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Abstract

Background: Acute heart ischemia followed by reperfusion leads to overproduction of reactive oxygen/
/mitrogen species (ROS/RNS), disrupted expression of nitric oxide synthase (NOS) and unbalanced
glucose metabolism. Klotho is a membrane-bound or soluble protein that exerts protective activity in
many organs. While Klotho is produced mainly in the kidneys and brain, it has been recently proven
that Klotho is expressed in the cardiomyocytes as well. This study aimed to show the influence of the
Klotho protein on oxidative/nitrosative stress and metabolic function of the cardiomyocytes subjected to
ischemia/reperfusion (I/R) injury.

Methods: Human cardiac myocytes underwent in vitro chemical I/R (with sodium cyanide and 2-deoxy-
glucose), in the presence or absence of the recombinant human Klotho protein. The present study included
an investigation of cell injury markers, level of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX), level of oxidative/nitrosative stress and metabolic processes of the cardiomyocytes.
Results: Administration of Klotho protein resulted in mitigation of injury, decreased level of NOX2
and NOX4, reduced generation of ROS/RNS and hydrogen peroxide (H,0,), decreased expression of
inducible NOS and limited production of nitrates/nitrites in cells under I/R. Glucose uptake and lactate
production in the cardiomyocytes subjected to I/R were normalized after Klotho supplementation.
Conclusions: The Klotho protein participates in the regulation of redox balance and supports metabolic
homeostastis of the cardiomyocytes and hence, contributes to protection against I/R injury. (Cardiol J
2022; 29, 5: 836-849)
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Introduction

Acute heart ischemia followed by reperfu-
sion (I/R) leads to the interruption of coronary
blood flow followed by subsequent restoration of
perfusion, resulting in cardiac damage [1]. Heart
I/R injury causes an excessive formation of reac-
tive oxygen species (ROS) [2], reactive nitrogen

species (RNS), degradation of cardiac contractile
proteins by proteolytic enzymes and necrotic cell
death [3, 4].

Klotho is a membrane or soluble protein and
its protective action is important for the functioning
of many organs [5, 6]. Klotho is produced mainly
in the kidneys and brain [5, 6]. It was previously
shown that a protective, compensatory produc-
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Figure 1. Experimental protocol for in vitro chemical ischaemia/reperfusion (I/R) injury of cardiomyocytes with and

without Klotho administration.

tion of Klotho takes place in the cardiomyocytes
during I/R. Thus, Klotho was proposed as a bio-
marker of heart damage [7]. In the current study,
it is hypothesised that Klotho could protect the
cardiomyocytes from I/R injury and participates in
the reduction of formation and activity of such mol-
ecules as ROS and RNS. Since lactate is considered
an important regulatory molecule of intermediate
metabolism involved in I/R, and glucose metabo-
lism is a key process in ischemic heart disease
[8, 9]. It is also proposed herein, that Klotho sup-
ports the metabolic functions of injured cells.

This study aimed to examine the influence of
the Klotho protein on oxidative/nitrosative stress
and metabolic functions of the cardiomyocytes
subjected to I/R injury.

Methods

Cell culture

The primary human cardiac myocytes (HCM)
were purchased from ScienCell Research Labo-
ratories (Carlsbad, CA, USA) and cultured under
standard conditions [10] (37°C, water-saturated,
5% CO, atmosphere), according to the manufac-
turer’s instructions. Cells were passaged at 90%
confluence using 0.25% trypsin-EDTA (Sigma-
-Aldrich, St. Louis, MO, USA).

The protocol of in vitro chemical I/R injury
of cardiomyocytes

Cardiac myocytes in culture underwent in vitro
chemical I/R per the guidelines for experimental
models of myocardial ischemia and infarction [11].
Figure 1 shows the experimental protocol scheme.
Briefly, HCM in the I/R groups underwent 15 min
of aerobic stabilization, 15 min of in vitro chemi-
cal ischemia and 20 min of reperfusion [3, 7] in
the absence or presence of 1 ug/mL [7, 12] of the
Recombinant Human Klotho Protein (R&D Sys-

www . cardiologyjournal.org

tems, 5334-KL-025). The aerobic stabilization and
reperfusion were performed in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer
(5.5 mmol/L HEPES, 63.7 mmol/L CaCl,, 5 mmol/L
KCl, 2.1 mmol/L MgCl,, 5.5 mmol/L glucose,
10 mmol/L taurine) containing additional 55 umol/L
CaCl, and 0.75 mg/mL BSA. During in vitro chemi-
cal ischemia, cells were incubated in HEPES
buffer containing 4.4 mmol/L 2-deoxyglucose (to
inhibit glycolysis) and 4.0 mmol/L sodium cyanide
(cellular respiration inhibitor) [3]. The optimal
ischemia duration (15 min) was previously estab-
lished experimentally by measuring the activity of
lactate dehydrogenase (LDH) released from cells
as a marker of cell injury (data not shown). In the
Klotho experimental group (I/R+Klotho), cells
underwent I/R procedure in the presence of Klotho
protein in the buffers (1 ug/mL final concentration)
during the entire protocol. Cells from the aero-
bic control group were incubated aerobically for
50 min in HEPES buffer at real time (RT). Then,
cells from all groups were homogenized mechani-
cally with a hand-held homogeniser in the homog-
enization buffer.

Klotho mRNA expression

The total RNA from HCM was isolated with
TRIZOL reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufac-
turer’s instructions. A microvolume ultraviolet
spectrophotometer (NanoDrop Lite, Thermo Sci-
entific) was used to evaluate the concentration and
purity of RNA. To prepare cDNA, reverse transcrip-
tion of pure RNA samples (100 ng) was conducted
using the 1Script cDNA Synthesis Kit (BioRad,
Hercules, CA, USA), according to the instructions
provided. The reverse transcription was carried
out at 42°C for 30 min and inactivated at 85°C for
5 min. Real-time quantitative polymerase chain
reaction (RT-qPCR) and CFX96 Real-Time System
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(BioRad) were used for the analysis of the Klotho
gene expression. The expression level of glucose-
-6-phosphate dehydrogenase (G6PD) gene was used
as an internal reference. The final volume of the
reaction mix was 30 uL and included iTag Universal
Sybr Green Supermix with ROX (BioRad), forward
and reverse primers (250 nmol/L final conc.), water
and cDNA (100 ng). The primers were designed by
us and synthesized by TIB Molbiol (TIB Molbiol,
Berlin, Germany). The amount of Klotho mRNA
relative to G6PD was calculated as 27

Klotho protein production

The concentration of Klotho protein in cell
homogenates was measured using Sandwich Hu-
man Klotho ELISA Kit from Biorbyt (orb397071,
Biorbyt Ltd., UK), according to the manufacturer’s
instructions. The color strength in each well was
proportional to the quantity of Klotho protein and
was normalized to total protein concentration.

LDH activity measurement

A Lactate Dehydrogenase Activity Assay Kit
(Sigma-Aldrich, St. Louis, MO, USA) was used to
determine the activity of LDH in cells, according
to the manufacturer’s instructions. LDH is a stable
cytosolic enzyme that is released upon membrane
damage/permeability or cell lysis and serves as
amarker of cell damage. LDH activity was assessed
in cell supernatants and normalized to total protein
concentration.

The level of NOX2 and NOX4

To assay nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 2 (NOX2) and NADPH
oxidase 4 (NOX4) expression in the cardiomyo-
cytes, Human NADPH Oxidase 2 (NOX2) ELISA
Kit and Human NADPH Oxidase 4 (NOX4) ELISA
Kit (all from SunLong Biotech Co., Zhejiang, China)
in accordance to the manufacturer’s instructions
were used. These ELISA kits use Sandwich-ELISA
as the method. The optical density was measured
spectrophotometrically at a wavelength of 450 nm.
The optical density values were proportional to
the concentration of NOX2 and NOX4, respec-
tively. NOX2 and NOX4 levels were assessed in
cell supernatants and normalized to total protein
concentration in each sample.

Assessment of oxidative
and nitrosative stress

An OxiSelect™ In Vitro ROS/RNS Assay Kit
(Cell Biolabs, San Diego, USA) was used to assess
the influence of Klotho on the levels of total ROS/

/RNS and hydrogen peroxide (H,0,) in the cardio-
myocytes. The assay measures total ROS/RNS or
H,0, using a proprietary fluorogenic probe — di-
chlorodihydrofluorescein (DCFH) DiOxyQ. In the
presence of ROS and RNS, the DCFH is rapidly
oxidised to the highly fluorescent 2’,7’-dichlorodi-
hydrofluorescein. The DCFH-DiOxyQ probe can
react with H,0,, peroxyl radical (ROO-), nitric oxide
(NO), and peroxynitrite anion (ONOOQO"). These free
radical molecules are representative of both ROS
and RNS, thus allowing for the measurement of
the total free radical population within a sample.
Using the H,0, standards and standard curve, the
level of H,0, was also assessed. Fluorescence
intensity was proportional to the total ROS/RNS
or H,0, levels within the sample. Total ROS/RNS
and H,0, levels were assessed in cell supernatants
and normalized to total protein concentration.
However, there are some limitations in the use of
DCFH, for example, DCFH does not directly react
with H,O, to form the fluorescent product [13].
Therefore, DCFH results were interpreted as an
indirect measure of H,O.,.

Measurement of TAC of cardiomyocytes

An OxiSelect™ Total Antioxidant Capacity As-
say Kit (Cell Biolabs, San Diego, USA) was used
to assess the influence of Klotho on the oxidative
stress inhibition during I/R. Measurement of the to-
tal non-enzymatic antioxidant capacity is indicative
of the cells’ ability to counteract induced oxidative
stress. Total antioxidant capacity (TAC) assay is
based on the reduction of copper (I) to copper (I)
by the antioxidants present in the sample. The TAC
level was measured in cell homogenates, expressed
as uM of Copper Reducing Equivalents (CRE) and
normalized to uL of cell homogenates.

Immunofluorescence staining for iNOS
Human cardiac myocytes were cultured in
a 96-well plate at a density of 5.5 x 10’ cells per
well for 24 h, and then subjected to in vitro chemi-
cal I/R according to the protocol shown in Figure 1.
Then, cells were subjected to fixation at RT for
15 min, with 500 wL/well of 4% paraformaldehyde and
were incubated with a blocking buffer for 1 h at RT.
Primary antibodies, mouse anti-inducible nitric ox-
ide synthase (iINOS) 1:1000 (ab21775, Abcam, UK),
were incubated at 4°C overnight and then washed
with phosphate buffered saline (PBS). Then, the
secondary antibodies — goat anti-mouse IgG 1:500
(ab96872, Abcam, UK) labelled with DyLight® 550
— were added and incubated at RT for 45 min.
Myocytes were stained with DAPI (4’,6-diamidino-

838 www . cardiologyjournal.org



Agnieszka Olejnik et al., Klotho protein against oxidative stress in I/R injured cardiomyocytes

2-phenylindole, Sigma-Aldrich) 1:1000 for 15 min
in the dark and rinsed with PBS to visualize the
cells’ nuclei. A Spark Multimode Microplate Reader
(Tecan Trading AG, Switzerland) was used to read
the signal emitted. To visualize the expression of
INOS (red fluorescence), Thunder Leica Imager
(Leica Microsystems) was used. The number of
cells was assessed by measuring the fluorescence
of the cells’ nuclei stained by DAPI (blue fluores-
cence). The expression of iNOS protein in the
aerobic and I/R groups was assessed by measuring
red fluorescence intensity expressed in arbitrary
units (AU) and normalized to the number of cells
(blue fluorescence) in each well.

Nitrates and nitrites ((NO,)") level

The amount of total (NO,)™ (oxidative products
of endogenous NO) in cells serves as a measure
of NO production [3, 14]. A commercially available
Nitric Oxide Assay Kit (Abcam, Cambridge, MA,
USA) according to the manufacturer’s instructions
for measurement of (NO,)™ level was used. The
(NO,) level was assessed in cell homogenates and
normalized to total protein concentration.

The measurement of glucose uptake and
lactate production in cardiomyocytes

To assess the metabolic status of cells, glucose
uptake and lactate production were measured.
2-deoxyglucose (2DG) uptake was studied using
a bioluminescent Glucose Uptake-Glo™ Assay
(Promega, Madison, WI, USA). Briefly, 2DG is
taken up by glucose transporters and metabolized
to 2-DG-6-phosphate (2DG6P) in the same manner
as glucose. 2DG6P cannot be further metabolized,
and thus accumulates within the cells. Accumu-
lated 2DG6P is directly proportional to 2DG (or
glucose) uptake by cells and the luminescence is
proportional to the concentration of 2DG6P. HCM
were cultured in a 96-well plate at a density of
5.5 X 10° cells per well for 24 h and then subjected
to in vitro chemical I/R injury according to the
protocol shown in Figure 1. The cell confluence
in each well was measured. Afterwards, 50 uL
of 1 mM 2DG per well for 10 min was added and
accumulated 2DG6P was measured using a lumi-
nescence assay, according to the manufacturer’s
guidelines. Data were normalized to the percent of
cell confluence and expressed in relative light units
(RLU) in the case of each well. Lactate production
in the cardiomyocytes was examined using an
L-Lactate Assay Kit (ab65331, Abcam, UK) accord-
ing to the manufacturer’s instructions. The lactate

concentration was assessed in cell supernatants
and normalized to total protein concentration.

Determining the total protein concentration

The Bradford method [15] was used to deter-
mine protein concentration in cell homogenates
and supernatants. Bio-Rad Protein Assay Dye
Reagent (BioRad) and Spark Multimode Micro-
plate Reader (Tecan Trading AG, Switzerland)
for measuring total protein concentration were
used.

Statistical analysis

GraphPad Prism 6 software (GraphPad Soft-
ware, San Diego, CA, USA) was used for statistical
analysis of the results. To assess the normality of
variance changes, either the Shapiro-Wilk normal-
ity test or the Kolmogorov-Smirnov test was used.
Then, ANOVA or nonparametric test with post hoc
tests for comparison of data between measurement
groups were used. Correlations were assessed us-
ing the Pearson or Spearman test, as appropriate.
Results were expressed as mean + standard er-
ror of mean (SEM), with a value of p < 0.05 being
regarded as statistically significant.

Results

Reduced injury of cardiac cells
in the presence of Klotho

The expression of the Klotho gene (Fig. 2A)
and the production of the Klotho protein (Fig. 2B)
were increased in cells subjected to I/R in com-
parison to the aerobic control group. LDH activity
in supernatants was significantly higher in the I/R
group compared to the aerobic (Fig. 2C). The ex-
pression of the Klotho gene positively correlated
with LDH activity (p = 0.0001, r = 0.63) (Fig. 2D).
The administration of exogenous recombinant
human Klotho protein during I/R, regulated the
expression of the Klotho gene (Fig. 2A) and protein
(Fig. 2B) in the cardiomyocytes, and significantly
reduced their damage (Fig. 2C).

The level of NOX2 and NOX4
in cell supernatants

The level of NOX2 was significantly higher in
cells injured by I/R (Fig. 3A). NOX2 level (Fig. 3A)
and NOX4 level (Fig. 3B) were lower in the I/R+
Klotho group in comparison to I/R. Additionally,
the administration of Klotho during I/R resulted
in a lower NOX4 level than in cells maintained
in aerobic conditions (Fig. 3B). The expression
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Figure 2. The expression of Klotho gene and protein in the cardiomyocytes during ischemia/reperfusion (I/R) injury.
A. The expression of the Klotho gene in human cardiomyocytes was examined by real time quantitative polymerase
chain reaction (RT-qPCR) and normalized to glucose-6-phosphate dehydrogenase (G6PD); B. The production of the
Klotho protein in the cardiomyocytes tested by ELISA; C. Lactate dehydrogenase (LDH) activity in cell supernatants
as a marker of cell death. LDH activity was normalized to the total protein concentration; D. Correlation of the Klotho
gene expression and LDH activity; mU/mL — milli international enzyme units per milliliter; *p < 0.05 vs. the aerobic
control group; #p < 0.05 vs. ischemia/reperfusion; mean = SEM; n = 8-20.

of NOX2 in the cardiomyocytes was about 9-fold
higher than the expression of NOX4.

Reduced oxidative and nitrosative stress
in cardiac cells treated with Klotho

The total ROS and RNS level (Fig. 4A) and H,0,
level (Fig. 4B) were significantly higher in the I/R
group compared to the aerobic control group. There
was a positive correlation between total ROS/RNS
and H,0, levels (r = 0.94, p < 0.0001) (Fig. 4C). The
administration of Klotho protein effectively reduced
the production of ROS/RNS (Fig. 4A) and H,0,
(Fig. 4B), and enhanced TAC (Fig. 5A) of cells sub-
jected to I/R. TAC of the cardiomyocytes negatively
correlated with LDH activity (r = -0.46, p = 0.0106;
Fig. 5B), ROS/RNS level (r = -0.49, p = 0.0278;
Fig. 5C), H,0, level (r = -0.73, p < 0.0001; Fig. 5D),
and with NOX2 (r = -0.49, p = 0.0409) and NOX4
(r = -0.65, p = 0.0037) levels (Fig. 5E).

The expression of iNOS protein
in cardiomyocytes

The expression of iNOS protein in the cardio-
myocytes tested by immunofluorescence staining
was significantly enhanced in the I/R group com-
pared to the aerobic control group (Fig. 6A, 6D).
There was a positive correlation between the
iINOS expression and the ROS/RNS level (r = 0.59,
p = 0.0075; Fig. 6B) and H,0, level (r = 0.59,
p = 0.0018; Fig. 6C). Klotho supplementation
during I/R reduced the expression of iNOS in the
cardiomyocytes (Fig. 6A, 6D).

The production of NO in cardiac cells

The amount of total (NO,)” served as the
measure of NO production. The level of (NO,)~
was significantly higher in cells subjected to I/R
compared to the aerobic group (Fig. 7A). The level
of (NO,)™ positively correlated with LDH activity
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Figure 3. The level of NADPH oxidase 2 (NOX2) and NADPH oxidase 4 (NOX4) in cell supernatants. A. The level of
NOX2 in cell supernatants normalized to total protein concentration; B. The level of NOX4 in cell supernatants normal-
ized to total protein concentration; NADPH — nicotinamide adenine dinucleotide phosphate; *p < 0.05 vs. aerobic
control; #p < 0.05 vs. ischemia/reperfusion (I/R); mean = SEM; n = 7-16.
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Figure 4. Oxidative and nitrosative stress in cardiac cells. A. The total reactive oxygen species (ROS) and reactive
nitrogen species (RNS) level in cell supernatants expressed as nM of 2’, 7'-dichlorodihydrofluorescein (DCF) and
normalized to total protein concentration; B. The level of hydrogen peroxide (H,0,) in cell supernatants normalized to
total protein concentration; C. Correlation of ROS/RNS and H,0; level; *p < 0.05 vs. aerobic control; #p < 0.05 vs.
ischemia/reperfusion; mean = SEM; n = 5-10.
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Figure 5. Antioxidant defence in cardiac cells; A. Total antioxidant capacity (TAC) of the cardiomyocytes. TAC was
expressed as UM of Copper Reducing Equivalents (CRE) and normalized to uL of cell homogenates; B. Correlation
between TAC and lactate dehydrogenase (LDH) activity in the aerobic, ischemia/reperfusion (I/R) and I/R + Klotho
groups; C. Correlation between TAC and reactive oxygen species/reactive nitrogen species (ROS/RNS) level in the
I/R and I/R + Klotho groups; D. Correlation between TAC and hydrogen peroxide (H,0,) level; E. Correlation between
TAC, NOX2 and NOX4 levels; DCF — 2, 7'-dichlorodihydrofluorescein; mU/mL — milli international enzyme units
per milliliter; NADPH — nicotinamide adenine dinucleotide phosphate; NOX2 — NADPH oxidase 2; NOX4 — NADPH
oxidase 4; *p < 0.05 vs aerobic control; #p < 0.05 vs. I/R; mean = SEM; n = 6.

(r =0.39,p = 0.0318) and ROS/RNS level (r = 0.42, levels (Fig. 7C). The administration of Klotho
p = 0.0130; Fig. 7B), and with NOX2 (r = 0.47, protein during I/R reduced the production of (NO,)"
p = 0.0050) and NOX 4 (r = 0.50, p = 0.0026) (Fig. 7A).
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Figure 6. The expression of inducible nitric oxide synthase (INOS) protein in cardiomyocytes; A. The expression of
iNOS protein in the cardiomyocytes; B. Correlation between the iINOS expression and the reactive oxygen species/re-
active nitrogen species (ROS/RNS) level; C. Correlation between iNOS expression and hydrogen peroxide (H,0,) level;
D. Immunofluorescence staining of cardiomyocytes for iNOS (red fluorescence) and 4’,6-diamidino-2-phenylindole
(DAPI) for nuclei (blue fluorescence). The expression of INOS was expressed as arbitrary units (AU) and normalized to
total number of cells (blue fluorescence). Graph bars show the average of total cell fluorescence in each experiment;
maghnification 100x and 400x; scale bar 100 um; DCF — 2’, 7’-dichlorodihydrofluorescein; AU — arbitrary units;
*p < 0.05 vs. aerobic control; #p < 0.05 vs. ischemia/reperfusion (I/R); mean = SEM; n = 7-8.

Metabolic status of cardiomyocytes
subjected to I/R injury

The glucose uptake was reduced in cells from
the I/R group in comparison to the aerobic control
group (Fig. 8A) and negatively correlated with
LDH activity (p = 0.0002, r = -0.65) (Fig. 8B).
The production of lactate was also increased in

the cardiomyocytes subjected to I/R compared to
the aerobically maintained cells (Fig. 8C). Lactate
production positively correlated with LDH activity
(p = 0.03, r = 0.39) and ROS/RNS level (p = 0.0033,
r = 0.64) (Fig. 8D). The administration of Klotho
protein normalized glucose uptake (Fig. 8A) and
lactate production (Fig. 8C) in cells subjected to I/R.
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Figure 7. The production of nitric oxide (NO) in cardiomyocytes; A. The level of total nitrate/nitrite (NO,)” in cardiac
cells as an indicator of NO production. The level of (NO,) in cell homogenates was normalized to total protein con-
centration; B. Correlation between (NO,) level, lactate dehydrogenase (LDH) activity and reactive oxygen species/
/reactive nitrogen species (ROS/RNS) level; C. Correlation between (NO,)", NOX2 and NOX4 levels; DCF — 2, 7'-di-
chlorodihydrofluorescein; mU/mL — milli international enzyme units per milliliter; NADPH — nicotinamide adenine
dinucleotide phosphate; NOX2 — NADPH oxidase 2; NOX4 — NADPH oxidase 4; (NO,)” — nitrates and nitrites;

*p < 0.05 vs. aerobic control; #p < 0.05 vs. ischemia/reperfusion (I/R); mean + SEM; n = 10-12.

Discussion

Recent studies have shown that Klotho acted
in a preventive and therapeutic way in acute renal
failure, chronic kidney disease, and ischaemic brain
injury [15-20]. For this reason, the present study
hypothesised that Klotho protein may contribute
to the functioning of a compensatory mechanism
that mitigates the initial damage in the heart tissue
as well. The current research revealed that Klotho
protein participates in the reduction of oxidative/
/nitrosative stress and supports metabolic func-
tions in the cardiomyocytes, showing that Klotho
contributes to cardioprotection.
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It was proven that higher serum Klotho level
correlated with reduced occurrence of cardiovascu-
lar events and cardiovascular death in humans [21].
An increased level of the serum Klotho in patients
who have had myocardial infarction was observed,
and as such, the compensatory production of Klotho
to prevent the development of subsequent heart
lesions was suggested [22]. Importantly, it was
previously shown that a compensative production
of the Klotho protein takes place in the cardiomyo-
cytes during I/R to protect cells from further injury
[7]. In the current study, increased cell injury in the
cardiomyocytes subjected to I/R was shown. The
expression of the Klotho gene and protein were
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Figure 8. Metabolic status of cardiomyocytes during ischemia/reperfusion (I/R) injury. A. The glucose uptake in the
cardiomyocytes subjected to I/R with or without Klotho supplementation. The data were expressed in relative lights
units (RLU) and normalized to the cell number in each well; B. Correlation between glucose uptake and lactate dehy-
drogenase (LDH) activity; C. The influence of I/R injury and Klotho protein on the production of lactate in the cardio-
myocytes. The lactate concentration was assessed in cell supernatants and normalized to total protein concentration;
D. Correlation between lactate level, LDH activity and reactive oxygen species/reactive nitrogen species (ROS/RNS)
level; DCF — 2’, 7'-dichlorodihydrofluorescein; mU/mL — milli international enzyme units per milliliter; *p < 0.05 vs.
aerobic control; #p < 0.05 vs. I/R; mean = SEM; n = 5-10.

significantly increased in I/R group and positively
correlated with cell damage, suggesting a com-
pensatory expression of Klotho to counteract the
injury. Administration of the exogenous recombi-
nant human Klotho protein during I/R regulated
the expression of the Klotho gene and production
of the Klotho protein in cardiomyocytes to the
level observed in aerobic conditions. Herein, it is
implied that this change may be due to a negative
feedback loop in response to the presence of the
exogenous Klotho protein, that requires further
investigation. Similarly, Sahu et al. (2018) [23]
showed that the expression of the Klotho in the
muscles was increased in young mice following an
acute cardiotoxin-induced injury. Thus, we suggest
that the administration of the Klotho protein may
contribute to prevention of damage and reduction
of injuries in the cardiomyocytes.

www . cardiologyjournal.org

An increasing oxidative stress in the failing
heart is mainly caused by inactivation of complex I
and the functional uncoupling of the respiratory
chain in mitochondria. However, the activity of
enzymes like xanthine oxidase, cyclooxygenase,
NOS, and NOX is also a source of ROS [24]. NOX is
a membrane-bound enzyme complex with activity
in the extracellular space. NOX isoforms catalyze
production of a superoxide free radical and other
ROS, thus representing an important source of
ROS [25]. While NOX2 is often referred to as the
phagocyte NADPH oxidase, it is also expressed
in neurons, cardiomyocytes, skeletal muscle myo-
cytes, hepatocytes, endothelial cells and hemat-
opoietic stem cells, and mainly generate superox-
1de. NOX4 is highly expressed in the kidney and is
responsible for basal H,O, production [25, 26]. It is
known that NOX mediates oxidative stress during
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heart, kidney, brain, liver, and lung I/R injury [27].
Moreover, it was reported that NOX2 and NOX4
play an important role in myocardial hypertrophy
and/or cardiac remodeling [28]. In the present
analysis, the level of NOX2 was significantly higher
in I/R cells, while Klotho protein contributed to
the reduction of NOX2 and NOX4 expression dur-
ing I/R. Similarly, an increased NOX2 expression
in human cardiomyocytes after acute myocardial
infarction was shown [29]. The level of NOX2 and
NOX4 was upregulated in a guinea pig model of
progressive left ventricular hypertrophy or in the
failing heart in mice [24, 30]. As reported, Klotho
decreased NOX2 protein expression in rat aorta
smooth muscle cells by influencing the cAMP/
/protein kinase A pathway [31]. A recent study
showed that treatment with Klotho suppressed
NOX2 and NOX4 expression and inhibited p38
and extracellular signal-regulated protein kinase
1/2 signalling pathways, thus protecting against
indoxyl sulphate-inducted myocardial hypertrophy
in mice [28]. In the present study, it was observed
that Klotho effectively reduced NOX2 and NOX4
expression in I/R injured cardiomyocytes, sug-
gesting cardioprotection. However, it needs to be
emphasized that it was preliminary research on
Klotho and NOX, thus further analysis to reveal
the potential mechanism is needed.

Research over the last few years has revealed
that Klotho limited oxidative stress, inflammation
and fibrosis in HeLa, as well as in the aortic or renal
murine cells [32, 33]. It was shown that Klotho
led to the activation of the forkhead box protein
O transcription factors through the inhibition of
insulin/insulin growth factor 1/phosphatidylinositol
3-kinase signalling pathway. It resulted in enhanced
expression of superoxide neutraliser manganese
superoxide dismutase, and consequently, in oxida-
tive stress resistance [32, 33]. Therefore, it was of
interest to investigate whether the administration
of a recombinant Klotho protein may limit oxida-
tive stress in cardiac cells as well. An increased
production of ROS/RNS and H,0, was shown in the
cardiomyocytes subjected to I/R. Cardiomyocyte
supplementation with exogenous Klotho protein
during I/R contributed to the reduction of oxidative
stress, suggesting the antioxidative potential of
Klotho. It was subsequently observed that the TAC
of the cardiomyocytes negatively correlated with
LDH activity and with ROS/RNS, H,0,, NOX2, and
NOX4 levels, confirming that the intensified dam-
age to heart cells during I/R is due to an unbalanced
increase in ROS/RNS level, while administration of
Klotho significantly enhanced antioxidant activity.

This resulted in the reduction in injury and main-
tenance of cardiomyocyte function. In addition,
studies have shown a decrease in ROS formation,
reduced oxidative stress and apoptosis after Klotho
protein administration or induction of the Klotho
gene expression in the kidneys and brain [12, 16,
20, 33, 34]. Proposed herein, that Klotho may also
support protection of the cardiomyocytes from
oxidative stress and damage caused by I/R.

While NO is a relaxing factor in the endothe-
lium and serves as a radical scavenger, in the
presence of superoxide during oxidative stress,
NO forms ONOO™ which can cause damage in the
myocardium [4, 35, 36]. It was previously reported
that oxidative stress was a significant source of
NO during I/R, as well as that NO synthesis in the
cardiomyocytes was associated with the induction
of high output NOS. The level of (NO,) in cardiac
cells was also increased due to I/R [14]. Likewise,
in the present study, there was an increased ex-
pression of iNOS and intensified production of
(NO,)” during I/R. The expression of iNOS and
(NO,) level positively correlated with the cell
injury, NOX2 and NOX4 levels, and with ROS/RNS
level, confirming the conception of overproduction
of ROS, disrupted NOS expression, and increased
production of nitrate/nitrite due to I/R. Recent
works on I/R-injured rat hearts proved that the
pharmacological regulation of NOS expression
and NO bioavailability attenuated cardiac injury
and improved the heart’s mechanical function
[3, 37-39]. In the current investigation, the Klotho
protein decreased the expression of iNOS, reduced
the production of NO, thus contributing to the
protection against nitrosative stress. Interestingly,
Klotho deficiency has been linked to the disrupted
expression of iNOS in the cardiomyocytes [40].
Regulated NO synthesis in the vascular endothe-
lial cells and improved endothelial function during
Klotho overexpression were observed as well [41,
42]. Similarly, Klotho reduced iNOS expression
and attenuated NO overproduction in HUVECs or
pancreatic beta-cells during stress conditions [43,
44]. The research showed that supplementation of
cardiomyocytes with Klotho during I/R, regulated
the production of (NO,) to the level observed in the
aerobic control group. Thus, Klotho can be recog-
nised as a potential factor that supports the reduc-
tion of nitrosative stress in the heart during I/R.

The studies showed that a switch from lactate
uptake to lactate production occurs in the heart
during myocardial ischemia [8, 9]. Importantly, an
overproduction and accumulation of lactate have
been implicated as a factor that causes cellular
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damage during ischemia directly or indirectly [45].
It was previously reported that administration of
the Klotho protein supported the viability and
recovery of a proper metabolism in I/R-injured
cells [7]. In this study, I/R injury led to reduced
glucose uptake and increased production of lactate
in the cardiomyocytes, confirming unbalanced cel-
lular metabolism. The glucose uptake negatively
correlated with the magnitude of injury, indicat-
ing disrupted metabolic functions. Importantly,
it was reported that an intensified glycolysis is
mainly caused by increased net glycogen break-
down rather than high glucose uptake [8, 9]. The
cardiomyocytes under long-time hypoxia showed
suppression of cellular glucose metabolism as well
[46]. In the current study, the production of lactate
positively correlated with cell injury and oxidative/
/nitrosative stress, confirming the mechanism of
metabolic disruption during I/R. Administration of
the Klotho protein regulated the glucose uptake
to the level observed in the aerobic control group
and limited subsequent production of lactate in
the cardiomyocytes subjected to I/R. Interest-
ingly, increased expression of the GLUT1 glucose
transporter, as well as the enhanced glucose
uptake and metabolism that followed, prevented
apoptosis and the development of heart failure in
response to hypoxia or pressure overload in animal
models [47-49]. Klotho deficiency led to insulin
resistance in the murine skeletal muscle, whereas
Klotho overexpression increased glucose-induced
insulin secretion in MIN6 beta-cells [50, 51]. It
was found that the fibroblast growth factor (FGF)
21 stimulates glucose uptake in adipocytes by the
induction of glucose transporters. Since Klotho is
a co-receptor for FGE, it could be implicated in the
glucose transportation and metabolic homeosta-
sis through FGF/FGF receptor/Klotho signalling
pathway [52]. Herein, it is reported that the Klotho
protein supported glucose uptake and metabolic
activity in cardiomyocytes during I/R injury.

Conclusions

The present research showed that the admin-
istration of Klotho during I/R injury contributed to:
a) ameliorated cell damage; b) reduced oxidative and
nitrosative stress; c) regulated glucose uptake and
lactate production in the cardiomyocytes, and there-
fore, d) Klotho may be considered cardioprotective.

Further research is required to reveal the
precise molecular mechanism by which Klotho
could be involved in oxidative/nitrosative stress

inhibition and glucose uptake recovery in cardio-
myocytes during I/R.
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