca2+ 
flux are largely limited to the sarcolemmal membrane, as 
it inhibits Ca2+

i loading associated with ouabain treatment 
but not with ryanodine (Rao and Tau 1998). Fish cardio-
myocytes generally exhibit little Ca2+ induced Ca2+ release 
(CICR), but enhanced sarcolemmal Ca2+ influx may recruit 
additional ryanodine receptors and promote CICR under 

Fig. 5   a Relative peak tension development (Fmax) prior to, during, 
and after 15 min anoxia in killifish ventricular strip preparations sup-
plemented with either 40  mmol L−1 taurine or sucrose (n = 6, both 
groups). b Force–frequency relationships before and after anoxia 
from ventricular strip preparations receiving supplemental taurine or 
sucrose. c Extracellular Ca2+ sensitivity following 15 anoxia and a 
subsequent force–frequency challenge. In a, no effect of taurine treat-

ment was noted, so data from taurine or sucrose-treated preparations 
were pooled to analyze the effects of anoxia and reoxygenation. Sta-
tistically significant differences from pre-anoxia Fmax are indicated by 
dissimilar letters. In b, anoxia exposure significantly impaired Fmax 
in both treatment groups in the subsequent force–frequency challenge 
and taurine significantly increased Fmax under those conditions (as 
indicated by an asterisk)
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certain conditions (Shiels and Galli 2014). It is possible 
that taurine-mediated increases in Ca2+

i sensitized SR Ca2+ 
cycling to protect Fmax at higher stimulation frequencies. In 
mammalian skeletal muscle, in vivo taurine supplementa-
tion increased calsequestrin expression (Goodman et  al. 
2009), an effect that should sensitize the ryanodine recep-
tor to changes in Ca2+

i (Györke and Terentyev 2008). It is 
unclear that if a similar mechanism could be induced under 
the acute conditions tested here, but the lack of an effect on 
maximum pacing frequency supports the conclusion that 
taurine strictly influences the magnitude of the Ca2+ flux 
and not the kinetics, which is in keeping with sensitizing 
the SR to changes in Ca2+

i.
Contractility in killifish ventricular strip preparations 

was remarkably insensitive to increases in Ca2+
e and no 

effect of taurine on Fmax or RT was noted in the absence 
of ryanodine. In the presence of ryanodine, Fmax tended 
to decrease with increasing Ca2+

e levels in sucrose-treated 
preparations, while it was significantly protected in tau-
rine-treated hearts (Fig.  4). The relative decrease in Fmax 
in sucrose-treated preparations is difficult to explain based 
on the available data. If taurine supplementation improves 
cardiac Ca2+ handling, as it does in cuttlefish (MacCor-
mack et  al. 2016), sucrose-treated hearts may experience 
Ca2+

i overload and the accompanying cytotoxicity would 
impair contractility. Taurine can also be cytoprotective in 
this instance by preventing the initiation of apoptosis at 
high Ca2+

i (Schaffer et al. 2014). These possibilities seem 
unlikely given that RT varied <2% as Ca2+

e increased in 
both ryanodine treatment groups (data not shown), indi-
cating that Ca2+

i homeostasis was well regulated. Addi-
tional studies are necessary to characterize the mechanisms 
underlying this response.

Taurine provides additional cardioprotection 
from anoxia

Killifish cardiac muscle exhibited a 38% decrease in Fmax 
after a 15  min exposure to anoxia but fully recovered 
upon reoxygenation (Fig.  5). This species shows consid-
erable whole animal hypoxia tolerance (e.g., Borowiec 
et al. 2015), so it is not surprising that it translates to the 
tissue level, as well. Taurine had no effect on basal Fmax 
(at 1.0 Hz) post-anoxia, but it significantly improved per-
formance of hearts in the force–frequency trial following 
anoxia compared to sucrose-treated controls. The SR’s 
role in cardiac contractility increases under stressful con-
ditions, supplementing the total Ca2+ transient (Cros et al. 
2014). In this experiment, the combined energetic stresses 
of anoxia and high pacing frequencies may have reduced 
ATP availability and inhibited active membrane processes 
associated with Ca2+ cycling (Vornanen and Tuomennoro 
1999). It is possible that SR function is preferentially pro-
tected under these conditions, increasing its relative con-
tribution to the total Ca2+ transient; in P. pardalis hearts, 
some glycolytic enzymes reversibly bind to particulate 
components under anoxia, likely to preferentially fuel spe-
cific processes (Treberg et  al. 2007). Ryanodine reduces 
Fmax under anoxia this species (MacCormack et al. 2003), 
suggesting that SR function may be one such process. 
Overall, our data suggest that taurine may further enhance 
the SR’s contribution to Ca2+ flux under anoxia, but addi-
tional work is needed to determine the exact mechanisms 
underlying this response.
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Energy metabolism is not influenced by supplemental 
taurine

We observed no effect of taurine supplementation on either 
resting ventricular ṀO2 or extracellular glucose utilization 
rates (Fig. 6). In similar systemic heart preparations from 
the cephalopod Sepia officinalis, taurine doubled the rate 
of extracellular glucose utilization without impacting tissue 
ṀO2, suggesting that it shifted the metabolic fuel prefer-
ence of the tissue (MacCormack et  al. 2016). In perfused 
rat hearts, taurine stimulates both glucose utilization and 
ṀO2 in an insulin dependent manner (Lampson et al. 1983; 
Imae et  al. 2014). The lack of insulin or alternative sub-
strates in the simplified experimental system used here may 
have masked subtle regulatory effects of taurine on metab-
olism. Increasing tissue energy demand by stimulating 
contractions may also impact this process and such issues 
should be addressed in future studies.

Conclusions

Although tissue taurine levels did not change in killifish 
exposed to environmental challenges, supplemental taurine 
significantly influenced cardiac contractility in vitro, likely 
by modulating SR function. Taurine’s effects were additive 
to those elicited by anoxia and reoxygenation, suggesting 
that it alters Ca2+ cycling via a different mechanism than 
the latter stressor. Characterizing how taurine influences 
SR function may also improve our incomplete understand-
ing of the role of the SR in routine cardiac Ca2+ cycling in 
ectotherms and its importance in maintaining heart func-
tion over a broad range of temperatures (Shiels and Galli 
2014; Shiels and Sitsapesan 2015).
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