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Abstract Remote ischemic preconditioning is a well reported
therapeutic strategy that induces cardioprotective effects but
the underlying intracellular mechanisms have not been widely
explored. The current study was designed to investigate the
involvement of TRP and especially TRPV channels in remote
hind limb preconditioning-induced cardioprotection. Remote
hind limb preconditioning stimulus (4 alternate cycles of in-
flation and deflation of 5 min each) was delivered using a
blood pressure cuff tied on the hind limb of the anesthetized
rat. Using Langendorff’s system, the heart was perfused and
subjected to 30-min ischemia and 120-min reperfusion. The
myocardial injury was assessed by measuring infarct size,
lactate dehydrogenase (LDH), creatine kinase (CK), LVDP,
+dp/dtmax, −dp/dtmin, heart rate, and coronary flow rate.
Gadolinium, TRP blocker, and ruthenium red, TRPV channel
blocker, were employed as pharmacological tools. Remote
hind limb preconditioning significantly reduced the infarct
size, LDH release, CK release and improved coronary flow
rate, hemodynamic parameters including LVDP, +dp/dtmax,
−dp/dtmin, and heart rate. However, gadolinium (7.5 and
15mg kg−1) and ruthenium red (4 and 8mg kg−1) significantly
attenuated the cardioprotective effects suggesting the involve-
ment of TRP especially TRPV channels in mediating remote
hind limb preconditioning-induced cardioprotection. Remote
hind limb preconditioning stimulus possibly activates TRPV
channels on the heart or sensory nerve fibers innervating the
heart to induce cardioprotective effects. Alternatively, remote
hind limb preconditioning stimulus may also activate the
mechanosensitive TRP and especially TRPV channels on

the sensory nerve fibers innervating the skeletal muscles to
trigger cardioprotective neurogenic signaling cascade. The
cardioprotective effects of remote hind limb preconditioning
may be mediated via activation of mechanosensitive TRP and
especially TRPV channels.
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Introduction

Remote ischemic preconditioning is an intrinsic treatment ap-
proach whereby alternate cycles of short ischemic episodes
followed by reperfusion to a remote organ (other than heart)
protect the target organ (heart) against sustained ischemia-
reperfusion injury (Przyklenk and Whittaker 2013;
Randhawa et al. 2015). Our own laboratory studies have impli-
cated that delivery of brief episodes of ischemia and reperfu-
sion to the organs including kidney (Kant et al. 2008; Diwan
et al. 2008), abdominal aorta, and mesenteric arteries increases
the ischemic tolerance of the tissues against prolonged ische-
mic insult (Rehni et al. 2007). Currently, remote limb precon-
ditioning treatment strategy is increasingly being recognized
worldwide due to its non-invasive nature and greater ischemic
tolerance of the skeletal tissues in comparison to the other vital
organs of the body (Kalogeris et al. 2012). It is clinically appli-
cable and has been employed to reduce post-operative myocar-
dial injury in patients undergoing various surgical interventions
including coronary artery bypass graft surgery, abdominal aor-
tic aneurysm repair, and heart valve surgery etc. (Ali et al.
2010). Therefore, in the present study, remote hind limb pre-
conditioning (a blood pressure cuff tied around the hind limb)
stimulus has been employed to investigate the possible involve-
ment of mechanosensitive channels in mediating remote hind
limb preconditioning-induced cardioprotective effects.
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Mechanosensitive channels are membrane proteins capable
of mechanotransduction and have the ability to transduce ex-
ternal mechanical stimuli into intracellular signals (Haswell
et al. 2011). Opening of these channels allows passage of ions,
including Na+ and Ca2+, and regulates a variety of cellular
functions including osmoregulation, touch, hearing, etc.
(Hamill and Martinac 2001). TRP and TRPV channels are
sub-type of mechanosensitive ion channels that are relatively
more permeable to Ca2+ ions and also sense broad spectrum of
chemical and physical stimuli including heat, low pH, and
hypotonicity (Zheng 2013; Randhawa and Jaggi 2015).
Mechanosensitive channels are widely distributed in the body
regions such as the heart (Kim 1992; Friedrich et al. 2012),
brain, colon, sensory nerves, lungs, urinary bladder, prostate
glands, and vascular smooth muscles (Davis et al. 1992; Su
et al. 2000; Choi et al. 2015). In the cardiovascular system,
mechanosensitive channels are localized on vascular endothe-
lial cells, aorta, atria, ventricles, coronary blood vessels
(Craelius et al. 1988; Nilius et al. 1997; Lehoux and Tedgui
2003), and sensory nerves innervating the heart (Shenton and
Pyner 2014). TRPV channels are also located on the heart,
sensory nerve endings, sciatic nerve, and skeletal muscles
(Schultz 2003; Fischer et al. 2003).

Apart from the well-documented functional role of
mechanosensitive channels in osmoregulation, pain, and hear-
ing regulation, the studies have shown the important role of
these channels in regulating cardiovascular function (Bett and
Sachs 1997; Friedrich et al. 2012). Previous studies have doc-
umented the role of these channels in mediating ischemia-
reperfusion injury (Hao et al. 2010), ischemic preconditioning
(Gysembergh et al. 1998), and post-conditioning (Babiker
et al. 2010) indicating the fundamental role of these channels
in regulating cardioprotective signaling. TRPV channels are
primarily transducers of pain and have the ability to sense pain
sensation induced by various chemical/thermal/mechanical
stimuli (Levine and Alessandri-Haber 2007). Besides, activa-
tion of these channels during ischemic preconditioning (Zhong
and Wang 2007; Lu et al. 2014) and post-conditioning elicits
cardioprotective effects indicating their important role in medi-
ating cardioprotection. However, the role of TRP and TRPV
channels inmediating remote hind limb preconditioning-induced
cardioprotection has not been described yet. Therefore, the pres-
ent studywas designed to investigate the possible involvement of
TRP and TRPV channels in mediating remote hind limb
preconditioning-induced cardioprotection in rat hearts.

Material and methods

Animals

Wistar albino rats (150–200 g) were employed for the present
study. The animals were procured from Lala Lajpat Rai

University of Veterinary and Animal Science, Hisar, and were
fed on standard laboratory diet (Kisan Feeds Ltd., Chandigarh,
India) and had free access to water and food. The experimental
protocol was approved by Institutional Animal Ethics
Committee, and care of the animals was carried out as per
the guidelines of Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Ministry
of Environment and Forest, Government of India (Reg. No.
107/99/CPCSEA/2013–37).

Drugs and chemicals

Ruthenium red and gadolinium sulfate were procured from SD
Fine-Chem Limited, Maharashtra (India). Creatine phosphoki-
nase (CK) estimation kit was procured from Agappe
Diagnostics Limited, Kerala (India). All other chemicals were
of analytical grade and were obtained from S D Fine-Chem
Limited, Maharashtra (India). Both ruthenium red and gadolin-
ium sulfate were dissolved in distilled water. The doses of
ruthenium red and gadolinium sulfate were selected based on
the previous literature reports (Du et al. 2010; Kyriakou et al.
2013; Chen et al. 2016) and pilot studies. Previous reports have
indicated that gadolinium in salt form (10 mg/kg) protects the
liver against acute radiation-induced damage (Du et al. 2010),
acute-cadmium induced toxicity (Kyriakou et al. 2013), and
ischemia-reperfusion induced injury (Chen et al. 2016).
However, if the dose of gadolinium salt increases, i.e.,
0.07–0.35 mmol/kg (40–210 mg/kg), it may induce hepatocel-
lular and splenic necrosis in rats (Spencer et al. 1997). The dose
of ruthenium red (5mg/kg) as a TRPV channel blocker has also
been selected based on the previous literature reports and pilot
studies (Perretti and Manzini 1993). However, if the dose of
ruthenium red is increased to ≥20 mg/kg, it may induce hepa-
totoxicity in rats (Ortiz et al. 1992).

Remote hind limb preconditioning

Rat was anesthetized with thiopental sodium (35 mg kg−1,
i.p.). Hind limb preconditioning stimulus was delivered non-
invasively by tying the blood pressure cuff at the inguinal
level, inflating with air up to 150 mm of Hg to produce ische-
mia in the limb followed by release of the pressure to reperfuse
the tissue. Four brief consecutive cycles of ischemia-
reperfusion were delivered by alternatively inflating (up-to
supra-systolic pressure levels) and deflating the blood
pressure cuff for 5 min each (Wever et al. 2011; Zhang et al.
2012).

Retrograde heart perfusion according to Langendorff’s
technique

Rat was heparinized (500 IU, i.p.) 20 min before sacrificing
the animal, and the heart was rapidly excised and immediately
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mounted on the Langendorff apparatus (Langendorff 1885).
In the Langendorff perfusion apparatus, the heart is perfused
retrogradely by cannulating the aorta. The perfusate flows
retrogradely (opposite to normal physiologic flow) down the
aorta and closes the aortic valve. The perfusate passes through
the vascular bed before being drawn off via the coronary veins
to the coronary sinus in the right atria without filling the ven-
tricular chambers with the perfusate. Langendorff perfusion
apparatus is simple to operate, exhibits reproducible results,
and has exquisite ability to study isolated organs including
heart. Isolated heart was retrogradely perfused at constant
pressure of 70 mmHg with Kreb’s Henseleit solution, pH
7.4, maintained at 37 °C, bubbled with 95 % O2 and 5 %
CO2. Flow rate was between 7 and 8 ml/min. The heart was
enclosed in a double wall jacket, the temperature of which was
maintained by circulating water maintained at 37 °C. Global
ischemia was produced for 30 min by blocking the inflow of
Krebs Henseleit solution, and it was followed by reperfusion
for 120 min. The left ventricular developed pressure, +dp/
dtmax, −dp/dtmin and heart rate was recorded using a fluid filled
latex balloon that was inserted into the left ventricle and was
connected to a pressure transducer (AD instruments,
Australia). These parameters were assessed before subjecting
to global ischemia (basal) and during different times of reper-
fusion, i.e., immediate, 5, 30, 60, and 120 min. Coronary
effluent was also collected before global ischemia (basal)
and during different times of reperfusion, i.e., immediate, 5
and 30 min after reperfusion for biochemical estimations.
Coronary flow rate was also measured at different time inter-
vals to assess the degree of injury to coronary vasculature.

Estimation of infarct size

The heart was removed from the Langendorff apparatus. The
heart was kept overnight at 0 °F (−18 °C), and the frozen heart
was sliced into uniform sections of 2–3-mm thickness. The
slices were incubated in 1 % triphenyltetrazolium chloride
(TTC) at 37 °C in 0.2 M Tris buffer (pH 7.4) for 20 min.
TTC is converted to red formazone pigment by NADH and
dehydrogenase enzyme, and therefore, the viable cells are
stained deep red. On the other hand, the infarcted cells
remained unstained or dull yellow due to loss of enzymes
and cofactors (Vivaldi et al. 1985). The heart slices were
placed between two glass plates and a transparent plastic grid
with 100 squares in 1 cm2 was placed. The average area of
slices was calculated by counting the number of squares on
either side. Accordingly, the numbers of squares falling over
non-stained dull yellow area and red stained area were count-
ed. The infarct size was expressed as percentage of average
area on both slides of the slice. Afterwards, all the infarcted
dull yellow parts of heart slices were separated from the red
stained slices. Infarct size was expressed as a percentage of
total heart weight (Diwan et al. 2008). A blind analysis of

infarct size was carried out by both weight method and vol-
ume method.

Evaluation of lactate dehydrogenase

Lactate dehydrogenase (LDH) levels were estimated in the
samples of coronary effluent collected at different times of
reperfusion i.e. immediate, 5 min and 30 min after reperfusion
using 2, 4 DNPH method. Limit of detection of LDH was
150 IU/L (King 1959).

Evaluation of creatine kinase

The CK levels were estimated in the samples of coronary
effluent collected at different times of reperfusion, i.e., imme-
diate and 5 min after reperfusion using a commercial diagnos-
tic kit (Guzy 1977). Limit of detection of creatine kinase was
20 IU/L.

Experimental protocol

The following groups, each comprising six Wistar albino rats,
were employed in the present study:

Group I (Control): Rat heart was isolated and perfused
on the Langendorff system and was allowed to stabilize
for 10 min. Afterwards, the heart was subjected to global
ischemia for 30 min followed by reperfusion for 120 min.
Group II (Sham): A blood pressure cuff was tied on the
hind limb of the anesthetized rat, without inflation or
deflation. After 40 min, the rat heart was isolated and
perfused on the Langendorff apparatus. The heart was
allowed to stabilize for 10 min followed by subjection
to global ischemia for 30 min and 120 min reperfusion.
Group III (Remote limb preconditioning): A blood
pressure cuff was tied on the hind limb of anesthetized
rat and was inflated to produce ischemia in the hind limb
and deflated to reperfuse the limb. Four episodes of is-
chemia and reperfusion, each comprising of 5 min of
inflation and 5 min of deflation, were used to produce
remote limb preconditioning. Immediately after the last
episode of remote preconditioning, the heart was isolated
and subjected to 30 min global ischemia followed by
120 min reperfusion as described in group I.
Groups IVand V (Ruthenium red 4 and 8mg kg−1 i.p.
in remote hind limb preconditioning): Rat was admin-
istered 4 or 8 mg kg−1 ruthenium red 30 min before car-
rying out remote hind limb preconditioning. After the last
episode of remote hind limb preconditioning, the heart
was subjected to ischemia and reperfusion as described
in group I.
Group VI and Group VII (Gadolinium 7.5 and
15 mg kg−1 i.p. in remote hind limb preconditioning):
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Rat was administered gadolinium 7.5 or 15 mg kg−1

30 min before carrying out remote hind limb precondi-
tioning. After remote hind limb preconditioning, the heart
was subjected to ischemia and reperfusion as described in
group I.
Group VIII (Vehic le in remote hind l imb
preconditioning): Rat was administered saline
30 min before isolating and perfusing the rat heart on
Langendorff apparatus. Afterwards, the heart was sub-
jected to ischemia and reperfusion as described in
group I.

Statistical analysis

The results were expressed as mean ± standard deviation
(S.D.). Statistical analysis for LDH, CK, LVDP, +dp/dtmax,
−dp/dtmin, and coronary flow rate and heart rate was done
using two way repeated ANOVA, while the results of infarct
size were analyzed by one-way ANOVA followed by
Bonferroni’s test for post hoc analysis. A value of p < 0.05
was considered to be statistically significant.

Results

Administration of vehicle in remote hind limb preconditioning
did not affect infarct size, heart rate, LDH release, CK release,
LVDP, +dp/dtmax, −dp/dtmin, and coronary flow rate.

Effects of ischemia-reperfusion injury, remote hind limb
preconditioning, gadolinium and ruthenium red on infarct
size

In the present investigation, 30 min of ischemia and
120 min reperfusion produced significant myocardial inju-
ry in isolated rat hearts in terms of infarct size, both by
weight and volume method. Four consecutive cycles of
remote hind limb preconditioning significantly attenuated
ischemia-reperfusion-induced increase in myocardial in-
farct size. However, administration of gadolinium (7.5
and 15 mg kg−1) and ruthenium red (4 and 8 mg kg−1)
significantly abolished remote hind limb preconditioning-
induced decrease in infarct size (Figs. 1 and 2).

Effect of ischemia-reperfusion injury, remote hind limb
preconditioning, gadolinium and ruthenium red on LDH
release in the coronary effluent

Sustained ischemia of 30 min and 120 min of reperfusion
produced significant increase in LDH release in the coronary
effluent at various time periods of reperfusion, i.e., immedi-
ately and 30 min after reperfusion, as compared to basal.

Remote hind limb preconditioning significantly abolished
ischemia-reperfusion-induced increase in LDH release in the
coronary effluent. However, administration of gadolinium
(7.5 and 15 mg kg−1) and ruthenium red (4 and 8 mg kg−1)
significantly attenuated remote hind limb preconditioning-
dependent decrease in LDH release (Fig. 3).

Effect of ischemia-reperfusion injury, remote hind limb
preconditioning, gadolinium and ruthenium red on CK
release in the coronary effluent

Sustained ischemia of 30 and 120 min of reperfusion pro-
duced significant increase in CK release in the coronary efflu-
ent at 5 min of reperfusion, as compared to basal. Remote hind
limb preconditioning significantly abolished ischemia-
reperfusion-induced increase in CK release in the coronary
effluent. However, administration of gadolinium (7.5 and
15mg kg−1) and ruthenium red (4 and 8mg kg−1) significantly
attenuated remote hind limb preconditioning-dependent
decrease in CK release (Fig. 4).

Effect of ischemia-reperfusion injury, remote hind limb
preconditioning, gadolinium and ruthenium red on LVDP,
+dp/dtmax, −dp/dtmin

Sustained ischemia of 30 min in the isolated rat hearts pro-
duced significant decrease in LVDP, +dp/dtmax, −dp/dtmin

during the reperfusion period. Remote hind limb precondi-
tioning markedly improved LVDP, +dp/dtmax, −dp/dtmin

during the reperfusion period in the isolated rat hearts.
However, remote hind limb preconditioning dependent im-
provement in LVDP, +dp/dtmax, −dp/dtmin during the reper-
fusion period was significantly abolished in the presence of
gadolinium (7.5 and 15 mg kg−1) and ruthenium red (4 and
8 mg kg−1) (Table 3).

Effect of ischemia-reperfusion injury, remote hind limb
preconditioning, gadolinium and ruthenium red on heart
rate and coronary flow rate

Sustained ischemia of 30 min in the isolated rat hearts pro-
duced significant decrease in heart rate and coronary flow rate
during the reperfusion period. Remote hind limb precondi-
tioning markedly improved heart rate and coronary flow rate
during the reperfusion period in the isolated rat hearts.
However, remote hind limb preconditioning dependent im-
provement in heart rate and coronary flow rate during the
reperfusion period was significantly abolished in the presence
of and gadolinium (7.5 and 15 mg kg−1) and ruthenium red
(4 and 8 mg kg−1) (Tables 1, 2, and 3).
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Discussion

In the present study, 30 min of global ischemia and 120 min of
reperfusion induced significant ex vivo ischemia-reperfusion
injury in isolated rat hearts in terms of increased release of
LDH and CK (biochemical markers of myocardial injury) in
the coronary effluent. Myocardial cell damage due to
ischemia-reperfusion injury leads to release of myocardial en-
zymes from the cell. LDH is an enzyme that catalyzes the
inter-conversion of pyruvate to lactate, with simultaneous
inter-conversion of NADH to NAD+. It exists in five different

isoforms, i.e., LDH-1-LDH-5, but LDH-1 isoform is predom-
inantly expressed in the heart (Kemp et al. 2004). As various
LDH enzyme isoforms are expressed throughout the body, the
quantitative estimation of LDH-1 is the true indicator of myo-
cardial injury. CK is an enzyme expressed in a variety of living
cells to catalyze the reversible conversion of creatine to phos-
phocreatine and ADP utilizing an ATP molecule. Although
CK enzyme exists in three isoforms, i.e., CK-MM, CK-MB,
CK-BB, yet CK-MB isoform is exclusively expressed in the
heart muscle and evaluation of CK-MB isozyme would be
clear determinant of myocardial injury (Kemp et al. 2004).
However, in the present ex-vivo study, the isoform specific
forms of LDH and CK were not determined as there was no
interference from any other organ and LDH and CK release
was determined from the isolated rat heart itself.

In the present study, ischemia-reperfusion injury also led to
functional impairment in terms of decrease in contractility
parameters including LVDP, +dp/dtmax, −dp/dtmin and heart
rate. LVDP is the pressure generated in the left ventricle of
the heart; left ventricular dp/dt is the first derivative of left
ventricular pressure; its peak value +dp/dtmax represents max-
imum derivative of change in the systolic pressure over time,
and −dp/dtmin represents minimum derivative of change in the
diastolic pressure over time (Hamlin and del Rio 2012).
Furthermore, in the present study, evaluation of the infarct size
by weight and volume method using TTC staining revealed a
significant increase in the infarct size after being subjected to
sustained ischemia-reperfusion injury. A significant decrease
in coronary flow rate during the reperfusion phase was also
observed indicating injury to the coronary vasculature.

However, remote hind limb preconditioning remarkably
attenuated ischemia-reperfusion-induced LDH, CK release,
increase in infarct size and improved the contractility param-
eters including LVDP, +dp/dtmax, −dp/dtmin, and heart rate.
Our previous laboratory studies have shown that the peak
release of LDH and CK takes place immediately and 5 min
after reperfusion, respectively (Diwan et al. 2008, Kant et al.
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2008). Therefore, in the present study, these biochemical pa-
rameters were assessed at those particular time periods of re-
perfusion. Administration of gadolinium (7.5 and 15mg kg−1)
prior to remote hind limb preconditioning significantly atten-
uated remote hind limb precondit ioning-induced
cardioprotective effects in the isolated rat hearts. The attenua-
tion of remote hind limb preconditioning-induced
cardioprotection in the presence of gadolinium suggests the
important role of TRP (a type of mechanosensitive channels)
in mediating remote hind limb preconditioning induced
cardioprotection. Mechanosensitive channels are localized
on different regions of the heart including vascular endothelial
cells, aorta, atria, ventricles (Yao et al. 2003), coronary blood
vessels (Nilius et al. 1997; Lehoux and Tedgui 2003), and
sensory nerves innervating the heart (Xian Tao et al. 2006;
Hayabuchi et al. 2011; Shenton and Pyner 2014). These chan-
nels are sensitive to mechanical stretch, and there have been
studies suggesting the key role of these stretch activated chan-
nels in mediating ischemic preconditioning-induced
cardioprotection (Ovize et al. 1994; Obadia et al. 1997;
Nakagawa et al. 1997; Gysembergh et al. 1998). The opening
of these channels leads to inward movement of monovalent

and divalent cations including Na+, K+, and Ca2+ ions (Davis
et al. 1992; Guibert et al. 2008). Studies have shown that
preconditioning increases intracellular Ca2+ to induce
cardioprotective effects (Node et al. 1997; Shintani et al.
2004; Bickler and Fahlman 2010) and indeed, intracoronary
administration of CaCl2 preconditions the canine heart
(Przyklenk et al. 1997). In addition, exercise also precondi-
tions the dog heart via increasing Ca2+ inflow (Parra et al.
2015) indicating that Ca2+ possibly serves as a trigger to
induce preconditioning-dependent cardioprotective effects.

The mechanism under ly ing remote hind l imb
preconditioning-dependent cardioprotection is possibly an in-
tegration of activation of physiological, neural, and humoral
pathway. Remote hind limb preconditioning stimulus may
lead to opening of mechanosensitive channels (Huang et al.
2004) and increase intracellular Ca2+ to trigger Ca2+-depen-
dent cardioprotective effects against sustained ischemia-
reperfusion injury. Meanwhile, remote hind limb precondi-
tioning may also activate the mechanosensitive channels pres-
ent on the sensory nerve endings innervating the heart and
consequently, release chemical mediators including CGRP,
substance P to induce cardioprotective effects (Ren et al.
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2011; Gao et al. 2015). Furthermore, these channels are also
present on the skeletal muscles and the spinal cord regions
(Lansman and Franco-Obregón 2006; Kerstein et al. 2013)
and hence, these play an important role in modulating
mechanosensory information at the spinal cord level. It has
been reported that the sensory neurons in the dorsal root gan-
glia have the ability to transduce various mechanical stimuli
due to the presence of mechanosensory nerve endings (Hu and
Lewin 2006; Spicarova et al. 2014). Accordingly, it may also
be hypothesized that the development mechanical stretch in
the sensory nerve endings innervating the skeletal muscles
during hind limb occlusion may activate the sensory nerve
endings such that they transduce the mechanical stimuli to
the spinal cord to induce cardioprotective effects (Luo et al.
2012).

Furthermore, in the present study, administration of ruthe-
nium red, a TRPVantagonist, also abrogated remote hind limb
preconditioning-induced cardioprotection. TRPV receptors
are the subtype of mechanosensitive channels and are also
localized on the sensory nerve endings, heart (Schultz 2003),

sciatic nerve (Fischer et al. 2003), and skeletal muscles (Luo
et al. 2012; Lotteau et al. 2013). Very recently, Lu et al. re-
por ted tha t hypoxic precondi t ion ing-dependent
cardioprotective effects are mediated via activation of
TRPV1 receptors (Lu et al. 2014). Furthermore, previous stud-
ies have indicated that ischemic preconditioning-induced
cardioprotective effects were completely abrogated in
TRPV1

−/− mice suggesting key role of these channels in me-
diating cardioprotection (Zhong and Wang 2007). In addition,
Rath and co-workers documented the involvement of TRPV4

channels for preserving hypoxic preconditioning dependent
vasorelaxation (Rath et al. 2012). However, it is the first report
describing the key role of mechanosensitive channels includ-
ing TRPV channels in remote limb preconditioning-
dependent cardioprotective effects in rat heart. It may be pre-
sumed that the mechanosensitive channels including TRPV
channels may govern remote hind limb preconditioning-
induced cardioprotective effects. It has been reported that the
density of the mechanosensitive TRPV channels is higher on
the sensory nerve endings innervating the heart than the heart

Table 1 Pharmacological effects
of gadolinium and ruthenium red
on remote hind limb
preconditioning associated
improvement in heart rate at
various time intervals

Groups Before
ischemia

5 min after
reperfusion

30 min after
reperfusion

60 min after
reperfusion

120 min after
reperfusion

Control 393 ± 35 135 ± 22 a 157 ± 28 a 134 ± 26 a 124 ± 20 a

Sham 402 ± 21 145 ± 22 a 162 ± 37 a 128 ± 24 a 122 ± 31 a

RHPC 406 ± 37 231 ± 24 a, b 265 ± 27 a, b 252 ± 26 a, b 235 ± 23 a, b

Gadolinium 7.5 mg 401 ± 38 143 ± 21 a, c 167 ± 38 a, c 142 ± 25 a, c 134 ± 24 a, c

Gadolinium 15 mg 397 ± 17 138 ± 34 a, c 150 ± 38 a, c 146 ± 26 a, c 134 ± 34 a, c

Ruthenium red 4 mg 405 ± 35 155 ± 31 a, c 165 ± 26 a, c 159 ± 37 a, c 146 ± 39 a, c

Ruthenium red 8 mg 399 ± 26 137 ± 43 a, c 147 ± 38 a, c 137 ± 28 a, c 126 ± 29 a, c

Vehicle 382 ± 21 128 ± 30 a, c 151 ± 35 a, c 132 ± 29 a, c 129 ± 29 a, c

Statistical analysis of data was done using two-way ANOVA followed by Bonferroni’s post hoc test; values were
expressed as mean ± S.D. with n = 6 in each group. For treatment F (7, 35) = 64; for time (3, 15) = 0.68;
a = p < 0.05 vs basal; b = p < 0.05 vs control at their respective time periods of reperfusion; c = p < 0.05 vs
remote hind limb preconditioning at their respective time periods of reperfusion

Table 2 Pharmacological effects
of gadolinium and ruthenium red
on remote hind limb
preconditioning associated
improvement in the coronary flow
rate (ml/min) at various time
intervals

Groups Before
ischemia

5 min after
reperfusion

30 min after
reperfusion

60 min after
reperfusion

120 min after
reperfusion

Control 7.4 ± 0.1 4.0 ± 0.1 a 4.8 ± 0.1a 3.8 ± 0.1 a 2.4 ± 0.1 a

Sham 7.6 ± 0.1 4.2 ± 0.1 a 4.8 ± 0.1 a 3.6 ± 0.1 a 2.5 ± 0.1 a

RHPC 7.8 ± 0.1 5.8 ± 0.1 a, b 6.8 ± 0.1 a, b 6.3 ± 0.1 a, b 6.0 ± 0.1 a, b

Gadolinium 7.5 mg 7.6 ± 0.1 4.6 ± 0.1 a, c 5.0 ± 0.1 a, c 4.4 ± 0.1 a, c 3.4 ± 0.1 a, c

Gadolinium 15 mg 7.6 ± 0.1 4.4 ± 0.1 a, c 4.8 ± 0.1 a, c 4.2b ± 0.1 a, c 3.2 ± 0.1 a, c

Ruthenium red 4 mg 7.8 ± 0.1 4.6 ± 0.1 a, c 5.2 ± 0.1 a, c 4.8b ± 0.1 a, c 3.6 ± 0.1 a, c

Ruthenium red 8 mg 7.6 ± 0.1 4.4 ± 0.1 a, c 5.0 ± 0.1 a, c 4.0b ± 0.1 a, c 3.4 ± 0.1 a, c

Vehicle 7.2 ± 0.1 4.0 ± 0.1 a, c 4.9 ± 0.1 a, c 3.8b ± 0.1 a, c 2.6 ± 0.1 a, c

Statistical analysis of data was done using two-way ANOVA followed by Bonferroni’s post hoc test; values were
expressed as mean ± S.D. with n = 6 in each group. For treatment F (7, 35) = 15.6; for time (3, 15) = 846.5;
a = p < 0.05 vs basal; b = p < 0.05 vs control at their respective time periods of reperfusion; c = p < 0.05 vs remote
hind limb preconditioning at their respective time periods of reperfusion
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itself (Gao et al. 2015). Therefore, there is a possibility that
remote hind limb preconditioning stimulus primarily activates
mechanosensitive channels on the sensory nerve endings in-
nervating the heart than the heart itself to induce
cardioprotective effects.

Although gadolinium primarily blocks stretch activated
channels, yet it also has the tendency to block sodium leaky
channels, L- and T-type Ca2+ currents (Biagi and Enyeart
1990; Senatore et al. 2013). Ruthenium red, employed as a
TRPV antagonist, also possesses the ability to inhibit mito-
chondrial Ca2+ uniporter (Liang et al. 2014). Therefore, the
contribution of channels/receptors others than mechanosensitive
TRPV channels in gadolinium and ruthenium red-mediated at-
tenuation of cardioprotective effects of remote preconditioning
may not be completely ruled out. Nevertheless, further studies
are warranted to authorize the role of mechanosensitive TRPV
channels in mediating remote hind limb preconditioning-
dependent cardioprotective effects.

Conclusion

The attenuation of remote hind limb preconditioning-induced
cardioprotection in the presence of gadolinium and ruthenium
red suggests the possible role of TRP and especially TRPV
channels in mediating cardioprotective effects.
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