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An essential procedure for the treatment of myocardial infarction is restoration of blood flow in the obstructed infarct artery, which
may cause ischaemia/reperfusion (I/R) injury. Heart I/R injury manifests in oxidative stress, metabolic and morphological
disorders, or cardiac contractile dysfunction. Klotho protein was found to be produced in the heart tissue and participate in
antioxidation or ion homeostasis. The aim of this study was to examine an influence of Klotho protein on the heart subjected to
I/R injury. Wistar rats served as a surrogate heart model ex vivo. Rat hearts perfused using the Langendorff method were
subjected to global no-flow ischaemia, and isolated rat cardiomyocytes underwent chemical I/R in vitro, with or without
recombinant Klotho protein administration. Haemodynamic parameters of heart function, cell contractility, markers of I/R
injury and oxidative stress, and the level of contractile proteins such as myosin light chain 1 (MLC1) and troponin I (TnI) were
measured. The treatment of hearts subjected to I/R injury with Klotho protein resulted in a recovery of heart mechanical
function and ameliorated myocyte contractility. This improvement was associated with decreased tissue injury, enhanced
antioxidant capacity, and reduced release of MLC1 and TnI. The present research showed the contribution of Klotho to
cardioprevention during I/R. Thus, Klotho protein may support the protection from I/R injury and prevention of contractile
dysfunction in the rat heart.

1. Introduction

Restoration of the flow in the obstructed infarct artery is piv-
otal for the treatment of myocardial infarction. However,
revascularization and restoration of the blood flow inflict
myocardial ischaemia/reperfusion (I/R) injury. I/R injury
can be irreversible, and it manifests itself in increased infarct
size and microvascular dysfunctions [1, 2]. It is known that
I/R leads to oxidative stress and the subsequent cascade of
pathophysiological events in the heart. The important factors
contributing to the pathogenesis of I/R injury are the degra-
dation of heart contractile proteins by proteolytic enzymes
and necrotic cell death. The proteolytic enzymes like matrix
metalloproteinases (MMPs) degrade cardiac troponin, titin,
or myosin light chains (MLCs). As a result, numerous meta-

bolic, morphological, and contractile disorders in the myo-
cardium are observed [3]. The approach of regulating
oxidative stress in the heart may support the reduction of
maladaptive response established during I/R injury. There-
fore, searching for new factors contributing to the prevention
and treatment of myocardial injury following I/R is needed.

Klotho is an antiaging protein that is bounded to the cell
membrane or released into extracellular space and then
found in the blood, urine, or cerebrospinal fluid. The main
function of Klotho is the regulation of fibroblast growth fac-
tor (FGF) signalling and ion homeostasis. There is a lot of
evidence for the protective role of Klotho in the kidney, the
main organ that produces Klotho protein. The expression
of Klotho was observed also in the pituitary gland, placenta,
skeletal muscle, urinary bladder, aorta, pancreas, testis,
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ovary, colon, or thyroid gland. βKlotho, other Klotho family
member, is expressed in the adipose tissues, liver, pancreas,
and some part of the brain [4–8]. An intracellular Klotho
form in the cytoplasm of mouse kidney and human parathy-
roid gland cells was also found. Importantly, intracellular
Klotho served as an endogenous anti-inflammatory and anti-
aging factor [6, 7]. It has been shown that Klotho was
involved in the kidney or brain protection by regulation of
oxidative stress, inflammation, and apoptosis [5, 9–11].
Moreover, Klotho deficiency correlated with the occurrence
and development of atherosclerosis, coronary artery disease,
myocardial infarction, and left ventricular hypertrophy [7].
We have reported the expression of Klotho in the cardiomyo-
cytes recently [12]. However, a cell line model does not
include the effect of the intercellular interactions and signal-
ling between the cardiomyocytes and other types of cells in
the cardiac tissue. For this reason, we decided to examine
Klotho influence at the tissue level using Wistar rat hearts.
We propose that Klotho may contribute to the protection
of the heart against I/R injury in the current research.

This study was aimed at investigating the influence of
Klotho protein on the rat hearts subjected to I/R injury.

2. Materials and Methods

2.1. Experimental Animals. Adult male Wistar rats weighing
200-350 grams were obtained from Mossakowski Medical
Research Center, Polish Academy of Sciences, Warsaw,
Poland. The animals were housed in cages (two rats/cage)
and kept at controlled temperature (22 ± 2°C), humidity
(55 ± 5%), and light/dark (12/12 hours) cycle. An ad libitum
access to a diet of standard laboratory chow and water was
provided. All experimental procedures in the animals were
performed following the published Guide of the Polish Min-
istry of Science and Higher Education for the Care and Use of
Experimental Animals. This investigation was approved by
the Ethics Committee for Experiments on Animals at the
Ludwik Hirszfeld Institute of Immunology and Experimental
Therapy Polish Academy of Sciences, Wroclaw, Poland (Res-
olution 002/2020 of 15th January 2020).

2.2. Isolated Rat Hearts Perfused with the Langendorff
Method. Rats were desensitized with buprenorphine
(0.05mg/kg, i.p.) and anesthetized with sodium pentobarbi-
tal (0.5ml/kg i.p.), and the hearts were rapidly excised from
animals. The spontaneously beating hearts were then rinsed
by immersion in ice-cold Krebs-Henseleit Buffer
(118mmol/L NaCl, 4.7mmol/L KCl, 1.2mmol/L KH2PO4,
1.2mmol/L MgSO4, 3.0mmol/L CaCl2, 25mmol/L NaHCO3,
11mmol/L glucose, and 0.5mmol/L EDTA, pH7.4) and can-
nulated by the aorta on a Langendorff system (EMKA Tech-
nologies, Paris, France). The above procedure was completed
within 30 sec. Then, hearts were perfused at constant pres-
sure (60mmHg) with Krebs-Henseleit Buffer (pH7.4, 37°C)
and gassed continuously (5% CO2/95% O2). A latex balloon
was filled with water, and then, it was connected to a pressure
transducer (EMKA Technologies, Paris, France). Then, the
balloon was introduced into the left ventricle via a mistrial
valve. The volume of the balloon was adjusted to achieve a

stable left ventricular end-diastolic pressure of 8-10mmHg
during stabilization and reperfusion. The following haemo-
dynamic parameters using an EMKA recording system with
IOX2 software (EMKA Technologies, Paris, France) were
monitored: coronary flow (CF), heart rate (HR), left ventric-
ular developed pressure (LVDP), left ventricular end-
diastolic pressure (PED), and intraventricular pressure
(dP/dt). Hearts that showed CF > 28mL/min or <10mL/min
were excluded from the study.

2.3. Global Ischaemia/Reperfusion Injury of Isolated Rat
Hearts. Rat hearts were distributed equally and randomly
into 4 groups: aerobic control without Klotho (n = 12), aero-
bic control with Klotho (n = 3), acute myocardial I/R injury
without (n = 14), and with Klotho (n = 7). The scheme of
the experimental protocol of heart ischaemia/reperfusion
injury is shown in Figure 1. No injury of isolated hearts prior
to global ischaemia was established in the preliminary exper-
iment by measurement of the activity of LDH released from
hearts (a marker of cell injury). There was no difference
between groups in LDH activity in coronary effluents col-
lected at 25 minutes of the experiment (data not shown).
The isolated hearts from I/R groups underwent 25min of
aerobic stabilization, 22min of global no-flow ischaemia
(by a cessation of the buffer flow), and 30min of reperfusion
(aerobic conditions) [13], in the presence or absence of
Klotho protein. The hearts from aerobic groups were per-
fused aerobically for 77min, with or without Klotho protein
administration. Recombinant Rat αKlotho protein (Cloud-
Clone Corp., RPH757Ra01) was diluted to a final concentra-
tion of 0.5 ng/mL with Krebs-Henseleit Buffer, immediately
before administration. The optimal concentration of Klotho
protein was determined experimentally. Klotho was adminis-
tered with the perfusion buffer into the hearts during the last
10min of aerobic stabilization and in the first 10min of
reperfusion (after global ischaemia) [13, 14] (Figure 1). To
determine cardiac mechanical function, the recovery of rate
pressure product (RPP) was expressed as the product of HR
and LVPD and evaluated at 25min of the experiment (the
end of aerobic perfusion) and at 77min (the end of
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Aerobic
control

Aerobic
+Klotho

I/R+Klotho

Klotho protein administration
Coronary effluent
collection

I/RAerobic (25 min)

Aerobic (25 min)

Ischaemia (22 min) Reperfusion (30 min)

Ischaemia (22 min) Reperfusion (30 min)

Aerobic (77 min)

5 min) Ischaemia (22 min) Reperfus
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Figure 1: Experimental protocol for I/R injury of isolated rat hearts,
with and without Klotho administration. Klotho protein was added
into the perfusion buffer and administered to isolated hearts during
the last 10min of aerobic stabilization (prior to the global
ischaemia) and within the first 10min of reperfusion after global
ischaemia. I/R: ischaemia/reperfusion.
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reperfusion) [13, 14]. After the experimental protocol, iso-
lated hearts were immediately immersed in liquid nitrogen
and stored at −80°C for further investigations. 15mL of cor-
onary effluents was collected at the beginning of reperfusion
(47min of the experiment) (Figure 1). Then, coronary efflu-
ents were concentrated (1mL final volume) using Amicon
Ultra-15 Centrifugal Filter Units with Ultracel-10 membrane
(EMD Millipore, USA), aliquoted, and frozen at -80°C for
further biochemical analysis.

2.4. Heart Perfusion and Isolation of Ventricular Rat
Cardiomyocytes. Rats were treated with buprenorphine
(0.05mg/kg, i.p.) and anaesthetized with sodium pentobarbi-
tal (0.5mL/kg i.p.). The hearts were rapidly excised from ani-
mals and rinsed immediately after removal by immersion in
ice-cold Myocyte Isolation Buffer (MIB) containing
120nmol/L NaCl, 5mmol/L KCl, 2mmol/L NaAc, 2mmol/L
MgCl2, 1mmol/L Na2HPO4, 20mmol/L NaHCO3, 5mmol/L
glucose, 9mmol/L taurine, and 10mmol/L CaCl2 at pH7.4.
The spontaneously beating hearts were suspended on a
blunt-end needle by the aorta in a Langendorff system and
perfused with MIB containing 1mmol/L CaCl2 at 37

°C for
5min. To induce the loss of contractility of cardiomyocytes,
the buffer was replaced with MIB containing 5μmol/L CaCl2.
Then, the right ventricle was excised after mild swelling of the
myocardium in HEPES buffer (120mM NaCl 140, 5mM
KCl, 2mM MgCl2, 5mM glucose, 9mM taurine, and 5mM
HEPES) containing 40μmol/L CaCl2, collagenase, and prote-
ase. The ventricle was rinsed with HEPES buffer containing
100μmol/L CaCl2 and 150mg bovine serum albumin and
minced into small pieces in the digestion solution (HEPES
buffer containing 100μmol/L CaCl2, 150mg BSA, 15mg col-
lagenase, and 1mg protease). The minced tissue was repeat-
edly digested six times for 20 and 10min in a water bath
(37°C). The 3rd-6th fraction was used for further
experiments.

2.5. Chemical Ischaemia/Reperfusion of Isolated Ventricular
Rat Cardiomyocytes. Isolated rat cardiomyocytes underwent
15min of aerobic stabilization in HEPES buffer containing
100μmol/L CaCl2 and 150mg BSA. Then, the ischaemia
was induced by covering the cell pellet with HEPES buffer
containing 4mmol/L 2-deoxyglucose (to inhibit glycolysis)
and 40mmol/L sodium cyanide (an inhibitor of cellular res-
piration) for 3min (I/R groups). The optimal duration of
ischaemia was established in our previous studies [13, 15].
Then, the reperfusion was conducted by removing the buffer
containing sodium cyanide by centrifugation (1min, 1500 ×
g) and incubation of cell pellet for 20min in a fresh portion
of HEPES buffer (100μmol/L CaCl2, 150mg BSA). In the
I/R+Klotho group, cells were incubated in the appropriate
buffers with Recombinant Rat αKlotho protein (Cloud-Clone
Corp., RPH757Ra01) during aerobic stabilization, ischaemia,
and reperfusion (whole experimental protocol of I/R). The
following concentrations of Klotho in the buffers were tested:
100 ng/mL, 5 ng/mL, and 0.5 ng/mL (final concentration).
Cells from the aerobic control group were maintained in aer-
obic conditions and kept exposed to atmospheric air for
38min in HEPES buffer (100μmol/L CaCl2, 150mg BSA).

For contractility measurement, cells were centrifuged at
1500 × g for 5min and suspended in HEPES buffer
(100μmol/L CaCl2, 150mg BSA).

2.6. Measurement of Ventricular Rat Cardiomyocyte
Contractility. After the protocol of I/R injury, a 100μL ali-
quot of cell suspension was placed in the rapid change stim-
ulation chamber of the IonOptix Contractility System
(IonOptix, Milton, MA, USA). The cardiomyocytes were sta-
bilized for 3min and perfused with oxygenated HEPES buffer
containing 2mmol/L CaCl2 (4mL/min) at 37°C. The con-
tractility was measured by continuously pacing the cells with
1Hz and 5V (MyoPacer, IonOptix) and expressed as a per-
cent of peak shortening in comparison to the length of the
diastolic cell. At least an average of six cells per sample and
six samples per experimental condition was evaluated.

2.7. Preparation of Heart Homogenates. Frozen hearts were
crushed using a mortar and pestle in liquid nitrogen. Then,
heart tissue was homogenized mechanically in ice-cold
homogenization buffer (50mmol/L Tris-HCl (pH7.4),
3.1mmol/L sucrose, 1mmol/L dithiothreitol, 10mg/mL, leu-
peptin, 10mg/mL soybean trypsin inhibitor, 2mg/mL aproti-
nin, and 0.1% Triton X-100). The homogenate was
centrifuged (10 000 × g at 4°C for 15min), and the superna-
tant was collected and stored at −80°C for further biochemi-
cal experiments.

2.8. Assessment of LDH Activity. Lactate dehydrogenase
(LDH) activity served as a marker of heart injury. The activ-
ity of LDH was assessed with the Lactate Dehydrogenase
Activity Assay Kit (Sigma-Aldrich) according to the manu-
facturer’s instruction. LDH is a stable cytosolic enzyme that
is released into the extracellular space upon cell membrane
damage or permeability. Briefly, LDH interconverts pyruvate
and lactate with the reduction of NAD to NADH, which is
detected with a colorimetric assay at 450nm. LDH activity
was determined in coronary effluents and normalized to CF.

2.9. Assessment of Cytotoxicity Level in Rat Hearts. To evalu-
ate an influence of I/R injury and Klotho on isolated rat
hearts, the cytotoxicity level using the CytoTox-Glo™ Cyto-
toxicity Assay (Promega, Madison, WI, USA) according to
the manufacturer’s instruction was assessed. The assay mea-
sures the relative number of dead cells based on the extracel-
lular activity of a distinct intracellular protease (dead-cell
protease). Dead-cell protease is released from membrane-
compromised or damaged cells. Briefly, to measure extracel-
lular dead-cell protease activity, a luminogenic cell-
impermeant peptide substrate (alanyl-alanyl-phenylalanyl-
aminoluciferin; AAF-aminoluciferin) is used. Dead-cell
protease cleaves the luminogenic AAF-aminoluciferin sub-
strate. Then, the Ultra-Glo™ Recombinant Luciferase is used
for the measurement of luminescence generated by liberated
aminoluciferin product. The intensity of luminescence is
proportional to the percentage of cells undergoing cytotoxic
stress. The number of dead cells was based on the measure-
ment of the extracellular activity of released dead-cell prote-
ase in coronary effluents, normalized to CF, and served as a
level of cytotoxicity in isolated hearts.
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2.10. Assessment of Oxidative Stress in Rat Hearts.OxiSelect™
In Vitro ROS/RNS Assay Kit (Cell Biolabs, San Diego, USA)
was used to document an influence of Klotho on the level of
total reactive oxygen and nitrogen species (ROS/RNS) in the
rat heart tissue. The assay measures total ROS and RNS,
including hydrogen peroxide, nitric oxide, peroxyl radical,
and peroxynitrite anion, using a proprietary fluorogenic
probe, dichlorodihydrofluorescin DiOxyQ (DCFH-
DiOxyQ). The probe is primed with a dequenching reagent
to the highly reactive DCFH form. In the presence of ROS
and RNS, the DCFH is rapidly oxidized to the highly fluores-
cent 2′, 7′-dichlorodihydrofluorescein (DCF). Fluorescence
intensity is proportional to the total ROS/RNS level within
the sample. The total ROS/RNS level was assessed in coro-
nary effluents and normalized to CF.

2.11. Measurement of Total Antioxidant Capacity in Rat
Hearts. To document an influence of Klotho on oxidative
stress resistance during I/R, OxiSelect™ Total Antioxidant
Capacity (TAC) Assay Kit (Cell Biolabs, San Diego, USA)
was used. Measurement of the total nonenzymatic antioxi-
dant capacity (TAC) is indicative of cells’ ability to counter-
act induced oxidative stress. Briefly, TAC Assay is based on
the reduction of copper (II) to copper (I) by the antioxidants
present in the sample. Upon reduction, the copper (I) ion
further reacts with a coupling chromogenic reagent that pro-
duces a color with a maximum absorbance at 490nm. Absor-
bance values were proportional to the total reductive capacity
in the hearts. TAC level was measured in heart homogenates
and normalized to total protein concentration.

2.12. Analysis of MLC1 and TnI Concentration in Coronary
Effluents. The concentration of ventricular isoform of myosin
light chain 1 (MLC1) in perfusates was determined using Rat
Myosin Light Chain 3 ELISA Kit (Bioassay Technology Lab-
oratory, Shanghai, China). Briefly, primary capture antibod-
ies bind MLC1 from the sample. Then, MLC1 is detected
with biotinylated anti-MLC1 secondary antibodies and
streptavidin-horseradish peroxidase (HRP) complex. The
substrate solution is then added, and color develops in pro-
portion to the amount of rat MLC1.

Cardiac troponin I (TnI) in coronary effluents was quan-
titatively measured using Rat Cardiac Troponin I SimpleStep
ELISA Kit (Abcam, Cambridge, UK). Briefly, TnI is tied with
antibody specific to rat cardiac muscle TnI and is detected by

biotin-conjugated polyclonal antibody and HRP. Next, TMB
Development Solution is used to enable visualization of the
reaction. The concentration of MLC1 and TnI in coronary
effluents was normalized to CF.

2.13. Determination of Total Protein Concentration. The con-
centration of total protein in the cardiac tissue and coronary
effluents was measured by the Bradford method using Bio-
Rad Protein Assay Dye Reagent (Bio-Rad) and Spark multi-
mode microplate reader (Tecan Trading AG, Switzerland).
BSA (heat shock fraction, ≥98%, Sigma-Aldrich) served as
the protein standard.

2.14. Statistical Analysis. Experimental data were analysed
using GraphPad Prism 6 software (GraphPad Software, San
Diego, CA, USA). The normality of variance changes was cal-
culated with the Shapiro-Wilk normality test or
Kolmogorov-Smirnov test. Student’s t-test or Mann–Whit-
ney U tests were used to analyse the data between two
groups. The analysis of data in multiple groups was per-
formed with ANOVA or nonparametric test with post hoc
tests. Correlations were assessed using Pearson’s or Spear-
man’s tests. Results were expressed as mean ± SEM and a
value of p < 0:05 was regarded as statistically significant.

3. Results

3.1. An Influence of Klotho Protein on Heart Contractility.
Subjecting the isolated rat hearts to I/R protocol resulted in
a significant decrease in cardiac haemodynamic parameters
(Table 1, Figure 2). Cardiac mechanical function was
decreased approximately by 40% in hearts subjected to I/R
in comparison to aerobically perfused hearts (approximately
100% of recovery), showing heart dysfunction (Figure 2(a)).
To check the cytotoxicity of Klotho protein, hearts from the
aerobic control group were perfused aerobically with Klotho.
Supplementation of aerobically perfused hearts with Klotho
protein did not affect any of the measured parameters in
comparison to the aero group (Table 1, Figure 2). Perfusion
of hearts subjected to I/R with Klotho protein resulted in a
full recovery of heart contractility (average recovery 110%)
(Figure 2(a)) and in a significant increase in cardiac haemo-
dynamic parameters, such as RPP (Table 1, Figure 2(b)),
CF (Table 1, Figure 2(c)), HR (Figure 2(d)), and LVDP
(Table 1), in comparison to I/R hearts.

Table 1: An influence of Klotho on cardiac mechanical function of isolated rat hearts.

Parameter Aero Aero+Klotho I/R I/R+Klotho

dP/dtmax (mmHg/s)† 1559 ± 93 1407 ± 72 1227 ± 57∗ 1494 ± 157
PED (mmHg)† 9:9 ± 0:9 10:6 ± 0:8 8:6 ± 0:5∗ 9:1 ± 0:2
LVDP (mmHg)† 57:3 ± 2:4 61:0 ± 4:9 40:5 ± 4:8∗ 66:5 ± 6:2#

RPP (mmHg ×min−1 × 103)† 17:8 ± 1:0 19:0 ± 0:8 9:9 ± 1:1∗ 21:4 ± 1:8#

CF (mL/min)‡ 12:5 ± 1:6 13:2 ± 1:1 3:4 ± 1:1∗ 10:6 ± 0:8#

CF: coronary flow; dP/dtmax: baseline left ventricular maximal contractility; I/R: ischaemia/reperfusion; LVDP: left ventricular developed pressure; PED: left
ventricular end-diastolic pressure; RPP: rate pressure product; mean ± SEM; naero = 12; naero+Klotho = 3; nI/R = 14; nI/R+Klotho = 7; ∗p < 0:05 vs. Aero; #p < 0:05
vs. I/R; ANOVA. †After I/R (77min of the experiment); ‡after ischaemia (first minute of reperfusion).
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An isolated rat cardiomyocyte contractility, expressed as
a peak shortening (% of cell length), was significantly reduced
in cells subjected to I/R in comparison to group maintained
in aerobic condition (Figure 3). Supplementation of the car-
diomyocytes with Klotho protein contributed to the mainte-
nance of cell contractility inversely to Klotho dose. Klotho at
the concentration of 0.5 ng/mL supported the increase of
contractility, whereas 100ng/mL represented a subthreshold
dose that did not significantly maintain contractile function
in the cardiomyocytes subjected to I/R (Figure 3).

3.2. An Influence of Klotho on the Magnitude of Heart I/R
Injury. The measurement of the activity of LDH released
from hearts and the number of cardiac dead cells (cytotoxic-
ity level) served as a marker of heart injury. The activity of
LDH (Figure 4(a)) and the number of cardiac dead cells
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(Figure 4(b)) were significantly increased in hearts that
underwent I/R procedure compared to the aerobic control
group. To check the toxicity of Klotho protein on cardiac tis-
sue, hearts from the aerobic control group were treated with
Klotho. Aerobic perfusion with recombinant Klotho protein
did not cause cell injury (Figures 4(a) and 4(b)). Administra-
tion of Klotho protein to hearts subjected to I/R led to almost
full protection against injury (Figure 4(a)) and decreased
cytotoxicity (Figure 4(b)) in comparison to the I/R group.
Heart mechanical function negatively correlated with LDH
activity (r = −0:50, p < 0:05) (Figure 4(c)) and cytotoxicity
level (r = −0:51, p < 0:05) (Figure 4(d)), showing heart con-
tractile dysfunction due to injury.

3.3. Oxidative Status in the Hearts Subjected to I/R Injury.
Total ROS/RNS level in rat hearts was significantly higher
in the I/R group compared to the aerobic control group, con-
firming oxidative/nitrosative stress (Figure 5(a)). Adminis-
tration of Klotho protein slightly reduced the production of
ROS/RNS (Figure 5(a)) and significantly enhanced total anti-
oxidant capacity (TAC) in hearts subjected to I/R
(Figure 5(b)). ROS/RNS level positively correlated with
LDH activity (r = 0:57, p < 0:05) (Figure 5(c)).

3.4. Release of Contractile Proteins from Hearts during I/R.
MLC1 concentration was increased in coronary effluents
from hearts subjected to I/R injury compared to aerobic con-
trol, showing increased release of MLC1 from the hearts
(Figure 6(a)). Administration of Klotho protein to I/R hearts
effectively reduced the release of MLC1 (Figure 6(a)). The
concentration of MLC1 in coronary effluents negatively cor-
related with heart mechanical function (p < 0:05, r = −0:49)
(Figure 6(b)) and positively correlated with LDH activity
(p < 0:05, r = 0:62) (Figure 6(c)), confirming the mechanism
of I/R injury.

The content of TnI in coronary effluents from hearts sub-
jected to I/R injury was increased compared to aerobic con-
trol (Figure 7(a)). Administration of Klotho protein during
I/R contributed to reduced release of TnI (Figure 7(a)). The
release of TnI positively correlated with LDH activity
(r = 0:79, p < 0:05) (Figure 7(b)).

4. Discussion

Kidneys are considered to be the major site of Klotho expres-
sion and primary source of the circulating protein. However,
Klotho is also produced in other types of tissue, like the skel-
etal muscle, adipose tissues, brain, or liver [5, 8]. Recent
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Figure 4: An influence of Klotho on the magnitude of heart I/R injury: (a) the activity of LDH in coronary effluents as a marker of heart
injury. LDH activity was normalized to CF; (b) the number of dead cells in rat hearts based on the activity of dead cell protease, tested by
cytotoxicity assay. The data was expressed in RLU and normalized to CF; (c) correlation of heart mechanical function and LDH activity;
(d) correlation of heart mechanical function and cytotoxicity in rat hearts. CF: coronary flow; LDH: lactate dehydrogenase; mU/mL: milli-
international enzyme units per millilitre; RLU: relative light units; mean ± SEM; naero = 9; naero+Klotho = 3; nI/R = 10; nI/R+Klotho = 7; ∗p < 0:05
vs. Aero; #p < 0:05 vs. I/R; ANOVA.
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studies have underlined the importance of Klotho in the car-
diac muscle too [16]. We had previously reported compensa-
tive production of Klotho in the rat hearts to protect cardiac
tissue from I/R injury. Enhanced production and release of
Klotho into the extracellular space were also proposed as a
biomarker of heart damage [12]. Therefore, the main aim
of this investigation was to examine the influence of Klotho
administration on the rat hearts injured by ischaemia/reper-
fusion. Our research showed that Klotho protein contributed
to the reduction of damage and contractile dysfunction in the
heart during I/R. We strongly suggest that Klotho can be
valuable as a potential agent that supports cardioprevention/-
protection in ischaemic heart disorders.

In this study, subjecting the isolated rat hearts to the I/R
procedure resulted in a significant decrease in haemody-
namic parameters. The administration of Klotho protein
during I/R supported the recovery of heart mechanical func-
tion and contractility of isolated cardiomyocytes. Our results
correspond to the research of Hui et al., where treatment with
recombinant Klotho after endotoxemia-induced heart injury
improved the haemodynamic parameters and cardiac func-
tion in aging mice [17]. It is known that ROS directly influ-
ence contractile function by modifying proteins involved in
excitation-contraction coupling. The suppression of calcium
channels and oxidative interaction with Ca2+ ATPase in the

sarcoplasmic reticulum occur. It results in the inhibition of
Ca2+ uptake. Thus, intracellular and mitochondrial Ca2+

overload contributes to cardiac contractile disorders [3, 18].
It was found that membrane-bound Klotho is a coreceptor
for fibroblast growth factor 23 (FGF23) and plays a role in
ion homeostasis. Soluble Klotho can induce negative phos-
phate and calcium balance also independently of FGF23 as
an endocrine, autocrine, and paracrine hormone [6, 19].
Importantly, stress-induced heart hypertrophy and remodel-
ling were impaired by means of Klotho. Soluble Klotho was
recognized as an inhibitor of TRPC6 channel exocytosis in
the cardiomyocytes. Thus, Klotho protected the heart during
stress conditions by downregulating of Ca2+ influx and
abnormal Ca2+ signalling [6, 20–22]. It was also shown that
Klotho acted as an endogenous inhibitor of calcification
and mediated between FGF23 and vascular cells [23]. The
current research showed that Klotho supported contractility
in the injured cardiomyocytes. Taking into account that
Klotho influences calcium homeostasis in the heart, it may
contribute to the prevention of cardiac mechanical function
and contractile disorders. However, further studies are
needed to explore the underlying molecular mechanism of
the potential effect of Klotho on calcium-dependent heart
contractility.
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Figure 5: Oxidative status in the hearts subjected to I/R injury: (a) total ROS and RNS level expressed as nM of DCF and normalized to
coronary flow; (b) total antioxidant capacity of hearts subjected to I/R. TAC was expressed as μM of CRE and normalized to total protein
concentration; (c) correlation of ROS/RNS level and LDH activity. CF: coronary flow; CRE: copper reducing equivalents; DCF: 2′, 7′
-dichlorodihydrofluorescein; LDH: lactate dehydrogenase; mU/mL: milli international enzyme units per millilitre; RNS: reactive nitrogen
species; ROS: reactive oxygen species; TAC: total antioxidant capacity; mean ± SEM; naero = 8; nI/R = 9; nI/R+Klotho = 6; ∗p < 0:05 vs. Aero;
#p < 0:05 vs. I/R; ANOVA.
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There are studies showing that Klotho protein has been
characterized as a factor in the prevention of oxidative stress,
inflammation, fibrosis, and apoptosis [7, 9, 10, 24]. More-
over, Klotho deficiency has been identified in many disorders

such as inflammatory bowel disease, kidney disease, athero-
sclerosis, cardiac hypertrophy, and remodelling [10, 16, 20,
25–27]. In our previous research, human cardiomyocytes
subjected to I/R injury produced Klotho in a compensative
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Figure 6: An influence of Klotho protein on MLC1 amount in rat hearts: (a) concentration of MLC1 in coronary effluents tested by ELISA
and normalized to CF; (b) correlation of MLC1 concentration and heart mechanical function; (c) correlation of MLC1 concentration and
LDH activity. CF: coronary flow; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; LDH: lactate dehydrogenase; mU/mL: milli-
international enzyme units per millilitre; MLC1: myosin light chain 1; mean ± SEM; naero = 7; nI/R = 5; nI/R+Klotho = 7; ∗p < 0:05 vs. Aero;
#p < 0:05 vs. I/R; ANOVA.
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Figure 7: An influence of Klotho protein on TnI release in rat hearts: (a) concentration of TnI in coronary effluents tested by ELISA and
normalized to CF; (b) correlation of TnI concentration and LDH activity. CF: coronary flow; LDH: lactate dehydrogenase; mU/mL: milli-
international enzyme units per millilitre; TnI: troponin I; mean ± SEM; naero = 7; nI/R = 5; nI/R+Klotho = 7; ∗p < 0:05 vs. Aero; #p < 0:05 vs.
I/R; ANOVA.

8 Oxidative Medicine and Cellular Longevity



manner to protect from the damage [12]. In the present
study, subjecting the rat hearts to I/R caused injury and
increased production of ROS/RNS in the cardiac tissue.
Heart mechanical function negatively correlated with the
markers of injury, showing heart contractile dysfunction
due to I/R. There was also a positive correlation of ROS/RNS
level and LDH activity, indicating the heart damage due to
overproduction of ROS/RNS. Klotho protein contributed to
the reduction of cardiac injury and cytotoxicity and sup-
ported the production of antioxidants and antioxidant capac-
ity in I/R hearts. However, only a slight decline of ROS/RNS
level in the I/R+Klotho group compared to the I/R group
does not explain the protective mechanism of Klotho. Fur-
ther study is needed to clarify this concatenation. Moreover,
the magnitude of damage and the number of dead cells were
significantly lower after supplementation of the cardiac mus-
cle with Klotho. These data were confirmed in other studies
showing that Klotho prevents cell apoptosis and cytotoxic
activity after induced oxidative stress in other organs [9, 11,
27–29]. Klotho also reduced the apoptosis in an animal
model of I/R kidney injury or in a mouse kidney cell line after
exposure to hydrogen peroxide [10, 27, 30]. Similarly, the
level of necroptotic markers after renal I/R injury in mice
was ameliorated by Klotho due to oxidative stress inhibition
[31]. There was also a correlation of the neuroprotection and
inhibition of neuropathological changes with the induced
expression of Klotho after ischaemic injury in the murine
brain [11]. Finally, the apoptosis and heart damage caused
by endotoxemia or hyperglycaemia in mice were alleviated
by Klotho [17, 32]. Our previous research revealed improved
viability and metabolic activity, as well as reduced injury after
Klotho administration in human cardiomyocytes subjected
to I/R [12]. The current study showed the potential influence
of Klotho on cellular defence against oxidative stress, reduc-
tion of cell death, and injury at the tissue level in I/R rat
hearts. As previously mentioned, Klotho protein was charac-
terized by its antioxidative activity. Klotho had a distinct
capacity to inhibit the production of ROS [9, 11, 29, 31–
34]. Importantly, it was revealed that Klotho led to enhanced
expression of oxidative scavengers like superoxide dismutase
(SOD) and antioxidation through the inhibition of phospha-
tidyl inositol-3 kinase (PI3K)/protein kinase B (Akt) signal-
ling pathway [9, 28, 29, 34]. Thus, Klotho may contribute
to the promotion of antioxidation and protection against
apoptosis during heart I/R.

Based on present knowledge, the main contributors to
I/R injury of the heart are increased production of ROS,
enhanced expression of nitric oxide synthase (NOS), over-
production of nitric oxide (NO), subsequent activation of
MMPs, and proteolytic degradation of cardiac contractile
proteins [3, 35–39]. It was found that ROS and RNS contrib-
ute to nitration/nitrosylation of heart contractile proteins
and activate MMPs, including MMP-2 and MMP-9 [37–
39]. It was shown that MMP-2 not only acts in the extracel-
lular matrix but also functions at the cellular level in the car-
diomyocytes [40]. Heart contractile proteins like myosin
light chains 1 (MLC1) or troponin are nitrated, nitrosylated,
and phosphorylated during I/R, which increases their affinity
for the proteolytic enzymes. As a result, MLC1 is then

degraded by MMPs. It was confirmed that degradation of
MLC1 during I/R injury leads to contractile dysfunction in
the cardiac muscle [38, 41]. It was reported that Klotho con-
tributed to decrease in iNOS expression in human endothe-
lial cells during oxidative stress. The expression of MMP-2
and MMP-9 in the kidneys was also reduced by means of
Klotho [24, 33, 42–44]. In the present research, the level of
MLC1 and TnI in coronary effluents was increased after I/R
injury of the rat hearts. The release of MLC1 and TnI posi-
tively correlated with the magnitude of heart damage and
negatively correlated with heart mechanical function, con-
firming the mechanism of I/R injury. Importantly, we have
previously reported that the administration of inhibitors of
NOS, MMP-2, and MLC phosphorylation resulted in cardio-
protection of the human cardiomyocytes or isolated rat
hearts [13–15, 45, 46]. The current study showed reduced
release of MLC1 and TnI during I/R after Klotho administra-
tion. For this reason, we hypothesize that Klotho may contrib-
ute to the protection of heart contractility throughout
limitation of oxidative/nitrosative stress and subsequent
reduction of MMP-dependent degradation of MLCs. Thus,
the next goal of our investigation is to elucidate the underlying
mechanism of Klotho influence in relation to ROS/RNS and
MLC1. The analysis of NOS, NO, MMP-2, MMP-9, and tissue
inhibitors of metalloproteinases levels will be then performed.

5. Conclusion

In conclusion, the presented research showed that the
administration of Klotho protein to the heart during I/R
injury enhanced antioxidant capacity and supported the
reduction of cell death, toxicity, and release of heart contrac-
tile proteins. We are also aware that confirmation of the
potential influence and cardioprotection of Klotho in the
heart needs further studies.
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