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Abstract: Cardiac progenitor cells (CPCs) are resident stem cells present in a small portion of
ischemic hearts and function in repairing the damaged heart tissue. Intense oxidative stress
impairs cell metabolism thereby decreasing cell viability. Protecting CPCs from undergoing cellular
apoptosis during oxidative stress is crucial in optimizing CPC-based therapy. Histochrome (sodium
salt of echinochrome A—a common sea urchin pigment) is an antioxidant drug that has been
clinically used as a pharmacologic agent for ischemia/reperfusion injury in Russia. However,
the mechanistic effect of histochrome on CPCs has never been reported. We investigated the
protective effect of histochrome pretreatment on human CPCs (hCPCs) against hydrogen peroxide
(H2O2)-induced oxidative stress. Annexin V/7-aminoactinomycin D (7-AAD) assay revealed that
histochrome-treated CPCs showed significant protective effects against H2O2-induced cell death.
The anti-apoptotic proteins B-cell lymphoma 2 (Bcl-2) and Bcl-xL were significantly upregulated,
whereas the pro-apoptotic proteins BCL2-associated X (Bax), H2O2-induced cleaved caspase-3, and
the DNA damage marker, phosphorylated histone (γH2A.X) foci, were significantly downregulated
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upon histochrome treatment of hCPCs in vitro. Further, prolonged incubation with histochrome
alleviated the replicative cellular senescence of hCPCs. In conclusion, we report the protective effect
of histochrome against oxidative stress and present the use of a potent and bio-safe cell priming agent
as a potential therapeutic strategy in patient-derived hCPCs to treat heart disease.
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1. Introduction

Stem cells have been reported to recover damaged hearts from myocardial infarction and have
been investigated for use in myocardial regeneration [1–3]. Cardiac progenitor cells (CPCs) were first
identified by Anversa et al. [4]. CPCs are classified as a prevailing stem cell population in the heart and
have crucial roles in cardiac homeostasis [5,6]. CPCs can differentiate into multiple cell lineages of the
heart, and thus, are a promising cell resource for regenerating ischemic hearts [7]. Recent preclinical
studies suggest that transplantation of CPCs into the ischemic myocardium can significantly improve
cardiac regeneration via the formation of vasculature and new myocytes [8–10]. Furthermore, CPCs
have the potential to produce and remodel extracellular matrix (ECM) proteins [11], trigger CPC
proliferation, and stimulate growth factor secretion [12]. According to these positive results, CPC
might be a promising stem cell source in cardiovascular regeneration. However, current evidence
suggests that poor viability of engrafted CPCs in the infarcted myocardium primarily restricts the
therapeutic efficacy of CPCs [13,14]. Thus, increasing the survival of CPCs can be a beneficial strategy
to enhance the therapeutic effect in ischemic heart disease.

Reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide radicals, and
hydroxyl radicals, are produced during infarction or reperfusion of ischemic hearts [15]. ROS
involvement has been reported in various important development processes, cell signaling, and
regulation of homeostasis [16]. Low levels of ROS are involved in the regulation of stem cell fate
decision, stem cell proliferation, differentiation, and survival [17]. However, excessive ROS production
leads to impaired cell metabolism and decreased cell viability [18], thereby inhibiting transplanted
CPCs to regenerate the damaged heart [19]. Consequently, protecting CPCs from undergoing apoptosis
and enhancing their ability to survive under oxidative stress is crucial in optimizing CPC-based therapy.

Echinochrome A is a common sea urchin pigment [20] that has a chemical structure of
6-ethyl-2,3,5,7,8-pentahydroxy-1,4-naphthoquinone (Figure 1A) and exhibits antioxidant, anti-viral [21],
anti-inflammatory [22], and anti-diabetic activities [23]. Echinochrome A prevents mitochondrial
dysfunction and activation of mitogen-activated protein kinase (MAPK) cell death signaling
pathways caused by cardiotoxic drug treatment [24]. Echinochrome A regulates mitochondrial
biogenesis in cardiomyocytes by upregulating the transcription of mitochondrial regulatory genes,
such as mitochondrial transcriptional factor A (TFAM), nuclear respiratory factor (NRF-1), and
proliferator-activated receptor gamma co-activator (PGC-1α) [25]. Echinochrome A inhibits the
phosphorylation of serine-16 and threonine-17, located in the active center of phospholamban
(membrane phosphoprotein and main regulator of the SERCA2A receptor responsible for the transfer
of calcium ions from the cytosol to the sarcoplasmic reticulum), preventing ischemic myocardial
damage by reducing the infarction zone [26].
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Echinochrome A is insoluble in water, however, its water-soluble sodium salt is used for
medical applications, which is manufactured under inert conditions in ampoules and is known as the
Histochrome® drug. Histochrome has been used in Russia in ophtalmological and cardiological clinical
practice. In ophthalmology, histochrome is used for the treatment of degenerative diseases of the retina
and cornea, macular degeneration, primary open-angle glaucoma, diabetic retinopathy, hemorrhage in
the vitreous body, retina, and anterior chamber, and dyscirculatory disorder in the central artery and
vein of the retina [27]. An overview of clinical applications of histochrome in cardiology is presented
in monography [28]. In the first place, histochrome has been used for the treatment of myocardial
ischemia/reperfusion injury. Even a single injection of histochrome immediately after reperfusion
recovered the ECG signs of myocardial necrosis and significantly (up to 30%) reduces the necrosis zone
after a 10-day course. The use of histochrome prevented lipid peroxidation, reduced the frequency
of left ventricular failure, did not affect the level of blood pressure and heart rate, and decreased the
frequency of post-infarction angina pectoris. Practical experience of histochrome treatment confirmed
the absence of any adverse effects and the safety of its application [28].

The cardioprotective effect of histochrome on patient-derived CPCs has never been reported.
Thus, we investigated whether pretreatment of CPCs with histochrome promotes cell survival against
oxidative stress during cardiac regeneration.

2. Results

2.1. Histochrome Does Not Affect Surface Expression Markers of Human Cardiac Progenitor Cells (hCPCs)

To evaluate the cytotoxicity of histochrome in human CPCs (hCPCs), hCPCs were treated with
different concentrations of histochrome for 24 h. Cell survival was found to be significantly increased
for 0.5 µM to 10 µM of histochrome and significantly decreased at concentrations above 100 µM (p < 0.01
versus 0 µM; Figure 1B). Based on the data obtained, we determined that histochrome concentration
under 50 µM used for the further experiments. No change in the morphology of hCPCs was observed
on pretreatment with 0 µM, 5 µM, 10 µM, and 20 µM concentrations of histochrome (Figure 1C).
To eliminate the possibility of change in CPC characteristics on pretreatment with histochrome, we
investigated typical surface expression markers of hCPCs using fluorescence-activated cell sorting
(FACS) analysis. As shown in Figure 1D, histochrome-treated CPCs showed positive expression
of cardiac stem cell markers such as mast/stem cell growth factor receptor kit (c-kit), cluster of
differentiation 66 (CD166), CD29, CD105, and CD44. However, negative expression was observed for
hematopoietic markers, such as CD45 and CD34, in pretreated hCPCs compared to that in control cells.
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Figure 1. Effects of histochrome treatment on human cardiac progenitor cells (hCPCs) 
characterization. (A) Chemical structure of echinochrome A—active substance of the histochrome 
drug. (B) hCPCs were treated with different concentrations of histochrome for 24 h and viability was 
measured using cell viability, Proliferation & Cytotoxicity assay (CCK assay). Data are presented as 
the mean ± standard deviation (SD). **, p < 0.01 versus 0 μM, ***, p < 0.001 versus 0 μM. n = 6 (C) 
Morphological analysis of hCPCs pretreated with histochrome. Scale bar = 100 μm, (D) Expression of 
stem cell marker by flow cytometric analysis, n = 3. Error bars indicate standard effort of the mean 
(S.E.M) 

2.2. Histochrome Reduced Cellular and Mitochondrial Reactive Oxygen Species (ROS) Levels in hCPCs 
during H2O2-Induced Oxidative Stress 

To investigate whether pretreating hCPCs with histochrome protects them against oxidative 
stress, we performed a cellular ROS staining assay. Cellular ROS-tagged green intensity was found 
to be significantly increased upon exposure to H2O2 (Figure 2A). We observed that pretreatment 
with histochrome decreased the cellular ROS levels in a dose-dependent manner. The 2’,7’–
difluorofluorescin diacetate (H2-DFFDA) assay revealed that pretreatment with 10 μM of 
histochrome significantly decreased cellular ROS levels (Figure 2B). Furthermore, we investigated 
the effects of pretreatment with histochrome on mitochondrial superoxide production in hCPCs. The 
increased production of mitochondrial superoxide caused by H2O2 addition was found to be 
significantly reduced in histochrome-treated hCPCs (Figure 2C). Our data suggested that 
histochrome has intracellular ROS scavenging activity in hCPCs under oxidative stress. 

Figure 1. Effects of histochrome treatment on human cardiac progenitor cells (hCPCs) characterization.
(A) Chemical structure of echinochrome A—active substance of the histochrome drug. (B) hCPCs were
treated with different concentrations of histochrome for 24 h and viability was measured using cell
viability, Proliferation & Cytotoxicity assay (CCK assay). Data are presented as the mean ± standard
deviation (SD). **, p < 0.01 versus 0 µM, ***, p < 0.001 versus 0 µM. n = 6 (C) Morphological analysis of
hCPCs pretreated with histochrome. Scale bar = 100 µm, (D) Expression of stem cell marker by flow
cytometric analysis, n = 3. Error bars indicate standard effort of the mean (S.E.M)

2.2. Histochrome Reduced Cellular and Mitochondrial Reactive Oxygen Species (ROS) Levels in hCPCs during
H2O2-Induced Oxidative Stress

To investigate whether pretreating hCPCs with histochrome protects them against oxidative
stress, we performed a cellular ROS staining assay. Cellular ROS-tagged green intensity was found to
be significantly increased upon exposure to H2O2 (Figure 2A). We observed that pretreatment with
histochrome decreased the cellular ROS levels in a dose-dependent manner. The 2’,7’–difluorofluorescin
diacetate (H2-DFFDA) assay revealed that pretreatment with 10 µM of histochrome significantly
decreased cellular ROS levels (Figure 2B). Furthermore, we investigated the effects of pretreatment
with histochrome on mitochondrial superoxide production in hCPCs. The increased production
of mitochondrial superoxide caused by H2O2 addition was found to be significantly reduced in
histochrome-treated hCPCs (Figure 2C). Our data suggested that histochrome has intracellular ROS
scavenging activity in hCPCs under oxidative stress.
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Figure 2. Intracellular reactive oxygen species (ROS) and mitochondrial ROS scavenging activity of 
histochrome in hCPCs. (A) hCPCs were pretreated with histochrome at 0 μM, 5 μM, 10 μM, and 20 
μM for 24 h followed by the addition of 600 μM H2O2 for 1 h. Intracellular ROS scavenging activity 
was measured using CellRox staining. Representative image of increased intensity of CellRox 
produced by ROS and decreased intensity on pretreating with histochrome. Data are presented as 
the mean ± SD of three independent experiments. Scale bar = 100 μm, ### p < 0.01 versus -H2O2 
-histochrome; * p < 0.05; ** p < 0.01 versus +H2O2 -histochrome, n = 3. Error bars indicate S.E.M. (B) 
2’,7’–difluorofluorescin diacetate (H2-DFFDA)assay was used to measure cellular ROS production. 
*** p < 0.001 versus -H2O2 -histochrome; ###, p < 0.001 versus +H2O2 -histochrome, n = 3. Error bars 
indicate S.E.M. (C) After pretreatment with histochrome for 24 h, hCPCs were exposed to H2O2 for 1 
h and mitochondrial superoxide production was measured with MitoSOX staining. Representative 
image of the increased intensity of MitoSOX and decreased intensity on pretreatment with 
histochrome. Scale bar = 100 μm. 

2.3. Anti-Apoptotic Effect of Histochrome against H2O2-Induced Cell Death 

To investigate the anti-apoptotic effects of histochrome in hCPCs, cells were treated with 1 mM 
H2O2 for 4 h and cell apoptosis was evaluated using flow cytometry by staining with Annexin V and 
7-aminoactinomycin D (7-AAD). Annexin V/7-AAD assay revealed that treatment with H2O2 

significantly increased the percentage of apoptotic cells (+H2O2, -Histochrome; 14.3% ± 2.36%) 

Figure 2. Intracellular reactive oxygen species (ROS) and mitochondrial ROS scavenging activity of
histochrome in hCPCs. (A) hCPCs were pretreated with histochrome at 0 µM, 5 µM, 10 µM, and 20 µM
for 24 h followed by the addition of 600 µM H2O2 for 1 h. Intracellular ROS scavenging activity was
measured using CellRox staining. Representative image of increased intensity of CellRox produced by
ROS and decreased intensity on pretreating with histochrome. Data are presented as the mean ± SD of
three independent experiments. Scale bar = 100 µm, ### p < 0.01 versus -H2O2 -histochrome; * p < 0.05;
** p < 0.01 versus +H2O2 -histochrome, n = 3. Error bars indicate S.E.M. (B) 2’,7’–difluorofluorescin
diacetate (H2-DFFDA)assay was used to measure cellular ROS production. *** p < 0.001 versus -H2O2

-histochrome; ###, p < 0.001 versus +H2O2 -histochrome, n = 3. Error bars indicate S.E.M. (C) After
pretreatment with histochrome for 24 h, hCPCs were exposed to H2O2 for 1 h and mitochondrial
superoxide production was measured with MitoSOX staining. Representative image of the increased
intensity of MitoSOX and decreased intensity on pretreatment with histochrome. Scale bar = 100 µm.

2.3. Anti-Apoptotic Effect of Histochrome against H2O2-Induced Cell Death

To investigate the anti-apoptotic effects of histochrome in hCPCs, cells were treated with 1 mM
H2O2 for 4 h and cell apoptosis was evaluated using flow cytometry by staining with Annexin V
and 7-aminoactinomycin D (7-AAD). Annexin V/7-AAD assay revealed that treatment with H2O2

significantly increased the percentage of apoptotic cells (+H2O2, -Histochrome; 14.3% ± 2.36%)
compared to the percentage of apoptotic cells in the non-treated control group (-H2O2, -Histochrome;
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-8.7% ± 0.84%, -H2O2, +Histochrome; 5.6% ± 0.40%, Figure 3A). In contrast, pretreatment of hCPCs
with 10 µM of histochrome significantly increased the percentage of viable cells (+H2O2, +Histochrome;
95.2% ± 0.40%, Figure 3A) while decreasing the number of apoptotic cells (+H2O2, +Histochrome;
2.4% ± 0.49%, Figure 3A). We also investigated the effect of histochrome on cell morphology using
phase contrast microscopy (Figure 3B). H2O2 treatment caused abnormal morphology and reduced
cell viability. However, pretreatment with histochrome attenuated the morphological change induced
by H2O2. In addition, live cell imaging analysis suggested that pretreatment with histochrome under
the H2O2-induced oxidative stress condition significantly increased the number of live cells in a
dose-dependent manner (Figure 3C).
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Figure 3. Anti-apoptotic effect of histochrome against H2O2-induced cell death. (A) hCPCs were
pretreated with 10 µM of histochrome for 24 h and then exposed to 1 mM H2O2 for 4 h. Apoptotic
cells were quantified by fluorescence-activated cell sorting (FACS) analysis with Annexin V / 7-AAD
staining. ** p < 0.01; *** p < 0.001 versus -H2O2 -histochrome; ### p < 0.001 versus +H2O2 -histochrome.
(B) Representative images showing the morphology of hCPCs pretreated with histochrome (0 µM,
5 µM, 10 µM, and 20 µM) in the presence of H2O2-induced oxidative stress. Morphology of hCPCs
was observed by phase contrast microscope. Scale bar = 50 µm (C) Live cells were quantified by
phalloidin (green fluorescence) intensity. *** p < 0.001 versus -H2O2 -histochrome; # p < 0.05 versus
+H2O2 -histochrome. Scale bar = 100 µm, n = 3. Error bars indicate S.E.M.
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2.4. Histochrome Protects hCPCs against Oxidative Stress through Downregulation of Pro-Apoptotic Signals
and Upregulation of Anti-Apoptotic Signals

Further, we investigated the expression of apoptosis-related proteins by western blotting.
Pretreatment with histochrome was observed to reduce expression of pro-apoptotic protein, Bcl-2
associated X (Bax) while promoting the expression of anti-apoptotic proteins, B-cell lymphoma 2 (Bcl-2),
and Bcl-xL. In addition, pretreatment with histochrome remarkably decreased the expression levels
of cytochrome C and cleaved-caspase-3 (Figure 4A). Our data suggested that histochrome protects
hCPCs against oxidative stress through decreased pro-apoptotic signals and increased anti-apoptotic
signals. Further, we checked DNA damage marker, phosphorylated histone (γH2A.X) foci by
immunocytochemistry (Figure 4B). We found that pretreatment of hCPCs with histochrome prevented
DNA damage caused by oxidative stress. Overall, our results suggested that pretreatment with
histochrome regulates cell apoptosis by altering cell survival signals and inhibiting ROS-induced
DNA damage.
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Figure 4. hCPCs pretreated with histochrome show downregulation of pro-apoptotic signals and
upregulation of anti-apoptotic signals under the oxidative stress condition. (A) hCPCs were pretreated
with histochrome for 24 h, oxidative stress was induced in hCPCs by 1 mM H2O2. Expression of
apoptosis signaling-related proteins was determined by western blotting. (B) Immunofluorescence
was performed with the DNA damage marker γH2A.X to quantify DNA damage of hCPCs. Images
were captured using a LionHeart FX automated microscope (Biotek, Winooski, VT, USA). *** p < 0.001
versus +H2O2, n = 5. Error bars indicate S.E.M.

2.5. Prolonged Treatment with Histochrome Attenuates Cellular Senescence in hCPCs

Several antioxidants have been reported to be associated with inhibition of cellular
senescence [29–31]. To examine whether histochrome affects cellular senescence, we investigated
the long-term effect of histochrome treatment on an in vitro culture of hCPCs. Evaluation of
senescence-associated β galactosidase (SA-β-gal) activity in senescent hCPCs (passage 13) revealed
a significant increase in the number of SA-β-gal positive cells (sene; 40.7% ± 3.07%) (Figure 5).
However, increased SA-β-gal positive cells were significantly downregulated (sene+Histochrome;
31.3% ± 2.87%) on prolong treatment of hCPCs with histochrome. This suggested that long-term
treatment of histochrome alleviates replicative cellular senescence in hCPCs.
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Figure 5. Effect of prolonged treatment with histochrome on hCPCs senescence. (A) Representing
images of senescence-β-galactosidase (SA- β-gal) stained hCPCs (Scalebar = 50 µm). (B) SA- β-gal
positive cells were quantified and presented as a graph (*** p < 0.001, versus Young; ### p < 0.001,
versus Sene) Error bars indicate S.E.M. Abbreviation: Sene, senescent hCPCs (passage 13); sene +

histochrome, prolonged treatment with histochrome (till passage 13).

3. Discussion

To enhance the engraftment rate of transplanted cells, several studies have been performed
focusing on cell priming, using physical stimulations such as heat shock, and chemical stimulations
using natural products and growth factors. Recently, stem cell priming using natural products has
been proposed as a new strategy to enhance the cell activity and promote stable and efficient cell
functioning. In our previous study, we demonstrated that pretreatment with fucoidan, a marine-sulfated
polysaccharide derived from seaweeds, inhibits cellular senescence and promotes neo-vasculogenic
potential [32].

In this study, we identified a novel priming factor for enhancing cell therapy potentials
against oxidative stress. A recent study has revealed that echinochrome A promotes cardiomyocyte
differentiation of mouse embryonic stem cells via direct binding to serine-threonine kinase PKCι and
inhibition of its activity [33]. We are the first to report the effects of histochrome on hCPCs. In the
present study, we demonstrated that pretreatment with histochrome enhanced the survival of hCPCs
against oxidative stress. Further, pretreatment with different concentrations (0 µM, 5 µM, 10 µM,
15 µM, and 20 µM) of histochrome did not alter the expression of multipotent cardiac stem cell markers
such as c-kit (Histo 0 µM; 99.9% ± 0.1%, Histo 5 µM; 99.9% ± 0.1%, Histo 10 µM; 99.8% ± 0.1%, and
Histo 20 µM; 99.9% ± 0.1%, respectively); CD29 (Histo 0 µM; 99.9% ± 0.1%, Histo 5 µM; 99.6% ±
0.1%, Histo 10 µM; 99.1% ± 0.2%, and Histo 20 µM; 93.7% ± 5.6%, respectively); CD166 (Histo 0 µM;
88.9% ± 1.5%, Histo 5 µM; 80.2% ± 2.7%, Histo 10 µM; 80.9% ± 1.5%, and Histo 20 µM; 79.8% ± 2.1%,
respectively); CD105 (Histo 0 µM; 95.0% ± 0.8%, Histo 5 µM; 98.5% ± 0.1%, Histo 10 µM; 97.8% ±
0.1%, and Histo 20 µM; 99.7% ± 0.1%, respectively); and CD44 (Histo 0 µM; 97.8% ± 1.0%, Histo 5 µM;
99.5% ± 0.1%, Histo 10 µM; 99.4% ± 0.2%, and Histo 20 µM; 99.6% ± 0.1%, respectively). In contrast,
histochrome-treated hCPCs showed negative expression of hematopoietic markers such as CD34 (Histo
0 µM; 0.7% ± 0.01%, Histo 5 µM; 1.1% ± 0.1%, Histo 10 µM; 0.6% ± 0.1%, and Histo 20 µM; 1.0% ±
0.2%, respectively) and CD45 (Histo 0 µM; 0.1% ± 0.1%, Histo 5 µM; 0.1% ± 0.06%, Histo 10 µM; 0%,
and Histo 20 µM; 0%, respectively).

In ischemic heart disease, ROS is produced upon reperfusion [34]. Excessive ROS formation
promotes cell death which induces development and progression of cardiovascular disease [35].
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The generation of ROS is associated with alteration in electrophysiology leading to myocardial
ischemia [36]. In addition, mitochondrial ROS scavenging has been reported for its potential to prevent
cardiac failure [37]. It is necessary to target intracellular ROS and mitochondrial ROS to prevent cell
death caused by oxidative stress. Histochrome showed high intracellular ROS scavenging activity
and reduced production of mitochondrial superoxide in hCPCs. Furthermore, pretreatment with
histochrome revealed an anti-apoptotic effect against H2O2-induced cell death.

The Bcl-2-family members (Bcl-2, Bcl-xL, Bax) are predominant regulators of cell cycle progression
and apoptosis [38]. Specifically, Bcl-2 and Bcl-xL are well-known negative regulators of apoptosis which
promote cell survival [39]. On the other hand, the apoptosis regulator Bax inhibits cell survival [40] and
cell cycle progression [41]. In this study, pretreatment with histochrome upregulated the expression of
Bcl-2 and Bcl-xl and downregulated that of Bax under the H2O2-induced oxidative stress condition.
DNA damage induces the formation of double stranded breaks (DSBs) and stimulates phosphorylation
of histone H2AX [42]. Subsequently, γ-H2A.X is used as a reference marker for DNA damage. In our
study, pretreatment of hCPCs with histochrome reduced the expression of the DNA damage marker,
γH2A.X foci under the oxidative stress condition. Thus, we concluded that histochrome prevents
ROS-mediated DNA damage in hCPCs (Figure 6).
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Any cell undergoes a limited number of divisions and thus, following a certain number of cell
cycles, it enters an irreversible cell cycle arrest which is referred to as cellular senescence [43]. Stem
cell therapy for regeneration of tissues requires over hundreds of millions of cells [44]. Repetitive
in vitro cultures are essential and cellular senescence is a major threat in such stem cell therapies. Thus,
preventing cellular senescence is a promising strategy in stem cell therapy. SA-β-gal assay revealed
that histochrome delayed the progression of cellular senescence in hCPCs. Thus, our study suggests
that histochrome can be a potential effective strategy to overcome cellular senescence.

Overall, our present study demonstrated that histochrome protects hCPCs against oxidative stress
by regulating cell survival signaling. Furthermore, histochrome prevents cellular senescence of hCPCs.
Thus, our study presents a simple and effective strategy to improve cell survival in post-transplanted
CPCs under ischemic oxidative stress conditions and improve the efficiency in myocardial regeneration.
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4. Materials and Methods

4.1. Cell Cultures and Treatment

Human fetal right auricle(RA) tissue was received from Pusan National University YangSan
Hospital and the study was approved by the Institutional Review Board (IRB) (IRB No. 05-2015-133).
C-kit positive hCPCs were isolated and cultured, as previously reported [45,46]. hCPCs were maintained
at 37 °C with 5% CO2 in Ham’s Nutrient Mixture F-12 (Hyclone, GE Healthcare, Chicago, IL, USA) and
supplemented with 10% Fetal bovine serum (FBS; Gibco#16000-044, Thermo Fisher Scientific, Carlsbad,
CA, USA), 1% penicillin-streptomycin (PS; Welgene, Daegu, Republic of Korea), 0.005 unit/mL of
human erythropoietin (hEPO, R&D systems, Minneapolis, MN, USA), 10 ng/mL of recombinant human
basic fibroblast growth factor (rb-FGF, Peprotech, Rocky Hill, NJ, USA), and 2 mM of glutathione
(Sigma-Aldrich, St. Louis, CA, USA). Passages 4–10 were utilized for the experiments as passage 13 was
found to be senescent cells. hCPCs were treated with different concentrations of H2O2 (Sigma-Aldrich,
St. Louis, CA, USA) and a final concentration of 600 µM (to investigate the antioxidant effect), 1 mM
(to confirm anti-apoptotic effect) was used.

The standardized substance echinochrome A (registration number in Russian Federation is
P N002362/01) was isolated from the sea urchin Scaphechinus mirabilis by a previously described
method [47]. The purity of echinochrome A (99.0%) was confirmed using LC-MS data (Shimadzu
LCMS-2020, Kyoto, Japan). Purified echinochrome A appeared as red–brown needles, had a melting
point of 221 ◦C, and similar nuclear magnetic resonance (NMR) spectra to that reported previously [47].
We used a solution of echinochrome A sodium salts in ampoules with trade name Histochrome®.
Histochrome was generated by combining echinochrome A (1 g) with sodium carbonate (0.4 g) in a
water solution heated in inert gas until CO2 was completely removed. This solution at a concentration
of 0.2 mg/mL echinochrome A (750 µM) was sealed in ampoules in inert gas. After opening of
the ampoule, histochrome was used as a stock solution to be diluted with appropriate solvents or
culture media.

4.2. Cell Cytotoxicity Assay

To determine cell cytotoxicity, hCPCs were seeded at 5000 cells/well in a 96-well plate. The
following day, cells were pretreated with different concentrations of histochrome and incubated for
24 h. Cell viability was evaluated using a cell-counting kit (CCK) cell viability assay kit (#CCK-3000,
DonginLS, Seoul, Republic of Korea), following the manufacturer’s instructions [48,49]. The cell
viability was measured by incubating cells with the CCK solution. The plates were incubated for
1 h, and the absorbance of each well was measured. Absorbance was measured at 450 nm using a
microplate reader (TECAN, Mannedorf, Switzerland ). Cell viability of the experimental group was
represented as percentage to 0 µM.

4.3. Western Blot Analysis

For western blotting, hCPCs pretreated with different concentrations of histochrome were
exposed to 1 mM H2O2 (Sigma-Aldrich, St. Louis, CA, USA) for 4 hours. Further, cells were
lysed in the Radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor and
phosphatase inhibitor. Equivalent concentration of proteins (20 µg) were separated on sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 0.45 µm PVDF
membrane (Millipore, Billerica, MA, USA). The membranes were blocked with 5% skim milk and
incubated with primary antibodies overnight at 4 °C: cleaved-caspase 3 (Cell Signaling, Danvers,
MA, USA), Bax, Bcl-2, Bcl-xL, cytochrome C, β-actin (Santa Cruz Biotechnology, Dallas, TX, USA),
and γH2A.X (Abcam, Cambridge, UK). Further, the membranes were incubated with Horseradish
peroxidase (HRP) -conjugated secondary antibody for 1 h at room temperature. The chemiluminescence
signal were detected using enhanced chemiluminescence (ECL) reagent (Millipore, Billerica, MA, USA).
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4.4. Immunocytochemistry

For immunocytochemistry, hCPCs were seeded at a density of 50,000 cells per well in a 2-well
chamber slide (BioTek, Winooski, VT, USA). After pretreatment with histochrome for 24 h, cells
were washed once with PBS and fixed in 4% paraformaldehyde (PFA) for 10 min. Cells were then
permeabilized in 0.1% Triton X-100 + 0.01 M Glycine + Phosphate-buffered saline (PBS) solution for
30 min. Slides were blocked with 10% normal goat serum in PBST (0.1% Triton X-100 in PBS) and
incubated for 1 h at room temperature. γH2A.X (phospho S139) antibody (#ab11174, 1:500 dilute in
blocking buffer, Abcam, Cambridge, UK) was diluted in blocking solution and incubated overnight at
4 °C. The following day, slides were washed 3 times with PBS and incubated with Alexa Flour 488
goat IgG anti-rabbit antibody (1:200, Invitrogen, Carlsbad, CA, USA), and incubated for 1 hour in the
dark. Following cell wash twice, cells were mounted using ProLong diamond anti-fade mountant
with 4′,6-diamidino-2-phenylindole (DAPI). Slides were analyzed under a Lionheart FX automated
microscope (BioTek, Winooski, VT, USA)

4.5. Flow Cytometry Analysis

To examine c-kit expression, hCPCs were fixed in 4% PFA for 10 min and washed with PBS.
The cells were fixed and permeabilized as previously described [50]. The fixed cells were incubated
with c-kit antibody (#130-091-733, Miltenyi Biotec, Bergisch Gladbach, Germany) for 30 min at 4 °C.
For expression analysis of other stem cell markers, hCPCs were suspended in 100 µL FACS buffer
(2 mM EDTA, 2% FBS in PBS solution) and incubated with CD34 (#55373, BD Bioscience, Franklin
Lakes, NJ, USA), CD45 (#560839, BD Bioscience, Franklin Lakes, NJ, USA), CD166 (#559263, BD
Bioscience, Franklin Lakes, NJ, USA), CD29 (#555443, BD Bioscience, Franklin Lakes, NJ, USA), CD105
(#560829, BD Bioscience, Franklin Lakes, NJ, USA), and CD90 (#130-097-930, Miltenyi Biotec, Bergisch
Gladbach, Germany) FACS antibody. After incubation for 30 min, the cells were washed three times
and resuspended in 100 µL FACS buffer. Expression of stem cell markers was analyzed on a BD Accuri
flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA).

4.6. ROS Measurement

Intracellular ROS levels were detected using CellROX green reagent (#C10444, Thermo Fisher
Scientific, Carlsbad, CA, USA). Cells were stained according to the manufacturer’s instructions. Imaging
and quantification of cellular ROS levels were performed using the CX7 High-Content Screening (HCS)
System (Thermo Fisher Scientific, Carlsbad, CA, USA). For H2-DFFDA assay, hCPCs were harvested
using Accutase (Sigma-Aldrich, St. Louis, CA, USA) and incubated with 10 µM carboxy-H2-DFFDA at
37 °C in the dark. After washing with PBS, the cells were resuspended in 100 µL of FACS buffer. The
intracellular ROS level was assessed based on the fluorescence intensity of the cells.

4.7. Mitochondrial Superoxide Measurement

hCPCs were plated on a confocal plate (50,000 cells per well) and incubated overnight. The
following day, cells were pretreated with/without histochrome (in 2% Ham’s F-12 medium) and
incubated for 24 h. Cells were washed and incubated in low serum Ham’s F-12 medium supplemented
with 5 µM MitoSOX Red (#M36008, Thermo Fisher Scientific, Carlsbad, CA, USA ) and 100 nM
Mitotracker green (#M7514, Thermo Fisher Scientific, Carlsbad, CA, USA) for 30 min. Further, the cells
were washed twice with PBS prior to analysis using a Lionheart FX automated microscope (BioTek,
Winooski, VT, USA).

4.8. Cell Death Assay

hCPCs were pretreated with histochrome for 24 h in low serum (2% FBS) Ham’s F-12 medium.
After incubation, cells were washed with PBS and exposed to 1 mM H2O2 for 4 h in low serum medium.
Further, cells were harvested and suspended in 1 × annexin binding buffer supplemented with Annexin
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V (AnV; BD Pharminogen, #550475, San Diego, CA, USA) and 7-AAD(BD Pharminogen, San Diego,
CA, USA).

4.9. Live Cell Imaging

For quantification of live cells in H2O2-induced oxidative stress, cells were stained with calcein
(#R37601, Thermo Fisher Scientific, Carlsbad, CA, USA). Nuclei were stained with NucBlue Live Ready
Probes Reagent (#R37605, Thermo Fisher Scientific, Carlsbad, CA, USA). Live cells were observed
under the CX7 High-Content Screening (HCS) System (100×, Thermo Fisher Scientific, Carlsbad, CA,
USA). Images were captured (25 images per well) and experiments were repeated four times. Green
fluorescence indicated live cells.

4.10. Senescence Associated β-galactosidase Staining

Senescent cells were quantified by SA-β-gal assay kit (#9860, Cell Signaling Technology, Beverly,
MA, USA) according to the manufacturer’s instructions. After X-gal staining, images were captured
using an Olympus microscope (OLYMPUS, Tokyo, Japan). Each experiment was repeated three times.

4.11. Statistical Analysis

Data are presented as means ± standard deviation (SD). Statistical significance was assessed by
student’s t-test to compare between the two groups. p < 0.05 was considered statically significant.

5. Conclusions

Pretreatment with histochrome (sodium salt of echinochrome A—a common sea urchin pigment)
enhances cell survival under oxidative stress conditions by regulating the apoptosis signaling pathway
and preventing DNA damage. Furthermore, histochrome attenuates cellular senescence in hCPCs.
Our results suggest that pretreating c-kit-positive hCPCs with histochrome before transplantation
might be a potential therapeutic strategy in treating ischemic heart disease.

Author Contributions: J.H.P. conception and design, conducted the experiments, data analysis and manuscript
writing; N.-K.L., H.J.L., S.M., conducted the experiments, V.K.R., Y.-J.K., W.B.J., S.T.J., S.K., D.Y.K., L.T.H.V.,
L.T.T.G., D.H.K., J.S.H., J.Y. data analysis, H.T.K., provide cardiac tissue, N.P.M., S.A.F., E.A.V., J.H. prepared
histochrome, S.H.B. and S.M.K. financial support, manuscript writing, and final approval of manuscript.

Funding: This research was funded by the National Research Foundation (NRF - 2018R1A2B6006380, NRF -
2015M3A9B4066493, NRF – 2015R1A5A2009656), the Korean Health Technology R&D Project, Ministry of Health
and Welfare (HI18C2459, HI18C2458, HI17C1662) funded by the Korean government, and the Ministry of Science
and Higher Education of the Russian Federation (RFMEFI61317X0076).

Acknowledgments: We thanks the students, Jun Bum Heo, Chae Ra Ahn, Hee Jeen Kim, and Geon Uk Ha, who
participated in the experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Joo, H.J.; Kim, J.H.; Hong, S.J. Adipose Tissue-Derived Stem Cells for Myocardial Regeneration. Korean Circ.
J. 2017, 47, 151–159. [CrossRef] [PubMed]

2. Madigan, M.; Atoui, R. Therapeutic Use of Stem Cells for Myocardial Infarction. Bioengineering (Basel) 2018,
5, 28. [CrossRef] [PubMed]

3. Zhu, W.; Gao, L.; Zhang, J. Pluripotent Stem Cell Derived Cardiac Cells for Myocardial Repair. J. Vis. Exp.
2017. [CrossRef] [PubMed]

4. Beltrami, A.P.; Barlucchi, L.; Torella, D.; Baker, M.; Limana, F.; Chimenti, S.; Kasahara, H.; Rota, M.; Musso, E.;
Urbanek, K.; et al. Adult cardiac stem cells are multipotent and support myocardial regeneration. Cell 2003,
114, 763–776. [CrossRef]

http://dx.doi.org/10.4070/kcj.2016.0207
http://www.ncbi.nlm.nih.gov/pubmed/28382066
http://dx.doi.org/10.3390/bioengineering5020028
http://www.ncbi.nlm.nih.gov/pubmed/29642402
http://dx.doi.org/10.3791/55142
http://www.ncbi.nlm.nih.gov/pubmed/28190029
http://dx.doi.org/10.1016/S0092-8674(03)00687-1


Mar. Drugs 2019, 17, 368 13 of 15

5. Bearzi, C.; Rota, M.; Hosoda, T.; Tillmanns, J.; Nascimbene, A.; De Angelis, A.; Yasuzawa-Amano, S.;
Trofimova, I.; Siggins, R.W.; Lecapitaine, N.; et al. Human cardiac stem cells. Proc. Natl. Acad. Sci. USA 2007,
104, 14068–14073. [CrossRef] [PubMed]

6. Leri, A.; Rota, M.; Hosoda, T.; Goichberg, P.; Anversa, P. Cardiac stem cell niches. Stem Cell Res. 2014, 13,
631–646. [CrossRef]

7. Anversa, P.; Kajstura, J.; Rota, M.; Leri, A. Regenerating new heart with stem cells. J. Clin. Investig. 2013, 123,
62–70. [CrossRef]

8. Ellison, G.M.; Vicinanza, C.; Smith, A.J.; Aquila, I.; Leone, A.; Waring, C.D.; Henning, B.J.; Stirparo, G.G.;
Papait, R.; Scarfo, M.; et al. Adult c-kit(pos) cardiac stem cells are necessary and sufficient for functional
cardiac regeneration and repair. Cell 2013, 154, 827–842. [CrossRef]

9. Li, Z.; Lee, A.; Huang, M.; Chun, H.; Chung, J.; Chu, P.; Hoyt, G.; Yang, P.; Rosenberg, J.; Robbins, R.C.; et al.
Imaging survival and function of transplanted cardiac resident stem cells. J. Am. Coll. Cardiol. 2009, 53,
1229–1240. [CrossRef]

10. Smith, R.R.; Barile, L.; Cho, H.C.; Leppo, M.K.; Hare, J.M.; Messina, E.; Giacomello, A.; Abraham, M.R.;
Marban, E. Regenerative potential of cardiosphere-derived cells expanded from percutaneous endomyocardial
biopsy specimens. Circulation 2007, 115, 896–908. [CrossRef]

11. Bax, N.A.; van Marion, M.H.; Shah, B.; Goumans, M.J.; Bouten, C.V.; van der Schaft, D.W. Matrix production
and remodeling capacity of cardiomyocyte progenitor cells during in vitro differentiation. J. Mol. Cell Cardiol.
2012, 53, 497–508. [CrossRef] [PubMed]

12. Al-Daccak, R.; Charron, D. Allogenic benefit in stem cell therapy: Cardiac repair and regeneration. Tissue
Antigens 2015, 86, 155–162. [CrossRef] [PubMed]

13. Li, Q.; Guo, Y.; Ou, Q.; Chen, N.; Wu, W.J.; Yuan, F.; O’Brien, E.; Wang, T.; Luo, L.; Hunt, G.N.; et al.
Intracoronary administration of cardiac stem cells in mice: A new, improved technique for cell therapy in
murine models. Basic Res. Cardiol. 2011, 106, 849–864. [CrossRef] [PubMed]

14. Teng, L.; Bennett, E.; Cai, C. Preconditioning c-Kit-positive Human Cardiac Stem Cells with a Nitric Oxide
Donor Enhances Cell Survival through Activation of Survival Signaling Pathways. J. Biol. Chem. 2016, 291,
9733–9747. [CrossRef] [PubMed]

15. Sawyer, D.B.; Siwik, D.A.; Xiao, L.; Pimentel, D.R.; Singh, K.; Colucci, W.S. Role of oxidative stress in
myocardial hypertrophy and failure. J. Mol. Cell Cardiol. 2002, 34, 379–388. [CrossRef]

16. Cieslar-Pobuda, A.; Yue, J.; Lee, H.C.; Skonieczna, M.; Wei, Y.H. ROS and Oxidative Stress in Stem Cells.
Oxid. Med. Cell. Longev. 2017, 2017. [CrossRef]

17. Maraldi, T.; Angeloni, C.; Giannoni, E.; Sell, C. Reactive Oxygen Species in Stem Cells. Oxid. Med. Cell.
Longev. 2015, 2015. [CrossRef]

18. Kwon, S.H.; Pimentel, D.R.; Remondino, A.; Sawyer, D.B.; Colucci, W.S. H(2)O(2) regulates cardiac myocyte
phenotype via concentration-dependent activation of distinct kinase pathways. J. Mol. Cell. Cardiol. 2003, 35,
615–621. [CrossRef]

19. Rosdah, A.A.; Bond, S.T.; Sivakumaran, P.; Hoque, A.; Oakhill, J.S.; Drew, B.G.; Delbridge, L.M.D.;
Lim, S.Y. Mdivi-1 Protects Human W8B2+ Cardiac Stem Cells from Oxidative Stress and Simulated
Ischemia-Reperfusion Injury. Stem Cells Dev. 2017, 26, 1771–1780. [CrossRef]

20. Anderson, H.A.; Mathieson, J.W.; Thomson, R.H. Distribution of spinochrome pigments in echinoids. Comp.
Biochem. Physiol. 1969, 28, 333–345. [CrossRef]

21. Fedoreyev, S.A.; Krylova, N.V.; Mishchenko, N.P.; Vasileva, E.A.; Pislyagin, E.A.; Iunikhina, O.V.; Lavrov, V.F.;
Svitich, O.A.; Ebralidze, L.K.; Leonova, G.N.; et al. Antiviral and Antioxidant Properties of Echinochrome A.
Mar. Drugs 2018, 16, 509. [CrossRef] [PubMed]

22. Lennikov, A.; Kitaichi, N.; Noda, K.; Mizuuchi, K.; Ando, R.; Dong, Z.; Fukuhara, J.; Kinoshita, S.; Namba, K.;
Ohno, S.; et al. Amelioration of endotoxin-induced uveitis treated with the sea urchin pigment echinochrome
in rats. Mol. Vis. 2014, 20, 171–177. [PubMed]

23. Mohamed, A.S.; Soliman, A.M.; Marie, M.A.S. Mechanisms of echinochrome potency in modulating diabetic
complications in liver. Life Sci. 2016, 151, 41–49. [CrossRef] [PubMed]

24. Jeong, S.H.; Kim, H.K.; Song, I.S.; Lee, S.J.; Ko, K.S.; Rhee, B.D.; Kim, N.; Mishchenko, N.P.; Fedoryev, S.A.;
Stonik, V.A.; et al. Echinochrome A protects mitochondrial function in cardiomyocytes against cardiotoxic
drugs. Mar. Drugs 2014, 12, 2922–2936. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.0706760104
http://www.ncbi.nlm.nih.gov/pubmed/17709737
http://dx.doi.org/10.1016/j.scr.2014.09.001
http://dx.doi.org/10.1172/JCI63068
http://dx.doi.org/10.1016/j.cell.2013.07.039
http://dx.doi.org/10.1016/j.jacc.2008.12.036
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.655209
http://dx.doi.org/10.1016/j.yjmcc.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22820459
http://dx.doi.org/10.1111/tan.12614
http://www.ncbi.nlm.nih.gov/pubmed/26206374
http://dx.doi.org/10.1007/s00395-011-0180-1
http://www.ncbi.nlm.nih.gov/pubmed/21516491
http://dx.doi.org/10.1074/jbc.M115.687806
http://www.ncbi.nlm.nih.gov/pubmed/26940876
http://dx.doi.org/10.1006/jmcc.2002.1526
http://dx.doi.org/10.1155/2017/5047168
http://dx.doi.org/10.1155/2015/159080
http://dx.doi.org/10.1016/S0022-2828(03)00084-1
http://dx.doi.org/10.1089/scd.2017.0157
http://dx.doi.org/10.1016/0010-406X(69)91347-4
http://dx.doi.org/10.3390/md16120509
http://www.ncbi.nlm.nih.gov/pubmed/30558297
http://www.ncbi.nlm.nih.gov/pubmed/24520186
http://dx.doi.org/10.1016/j.lfs.2016.03.007
http://www.ncbi.nlm.nih.gov/pubmed/26947587
http://dx.doi.org/10.3390/md12052922
http://www.ncbi.nlm.nih.gov/pubmed/24828295


Mar. Drugs 2019, 17, 368 14 of 15

25. Jeong, S.H.; Kim, H.K.; Song, I.S.; Noh, S.J.; Marquez, J.; Ko, K.S.; Rhee, B.D.; Kim, N.; Mishchenko, N.P.;
Fedoreyev, S.A.; et al. Echinochrome a increases mitochondrial mass and function by modulating
mitochondrial biogenesis regulatory genes. Mar. Drugs 2014, 12, 4602–4615. [CrossRef] [PubMed]

26. Kim, H.K.; Youm, J.B.; Jeong, S.H.; Lee, S.R.; Song, I.S.; Ko, T.H.; Pronto, J.R.; Ko, K.S.; Rhee, B.D.; Kim, N.;
et al. Echinochrome A regulates phosphorylation of phospholamban Ser16 and Thr17 suppressing cardiac
SERCA2A Ca2+ reuptake. Pflugers Arch. 2015, 467, 2151–2163. [CrossRef] [PubMed]

27. Egorov, E.A.; Alekhina, V.A.; Volobueva, T.M.; Fedoreev, S.A.; Mishchenko, N.P.; Kol’tsova, E.A. [Histochrome,
a new antioxidant, in the treatment of ocular diseases]. Vestn. Oftalmol. 1999, 115, 34–35. [PubMed]

28. Afanas’ev, S.A.; Vecherskii, Y.; Maksimov, I.V.; Markov, V.A.; Rebrova, T. Cardioprotective Effect of Antioxidant
Histochrome in Cardiology and Cardiac Surgery Practice; STT: Tomsk, Russia, 2012; 150p. (In Russian)

29. Han, X.M.; Wu, S.X.; Wu, M.F.; Yang, X.F. Antioxidant effect of peony seed oil on aging mice. Food Sci.
Biotechnol. 2017, 26, 1703–1708. [CrossRef]

30. Kim, J.E.; Jin, D.H.; Lee, S.D.; Hong, S.W.; Shin, J.S.; Lee, S.K.; Jung, D.J.; Kang, J.S.; Lee, W.J. Vitamin C
inhibits p53-induced replicative senescence through suppression of ROS production and p38 MAPK activity.
Int. J. Mol. Med. 2008, 22, 651–655.

31. Suh, N.; Lee, E.B. Antioxidant effects of selenocysteine on replicative senescence in human adipose-derived
mesenchymal stem cells. BMB Rep. 2017, 50, 572–577. [CrossRef]

32. Lee, J.H.; Lee, S.H.; Choi, S.H.; Asahara, T.; Kwon, S.M. The sulfated polysaccharide fucoidan rescues
senescence of endothelial colony-forming cells for ischemic repair. Stem Cells 2015, 33, 1939–1951. [CrossRef]
[PubMed]

33. Kim, H.K.; Cho, S.W.; Heo, H.J.; Jeong, S.H.; Kim, M.; Ko, K.S.; Rhee, B.D.; Mishchenko, N.P.; Vasileva, E.A.;
Fedoreyev, S.A.; et al. A Novel Atypical PKC-Iota Inhibitor, Echinochrome A, Enhances Cardiomyocyte
Differentiation from Mouse Embryonic Stem Cells. Mar. Drugs 2018, 16, 192. [CrossRef] [PubMed]

34. Kukielka, G.L.; Smith, C.W.; Manning, A.M.; Youker, K.A.; Michael, L.H.; Entman, M.L. Induction of
interleukin-6 synthesis in the myocardium. Potential role in postreperfusion inflammatory injury. Circulation
1995, 92, 1866–1875. [CrossRef] [PubMed]

35. Hori, M.; Nishida, K. Oxidative stress and left ventricular remodelling after myocardial infarction. Cardiovasc.
Res. 2009, 81, 457–464. [CrossRef]

36. Sedova, K.; Bernikova, O.; Azarov, J.; Shmakov, D.; Vityazev, V.; Kharin, S. Effects of echinochrome on
ventricular repolarization in acute ischemia. J. Electrocardiol. 2015, 48, 181–186. [CrossRef] [PubMed]

37. Dey, S.; DeMazumder, D.; Sidor, A.; Foster, D.B.; O’Rourke, B. Mitochondrial ROS Drive Sudden Cardiac
Death and Chronic Proteome Remodeling in Heart Failure. Circ. Res. 2018, 123, 356–371. [CrossRef]
[PubMed]

38. Maddika, S.; Ande, S.R.; Panigrahi, S.; Paranjothy, T.; Weglarczyk, K.; Zuse, A.; Eshraghi, M.; Manda, K.D.;
Wiechec, E.; Los, M.; et al. Cell survival, cell death and cell cycle pathways are interconnected: Implications
for cancer therapy. Drug Resist. Updat. 2007, 10, 13–29. [CrossRef]

39. Cory, S.; Adams, J.M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002,
2, 647–656. [CrossRef]

40. Antonsson, B.; Martinou, J.C. The Bcl-2 protein family. Exp. Cell Res. 2000, 256, 50–57. [CrossRef]
41. Zinkel, S.; Gross, A.; Yang, E. BCL2 family in DNA damage and cell cycle control. Cell Death Differ. 2006, 13,

1351–1359. [CrossRef]
42. Kuo, L.J.; Yang, L.X. Gamma-H2AX—A novel biomarker for DNA double-strand breaks. In Vivo 2008, 22,

305–309. [PubMed]
43. Shay, J.W.; Wright, W.E. Hayflick, his limit, and cellular ageing. Nat. Rev. Mol. Cell Biol. 2000, 1, 72–76.

[CrossRef] [PubMed]
44. Turinetto, V.; Vitale, E.; Giachino, C. Senescence in Human Mesenchymal Stem Cells: Functional Changes

and Implications in Stem Cell-Based Therapy. Int. J. Mol. Sci. 2016, 17, 1164. [CrossRef] [PubMed]
45. Choi, S.H.; Jung, S.Y.; Suh, W.; Baek, S.H.; Kwon, S.M. Establishment of isolation and expansion protocols

for human cardiac C-kit-positive progenitor cells for stem cell therapy. Transplant. Proc. 2013, 45, 420–426.
[CrossRef] [PubMed]

46. Park, J.H.; Choi, S.H.; Kim, H.; Ji, S.T.; Jang, W.B.; Kim, J.H.; Baek, S.H.; Kwon, S.M. Doxorubicin Regulates
Autophagy Signals via Accumulation of Cytosolic Ca2+ in Human Cardiac Progenitor Cells. Int. J. Mol. Sci.
2016, 17, 1680. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/md12084602
http://www.ncbi.nlm.nih.gov/pubmed/25196935
http://dx.doi.org/10.1007/s00424-014-1648-2
http://www.ncbi.nlm.nih.gov/pubmed/25410495
http://www.ncbi.nlm.nih.gov/pubmed/10377874
http://dx.doi.org/10.1007/s10068-017-0225-9
http://dx.doi.org/10.5483/BMBRep.2017.50.11.174
http://dx.doi.org/10.1002/stem.1973
http://www.ncbi.nlm.nih.gov/pubmed/25693733
http://dx.doi.org/10.3390/md16060192
http://www.ncbi.nlm.nih.gov/pubmed/29865255
http://dx.doi.org/10.1161/01.CIR.92.7.1866
http://www.ncbi.nlm.nih.gov/pubmed/7671371
http://dx.doi.org/10.1093/cvr/cvn335
http://dx.doi.org/10.1016/j.jelectrocard.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25598075
http://dx.doi.org/10.1161/CIRCRESAHA.118.312708
http://www.ncbi.nlm.nih.gov/pubmed/29898892
http://dx.doi.org/10.1016/j.drup.2007.01.003
http://dx.doi.org/10.1038/nrc883
http://dx.doi.org/10.1006/excr.2000.4839
http://dx.doi.org/10.1038/sj.cdd.4401987
http://www.ncbi.nlm.nih.gov/pubmed/18610740
http://dx.doi.org/10.1038/35036093
http://www.ncbi.nlm.nih.gov/pubmed/11413492
http://dx.doi.org/10.3390/ijms17071164
http://www.ncbi.nlm.nih.gov/pubmed/27447618
http://dx.doi.org/10.1016/j.transproceed.2012.08.017
http://www.ncbi.nlm.nih.gov/pubmed/23375332
http://dx.doi.org/10.3390/ijms17101680
http://www.ncbi.nlm.nih.gov/pubmed/27735842


Mar. Drugs 2019, 17, 368 15 of 15

47. Mischenko, N.P.; Fedoreyev, S.A.; Pokhilo, N.D.; Anufriev, V.P.; Denisenko, V.A.; Glazunov, V.P. Echinamines
A and B, first aminated hydroxynaphthazarins from the sea urchin Scaphechinus mirabilis. J. Nat. Prod.
2005, 68, 1390–1393. [CrossRef]

48. Kim, D.; Kim, H.J.; Cha, S.H.; Jun, H.S. Protective Effects of Broussonetia kazinoki Siebold Fruit Extract
against Palmitate-Induced Lipotoxicity in Mesangial Cells. Evid Based Complement Altern. Med. 2019,
2019, 4509403. [CrossRef]

49. Kim, J.; Shin, S.H.; Kang, J.K.; Kim, J.W. HX-1171 attenuates pancreatic beta-cell apoptosis and
hyperglycemia-mediated oxidative stress via Nrf2 activation in streptozotocin-induced diabetic model.
Oncotarget 2018, 9, 24260–24271. [CrossRef]

50. Monsanto, M.M.; White, K.S.; Kim, T.; Wang, B.J.; Fisher, K.; Ilves, K.; Khalafalla, F.G.; Casillas, A.;
Broughton, K.; Mohsin, S.; et al. Concurrent Isolation of 3 Distinct Cardiac Stem Cell Populations from a
Single Human Heart Biopsy. Circ. Res. 2017, 121, 113–124. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/np049585r
http://dx.doi.org/10.1155/2019/4509403
http://dx.doi.org/10.18632/oncotarget.24916
http://dx.doi.org/10.1161/CIRCRESAHA.116.310494
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Histochrome Does Not Affect Surface Expression Markers of Human Cardiac Progenitor Cells (hCPCs) 
	Histochrome Reduced Cellular and Mitochondrial Reactive Oxygen Species (ROS) Levels in hCPCs during H2O2-Induced Oxidative Stress 
	Anti-Apoptotic Effect of Histochrome against H2O2-Induced Cell Death 
	Histochrome Protects hCPCs against Oxidative Stress through Downregulation of Pro-Apoptotic Signals and Upregulation of Anti-Apoptotic Signals 
	Prolonged Treatment with Histochrome Attenuates Cellular Senescence in hCPCs 

	Discussion 
	Materials and Methods 
	Cell Cultures and Treatment 
	Cell Cytotoxicity Assay 
	Western Blot Analysis 
	Immunocytochemistry 
	Flow Cytometry Analysis 
	ROS Measurement 
	Mitochondrial Superoxide Measurement 
	Cell Death Assay 
	Live Cell Imaging 
	Senescence Associated -galactosidase Staining 
	Statistical Analysis 

	Conclusions 
	References

