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Abstract: Fingolimod (FTY720) inhibits Ca?*-permeable, Mg?*-sensitive channels called
transient receptor potential melastatin 7 (TRPM7), but its effects on Ca?* paradox (CP)-
induced myocardial damage have not been evaluated. We studied the effect of FTY720 on
CP-induced myocardial damage, and used other TRPM?7 channel inhibitors
nordihydroguaiaretic acid (NDGA) and Mg?" to test if any effect of FTY720 was via TRPM7
inhibition. Langendorff-perfused Wistar rat hearts were treated with FTY720 or NDGA and
subjected to a CP protocol consisting of Ca?* depletion followed by Ca?* repletion. Hearts of
rats pre-treated with MgSO, were also subjected to CP. Hemodynamic parameters were
measured using an intraventricular balloon, and myocardial infarct size was quantified using
triphenyltetrazolium chloride stain. TRPM?7 proteins in ventricular tissue were detected using
immunoblot analysis. FTY 720, but not NDGA, decreased CP-induced infarct size. Both
FTY720 and NDGA minimized the CP-induced elevation of left ventricular end-diastolic
pressure, but only FTY720 ultimately improved ventricular developed pressure. Mg?* pre-
treatment had effect neither on CP-induced infarct size, hemodynamic parameters during CP,
nor the level TRPM?7 protein expression in ventricular tissue. Overall, FTY720 attenuated
CP-induced myocardial damage, with potential therapeutic implications on Ca>*-mediated
cardiotoxicity. However, the cardioprotective mechanism of FTY720 seems to be unrelated

to TRPM7 channel modulation.
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Introduction

Abnormalities of calcium (Ca?") homeostasis underlie the pathophysiology of life-
threatening cardiovascular conditions such as myocardial injury and malignant arrhythmias
(Wagner et al. 2015). Ca?* paradox (CP) is a form of Ca’*-mediated myocardial injury that
may occur perioperatively in hearts temporarily subjected to Ca?*-deficient conditions such
as perfusion with Ca?*-free cardioplegic solutions (Zimmerman 2000). In other non-
perioperative situations, cardiac Ca?" paradox could occur in a subtle form and remain
relatively undetected in conditions of temporary Ca?* deficits. Unlike the myocardium
damage due to ischemia/reperfusion injury, CP can occur even with continuous tissue
perfusion (Mani et al. 2015, Piper 2000). During CP, the removal of extracellular Ca>*
induces cardiac intracellular- and intercellular molecular changes that make cardiomyocytes
susceptible to damage upon the re-introduction of extracellular Ca?" ions (Aggeli et al. 2013,
Hearse et al. 1978, Zimmerman 2000). Unfortunately, preventative options for CP remain
limited because the underlying mechanisms are not fully understood. The known
abnormalities in CP include myocardial ultra-structural damage mainly due to Ca?" overload
as well as due to cell-cell separation and ATP depletion, even in the absence of ischemia
(Kovacs et al. 2017, Mani et al. 2015, Piper 2000). The Ca?* overload in CP may occur via
Ca?"-selective channels such as L-type Ca** channels or secondary to Na* overload via the
action of the reverse-mode Na*/Ca?* exchanger (Guppy et al. 1999, Karmazyn et al. 1993,
Piper 2000). It has also been suggested to occur via Ca?*-permeable channels such as
transient receptor potential (TRP) channels (Bosteels et al. 1999, Kojima et al. 2010).

Fingolimod (FTY720) is a drug used in the treatment of multiple sclerosis, but some
studies have also demonstrated its ability to protect against cardiovascular conditions such as
ischemia/reperfusion myocardial injury (Hofmann et al. 2009, Santos-Gallego et al. 2016,

Vessey et al. 2013) and arrhythmias (Egom et al. 2010, Egom et al. 2015). Nonetheless, even
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in the context of ischemia/reperfusion injury, the effect of FTY720 is still not fully known
since both pro-arrhythmic and anti-arrhythmic effects of FTY720 have been observed in the
same disease model, depending on the timing of drug administration (Hofmann et al. 2010).
Furthermore, in ischemia/reperfusion injury models, FTY 720 has been shown either to
reduce infarct size (van Vuuren et al. 2016), to have no effect on infarct size, despite
hemodynamic improvements (Hofmann et al. 2009, Hofmann et al. 2010), or to have a dose-
dependent differential effect on functional recovery (van Vuuren et al. 2016).

The pathophysiological mechanisms of disease conditions such as
ischemia/reperfusion myocardial injury are distinctly different from that of CP (Piper 2000),
and as such the effect of FTY720 on CP-induced myocardial damage is unknown. FTY720 is
a sphingosine analogue. When protecting the heart against damage caused by
ischemia/reperfusion injury or arrhythmias, FTY720 has been shown to act through S1P
receptor-dependent mechanisms and activation of pro-survival kinases to protect the heart
(Ahmed et al. 2019, Egom et al. 2010, Hofmann et al. 2009, Hofmann et al. 2010, Santos-
Gallego et al. 2016). Interestingly, FTY 720 also acts via SI1P receptor-independent pathways
to protect the heart (Vessey et al. 2013). One of these mechanisms is via its inhibition of the
enzyme S1P lyase (Bandhuvula et al. 2005), the inhibition of which is linked to the
cardioprotection against ischemia/reperfusion injury (Bandhuvula et al. 2011). However,
FTY720 can also inhibit the Mg?*-sensitive, Ca**-permeable TRP melastatin 7 (TRPM7)
channels (Qin et al. 2013). The TRPM?7 channels mediate cellular entry of Ca?" and other
divalent cations (Gwanyanya et al. 2004, Monteilh-Zoller et al. 2003, Nadler et al. 2001).
Considering the major changes in Ca?* homeostasis that occur in several cardiac pathologies,
it is possible that FTY720 may also protect the heart via its modulation of these channels.

In this study, we therefore investigated the effect of FTY720 on CP-induced

myocardial damage. We also tested whether FTY 720 may act via inhibiting TRPM7 channels
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by using another chemically-unrelated TRPM?7 inhibitor nordihydroguaiaretic acid (NDGA)
(Chen et al. 2010) as well as Mg?*, given its intracellular inhibition of TRPM7 channels
(Gwanyanya et al. 2004, Monteilh-Zoller et al. 2003). TRPM7 channels were targeted
because they are a relatively new type of Ca**-permeable channels that are known to be
inhibited by fingolimod, and therefore can become therapeutic drug targets. As for Mg?", its
extracellular application is already known to protect against Ca?" paradox in guinea pig hearts
(Suleiman et al. 1993), so we tested for a different, intracellular effect of Mg?* on CP via

TRPM7 inhibition.
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Materials and methods

Animals

The study was approved by the Faculty of Health Sciences Animal Research Ethics
Committee of the University of Cape Town (AEC Protocol 014-014), and all research
involving animals was conducted according to the Canadian Council on Animal Care
(CCAC) guidelines and the Guide for the Care and Use of Laboratory Animals (8th edition,
National Academies Press). Adult male Wistar rats (250-300 g) were housed under
standardized conditions (12-hour light/dark cycle and temperature of 23°C) and had
unlimited access to rat chow and drinking water. Rats used to test Mg?" effects were injected
intraperitoneally (i.p.) with either MgSO, (270 mg/kg) or an equivalent volume of saline
daily for 7 consecutive days (Amoni et al. 2017b, Sameshima et al. 1999). The MgSO, salt
was chosen as it is more often clinically used than say MgCl, (Durlach et al. 2005), and also
offsets any enteral-route related toxicity when administered intraperitoneally as was done in
this study. For enteral administration, MgCl, would have been a better choice, given its lower
enteral toxicity profile (Durlach et al. 2005). In addition, the MgSO, pharmacokinetic profile
in rats has been determined in other tissue-protection studies (Sameshima et al. 1999). Mg?*
was administered as pre-treatment in vivo, rather than acutely on isolated hearts in order to
allow the Mg?* to enter cells and exert its TRPM?7 channel inhibitory effects from the
intracellular compartment (Gwanyanya et al. 2004, Monteilh-Zoller et al. 2003, Nadler et al.
2001). The experiments on Mg?*-treated rats were performed 24 hours after the final MgSO,

or saline injection to exclude direct extracellular effects of Mg?*.

Heart isolation and perfusion protocols

© The Author(s) or their Institution(s)
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Unless stated otherwise, chemicals were obtained from Sigma (Sigma-Aldrich, SA).
Hearts were removed for Langendorff perfusion as previously described (Araibi et al. 2020).
Briefly, rats were anticoagulated with heparin (500 I1.U./kg, i.p.) and anesthetized with
sodium pentobarbital (70 mg/kg i.p., Vertserv, SA). Hearts were rapidly removed and placed
in cold (4°C), filtered (Whatman filter paper, Sigma-Aldrich, SA), modified Krebs-Henseleit
(K-H) solution containing (in mmol/L): 118.5 NaCl, 4.7 KCI, 25 NaHCO3, 1.2 MgSO,,

1.8 CaCl,, 1.2 KH,PO,4 and 11 glucose; pH 7.4, gassed with 95%0, and 5%CO,). For
perfusion studies, the aorta was cannulated for retrograde perfusion with K-H solution
(maintained at 37°C) on a constant-pressure (74 mmHg) Langendorff perfusion apparatus
(Fig. 1A). To induce Ca?* paradox, a parallel Langendorff apparatus was used to deliver
Ca?'-free K-H solution, and this system converged with the main perfusion system via a 3-
way stop cock positioned above the aortic cannula (Fig. 1A). The Ca?*-free K-H solution was
made by excluding CaCl, from K-H solution and adding 0.5 mmol/L. EGTA.

Hearts used to test the effects of fingolimod (FTY720) and NDGA were randomly
assigned to 6 groups (Fig. 1B), whereas those used to test the effect of Mg?" were assigned to
4 groups (Fig. 4A), with each group named according to the perfusion- and drug
administration protocol used. Hearts were stabilized on the perfusion system for 20 minutes
prior to drug treatments. The CP protocol consisted of heart perfusion with Ca?*-free K-H
solution for 3 minutes, followed by the re-introduction of Ca?*-containing solution for 30
minutes (Bi et al. 2012). FTY720 (1 pmol/L) and NDGA (10 umol/L) were dissolved in
DMSO (final concentration < 0.01%) and administered for 5 minutes before the
commencement of the CP protocol. The concentrations of these drugs used are adequate to
inhibit TRPM?7 channels (Chen et al. 2010, Qin et al. 2013). The drugs were delivered into
the perfusate column through a 3-way stop cock using a syringe pump (Graseby 2100, Smith

Medical, SA; Fig 1A) set to run at 10% of the coronary flow rate in order to minimize

© The Author(s) or their Institution(s)
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disturbances in perfusion pressure. The concentration of the drug in the syringe was 10 times
higher than the final concentration to cater for the dilution by the main perfusion column. The
coronary flow rate was measured by timed collection of coronary effluent. At the end of

perfusion, hearts were stored at -20°C for infarct size measurements.

Hemodynamic parameter measurements

Left ventricular (LV) pressure was measured using a water-filled, intraventricular
balloon (Fig. 1A) mounted at the tip of a catheter connected to a blood pressure transducer
(MLT1199) and amplifier (Bridge Amp ML221, ADInstruments, Australia). The balloon was
inflated to a LV end-diastolic pressure (LVEDP) of 5—10 mmHg, and the balloon volume
was not altered thereafter. Hemodynamic parameters were recorded using the PowerLab data-
acquisition system and LabChart 7 software (ADInstruments, Australia) and were analyzed
using the LabChart 7 Pro BP module (ADInstruments, Australia). The LV developed pressure

(LVDP) was obtained as the difference between peak systolic pressure and LVEDP.

Infarct size measurements

Ventricles of frozen hearts were cut transversely into a series of 2-mm slices from
apex to base and thawed for 2,3,5-triphenyltetrazolium chloride (TTC) staining as previously
described (Amoni et al. 2017b, Araibi et al. 2020). Infarct size was measured as TTC-
negative area on the slices from each heart using ImageJ software (NIH, USA) and was

expressed as a percentage of the total ventricular area (Araibi et al. 2020).

Western immunoblotting

Western blot analysis was performed as previously described (Aboalgasm et al.

2021a, Aboalgasm et al. 2021b). Sections of frozen LV tissue (approximately 0.05 g) were

© The Author(s) or their Institution(s)
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homogenized on ice by sonication in a modified radioimmunoprecipitation assay (RIPA)
lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulphate, pH 7.4) containing a protease/phosphatase inhibitor cocktail
(HALT, Thermo Fisher Scientific, Rockford, USA). The samples were mixed on a vortex and
centrifuged at 15 000 g for 30 minutes at 4°C. The supernatant was decanted, and the protein
concentration was quantified using a BCA protein assay kit (Thermo Fisher Scientific,
Rockford, USA). Lysates were denatured at 95°C for 5 minutes in a mixture of Laemmli
buffer (Bio-Rad, SA), RIPA buffer, and diethyltritriol. Protein samples (40 ug) were
electrophoresed on 12% SDS-PAGE gels using a Mini-PROTEAN Tetra Cell system
(Bio-Rad, SA) and transferred to nitrocellulose membrane using a Trans-Blot turbo transfer
system (Bio-Rad, SA). Gel electrophoresis and protein transfer to membrane were confirmed
by Ponceau S staining. The membrane was blocked with 5% milk in 0.1% Tween-20
phosphate-buffered saline (PBS-T) at 4°C for 3 hours, and incubated with anti-TRPM7
mouse monoclonal primary antibody (1:8000, Abcam 85016, USA) in 5% milk PBS-T
overnight at 4°C. In the negative control, anti-TRPM7 antibody was excluded to rule out non-
specific binding of secondary antibody. The membrane was then washed in PBS-T and
incubated with horseradish peroxidase-linked goat anti-mouse secondary antibody (1:20 000,
Abcam 205719, USA) in 5% milk PBS-T for 1 hour at room temperature. Blots were
developed by adding an enhanced chemiluminescence substrate (Bio-Rad, SA) and exposure
to X-ray film. The film images were scanned and analysed using ImageJ software (NIH,
USA). The membrane was thereafter washed in water, stripped with 8% NaOH, blocked for 3
hours with 5% BSA in PBS-T, and re-probed with anti-f-actin mouse monoclonal primary
antibody (1:15000, Abcam 8226, USA) and goat anti-mouse secondary antibody (1:20 000,

Abcam 205719, USA).

© The Author(s) or their Institution(s)
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10

Plasma Mg2* measurements

Blood used for Mg?* measurements was collected at the time of excision of the heart
(24 hours after the final MgSO, or saline injection). The blood was centrifuged to obtain
plasma, from which ionized Mg?* concentration was measured using photometric assays

(Beckman AU, PathCare, SA) as previously described (Amoni et al. 2017a).

Data analysis

Data are expressed as mean and standard error of mean (SEM), with n indicating the
number of rats studied under each condition. Statistical analysis was conducted using
Statistica (v.13). Differences among multiple groups were evaluated using analysis of
variance (ANOVA) and Tukey’s post-hoc test or repeated-measures ANOVA. Differences
between two independent groups were compared using unpaired #-test. P < 0.05 was

considered statistically significant.

© The Author(s) or their Institution(s)
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Results

Effects of FTY720 and NDGA on CP-induced infarct size
Representative images of TTC-stained ventricular slices (Fig. 2A) show a
prominent TTC-negative ventricular area in the CP heart compared to that in the control

heart, which is indicative of CP-induced myocardial damage. The application of FTY720

11

(1 pmol/L), but not NDGA (10 pmol/L), significantly decreased CP-induced infarct size from

64.6 = 5.3% t0 39.0 + 6.8% (P = 0.001; Fig. 2B). The sizes of background infarcts due to
handling artefacts in non-CP hearts (i.e., control and drug only treated hearts) were not
significantly different from each other (P = 0.78) but were significantly smaller than the

infarcts in CP hearts (P < 0.001; Fig. 2B).

Effects of FTY720 and NDGA on CP-induced hemodynamic parameters

A typical CP protocol (Fig. 3A) produced a complete loss of ventricular force of
contraction and an elevation of LVEDP during the periods of Ca?" depletion and Ca*"
repletion (LVEDP: P < 0.001 for CP vs. control; Fig. 3B), whereas the ventricular force of
contraction and LVEDP in control, non-CP hearts remained relatively stable over the
duration of perfusion. Although there was still an elevation of LVEDP due to CP, both
FTY720 and NDGA decreased the extent of CP-induced elevation of LVEDP compared to
CP alone (P =0.039 for FTY720 + CP vs. CP and P = 0.020 for NDGA + CP vs. CP;
Fig. 3B). However, only FTY720 significantly improved LVDP during CP (P = 0.029,
FTY720 + CP vs. CP; Fig. 3C). In the absence of CP, neither FTY720 nor NDGA altered

LVDP compared to control (P = 0.90; Fig. 3C). However, FTY720 alone increased LVEDP

in the absence of CP compared to control (P = 0.003), but this increase was still significantly

lower than the LVEDP in CP (Fig. 3B). Neither CP nor the application of drugs (FTY720 or

© The Author(s) or their Institution(s)
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NDGA) had statistically significant effect on coronary flow rate compared to control

(P =0.40; Fig. 3D).

Effect of Mg?* on CP

We also tested effects of Mg?" as an additional type of TRPM7 channel inhibitor. This
ion has a different inhibitory action since it acts intracellularly as compared to the
extracellular effects of FTY720 and NDGA. Mg?* pre-treatment did not significantly alter
CP-induced infarct size (50.7 + 3.7% for CP vs. 50.2 + 4.1% for Mg>" + CP, P =0.98;
Fig. 4B and Fig. 4C). The sizes of background infarcts in non-CP hearts were not
significantly different from each other (infarct size: 7.4 + 0.5% for control vs. 6.4 £+ 0.5% for
Mg?* pre-treated, P = 0.90), but were significantly smaller than the infarcts in CP hearts
(P <0.001, CP vs. control or Mg?*; Fig. 4B and Fig. 4C). Mg?" pre-treatment also did not
reverse the CP-induced changes in LVEDP or LVDP (Fig. 4D and Fig. 4E). In the absence of
CP, pre-treatment with Mg?* had no significant effect on LVDP or LVEDP (Fig. 4D and Fig.
4E). Furthermore, Mg?* concentration was measured to verify plasma normomagnesemia at
the time of CP experiments. The plasma Mg?* concentration was not significantly different
between Mg?" pre-treated rats and controls (0.87 £ 0.03 mmol/L for control vs. 0.93 + 0.04

mmol/L for Mg?* pre-treated; P = 0.62, n = 5 rats per group).

TRPM?7 immunoblotting

In order to verify the presence of TRPM7 channels and the possible modulation by
Mg?* pre-treatment in the rat hearts used in our experiments, TRPM7 immunoblotting was
performed in ventricular tissue. Images of western blot analysis (Fig. 5SA) showed the
immune-detection of both TRPM7- and the loading control B-actin proteins in cardiac LV

tissue. In contrast, the TRPM?7 signal was virtually undetectable in the negative controls in

© The Author(s) or their Institution(s)
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which the anti-TRPM7 primary antibody was omitted (P = 0.003 vs. TRPM7; n = 6 rats per
group; result not illustrated). The intensity of the TRPM7 bands on films appeared similar in
ventricular tissue of control rats and Mg?* pre-treated rats (Fig. 5A). As such, there was no
statistically significant difference in the level of TRPM?7 protein expression between

ventricular tissue of control- and Mg?* pre-treated rats (P = 0.43; Fig. 5B).
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Discussion

CP represents a unique, Ca?*-related threat to perioperative cardiovascular tissue
survival, even in the absence of ischemia (Piper 2000, Zimmerman 2000). The results of the
present study showed that FTY 720, but not NDGA nor Mg?*, decreased CP-induced infarct
size and improved LV functional recovery.

In this study, FTY 720 was partially effective at rescuing contractile function of the
heart during CP as was evidenced by improved LVDP; minimized cardiac tissue death from
CP-induced myocardial injury as was evidenced by the reduction in infarct size; and reduced
the extent of dysfunctional contractures as was indicated by decreased LVEDP during CP.
Although some studies have demonstrated cardioprotective effects of FTY720 in models of
ischemia/reperfusion injury and cardiac arrhythmia, this cardioprotective effect of FTY720
during CP seems to be a novel finding since there were no previous reports that we could find
that specifically addressed the effect of FTY720 on CP. However, we also noticed that
FTY720, on its own, increased LVEDP by the end of perfusion compared to control hearts.
The reason for this increase was not clear, but other studies showed that the infusion of
FTY720 in conscious rodents increased mean arterial pressure (Forrest et al. 2004), and that
FTY720, when orally administered, induced hypertension in rodents (Fryer et al. 2012). In
contrast, in healthy human subjects, FTY 720 induced transient decreases in mean arterial
pressure (Schmouder et al. 2006). Such effects of FTY720 on blood pressure as well as the
induction of bradycardia (Faber et al. 2013) therefore constitute important side effects to be
recognized in the utility of the drug in cardioprotection. Nonetheless, the increase in LVEDP
by FTY720 observed in the present study did not undermine the overall improvement of
LVDP during CP.

The mechanism underlying the cardioprotective effect of FTY720 during CP is

unclear since the inhibition of TRPM7 channel did not seem to mediate the effect. In our

© The Author(s) or their Institution(s)
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288  study, there was a lack of cardioprotection against CP by NDGA, a chemical which, similar
289  to FTY720, inhibits the Ca?"-permeable TRPM?7 channels at the doses administered (Chen et
290 al. 2010, Qin et al. 2013). The lack of NDGA effect was despite the presence of TRPM7

291  protein in the rat hearts used in our experiments as was confirmed by the positive TRPM7
292  immunoblots in LV tissue. Consistent with the findings from another study (Murphy et al.
293  1995), in our study, NDGA, on its own, had no detrimental effects on cardiac hemodynamic
294  function, but rather stabilized LVEDP during CP. However, NDGA was also shown to impair
295  protective effects of cardiac preconditioning via the lipoxygenase pathway (Murphy et al.
296  1995) but such a mechanism may not be relevant to CP since the inhibition of TRPM7

297  channels by NDGA is lipoxygenase-independent (Chen et al. 2010). Furthermore, in our
298  study, Mg?" pre-treatment did no alter CP, suggesting that the intracellular inhibitory effect of
299  Mg?* on TRPM7 channels did not modulate CP. The protective effect of acute extracellular
300 Mg?" against CP observed in guinea pig hearts (Suleiman et al. 1993) is different from an
301 intracellular inhibition of TRPM7 channels, and therefore would not be applicable in the
302  present study since the plasma Mg?" concentration had reverted to normal at the time of CP
303  experiments as was verified by Mg?" assays. Taken together, our results suggest that the

304  cardioprotective effect of FTY 720 during CP may be unrelated to the inhibition of TRPM7
305  channels. The possible contribution to CP of other TRP channels that belong to the same
306  melastatin subfamily as TRPM?7 channels such as TRPM4 is not known. TRPM4 channels
307 are highly selective for monovalent cations such as Na* (Launay et al. 2002), and it has been
308  proposed that the monovalent cation influx through them could induce membrane

309  depolarisation that may, in turn, cause Ca?* influx via Ca**-permeable channels, thereby

310  modulating cardiac activity (Alonso-Carbajo et al. 2017). However, there is no evidence yet
311 to support this possibility for Ca?* influx through TRPM7 channels, which would otherwise

312  berelevant in CP. In addition, such an effect would most likely affect voltage-gated Ca?*-
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permeable channels, rather than TRPM?7 channels, for which the gating is voltage-
independent (Gwanyanya et al. 2004, Monteilh-Zoller et al. 2003, Nadler et al. 2001).

Most of what is currently known about the cardiac effects of FTY720 relates to the
models of ischemia/reperfusion injury. Although Ca?" dysregulation may be involved in both
ischemia/reperfusion injury and Ca?" paradox, these conditions are different. Ca?* paradox is
not often easily recognised as it presents with some features similar to those of
ischemia/reperfusion injury (Hearse et al. 1978), yet it is a detrimental clinical entity that
occurs even in the absence of an ischemic insult (Aggeli et al. 2013, Hearse et al. 1978,
Zimmerman 2000). Furthermore, given that Ca?" paradox represents a complication of
temporary Ca?" deficit, but, at the same time, Ca?" abnormalities are known to affect a
plethora of cellular functions, its manifestation could be missed and attributed to other well-
known Ca**-related cellular events. However, an important limitation in studying Ca?*
paradox (as was done in the present study) is that the standard experimental protocol of
extracellular Ca?" exclusion is extreme and unphysiological, but at the same time, it has the
advantage that it amplifies and quickens the subtle tissue damage that would otherwise occur
undetected whenever there is a temporary Ca?* deficit (Piper 2000). Our results, therefore,
show the potential of FTY720 as a cardioprotective agent against Ca?" paradox, a novelty that
has not been described in Ca?* paradox. This FTY720 effect on CP is therefore different from
the FTY 720 modulation of other cardiac conditions such as ischaemia/reperfusion injury.
However, the exact mechanism underlying the protective effect of FTY720 against CP was
not established in the present study.

In conclusion, the results of this study showed that FTY720, but not NDGA or Mg?*,
partially reduced CP-induced myocardial damage and improved cardiac contractile function.
Clinically, given that FTY720 is already being used in the treatment of multiple sclerosis, this

cardioprotective effect may represent a novel therapeutic role of the drug (or in combination
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with other protective drugs) in attenuating CP-induced myocardial damage during
perioperative cardiac perfusion. The results suggest that the cardioprotective action of
FTY720 during CP may be unrelated to the inhibition of TRPM?7 channels, but the exact

underlying mechanism still requires further investigation.
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Legends to figures

Fig. 1. Heart perfusion set up and experimental groups. Schematic diagram of the perfusion
apparatus and drug administration set up (A). Experimental groups as determined by the
cardiac perfusion protocols (B). Each drug, nordihydroguaiaretic acid (NDGA), FTY720 or
vehicle (DMSO) was administered at steady-state, after a period of stabilization.

Abbreviation: CP, Ca?* paradox.

Fig. 2. Effects of NDGA and FTY720 on Ca?" paradox-induced infarcts. Representative
images of 2,3,5-triphenyltetrazolium chloride (TTC) stained mid-ventricular slices of hearts
subjected to various drug treatment- and perfusion protocols (A). Viable myocardium appears
darker (TTC-positive) compared to the myocardium with irreversible infarcts that appears
pale (TTC-negative). Infarct size, expressed as % of total the ventricular area (B). Values are
presented as mean + SEM; n = 6 rats per group; ***P < (0.001 vs. control; **P = 0.003 vs.

control; #P =0.001 vs. CP. Abbreviations: FTY, FTY720; CP, Ca’>" paradox.

Fig. 3. Effects of NDGA and FTY720 on Ca?" paradox-induced hemodynamic changes.
Screenshot images of typical left ventricular (LV) pressure recordings in control- and Ca?*
paradox hearts (A). Summary data of LV end-diastolic pressure (LVEDP), LV developed
pressure (LVDP), and coronary flow rate (B-D). The parameters were measured at the
beginning (baseline) and at the end of the perfusion protocols from different hearts [0,
control; @, Ca?" paradox (CP); 0, nordihydroguaiaretic acid (NDGA); m, NDGA + CP; A,
FTY720 (FTY); A, FTY720 + CP]. Values are presented as mean £ SEM; n = 6 rats per
group; ***P < (0.001 for CP vs. control; **P = 0.008 for FTY720 + CP vs. control or

P =0.006 for NDGA + CP vs. control; *P = 0.039 for FTY720 + CP vs. CP or P = 0.020 for
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NDGA + CP vs. CP; 3P =0.029 for FTY720 + CP vs. CP; n.s., not statistically significant

(P = 0.40).

Fig. 4. Effect of Mg?* pre-treatment on Ca>" paradox. Experimental groups as determined by
the type of pre-treatment and cardiac perfusion protocols (A). Abbreviations: Mg, Mg?*; i.p.,
intraperitoneal; CP, Ca?" paradox. Representative images of TTC-stained mid-ventricular
slices of hearts from different experimental protocols (B). Infarct size, expressed as % of the
ventricular area (C). Left ventricular (LV) hemodynamic parameters [LV end-diastolic
pressure (LVEDP) and LV developed pressure (LVDP)] measured at baseline and at the end
of the perfusion protocol in the various groups of hearts [0, control; o, Mg?*; e, CP; m, Mg?*
+ CP] (D-E). Values are presented as mean + SEM; n > 6 rats per group; ***P < 0.001 for

Mg + CP or CP vs. control; **P =0.001 for Mg + CP vs. control.

Fig. 5. TRPM7 protein expression in ventricular tissue. Representative Western blot film
images of TRPM7 and B-actin in left ventricular tissue of control (untreated) rats and Mg>*-
pre-retreated rats (A). Summary data of TRPM7 protein expression, relative to that of B-actin
(B). Values are presented as mean + SEM; n = 6 rats per group; n.s., not statistically

significant (P = 0.43). Abbreviation: TRPM?7, transient receptor potential melastatin 7.
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