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Abstract

Background: Acute myocardial infarction (AMI) is accompanied by damage to heart tissues and some cell death. Stem cells are localized
in the affected area and contribute to tissue repair. Studies have previously shown that the concentration of cell-free DNA (cfDNA)
in the blood (ami-cfDNA) increases significantly in patients with AMI, and GC-rich and oxidized DNA fragments accumulate in the
composition of ami-cfDNA. As a result, ami-cfDNA exhibits biological activity in vitro against various types of differentiated human
cells. Potentially, ami-cfDNA can influence the functional activity and direction of stem cell differentiation. To verify this assumption,
we investigated the effect of ami-cfDNA fragments isolated from the blood of patients with AMI on human adipose tissue mesenchymal
stem cells (MSCs) in vitro. Materials and Methods: The MSC line was used and characterized by stem cell surface markers. Ami-
cfDNA and control (hc-cfDNA) samples were isolated from the blood plasma of seven AMI patients and ten healthy donors. The early
(0.5–3 hours) and late (1–3 weeks) responses of MSCs to cfDNA action were analyzed. The level of reactive oxygen species, the
expression level of numerous genes (NOX4, NRF2, BRCA1, BCL2, BAX, MYOD1, MYOG, MYF5, MRF4, RUNX2, SPP1, OCN, LPL,
AP2), the level of double-stranded DNA breaks in nuclei, and changes in the spatial organization of the chromatin in the nucleus were
determined using the quantitative (real-time) polymerase chain reaction (qPCR), flow cytometry, fluorescence microscopy, fluorescent in
situ hybridization (FISH) assays. Results: Introducing ami-cfDNA fragments into the cell culture medium stimulates rapid and transient
induction of oxidative stress in MSCs (early response). Oxidative stress stimulates the spatial reorganization of chromatin to develop an
adaptive response (AR). The adaptive response includes an antioxidant and anti-apoptotic response and activation of repair genes. The
ami-cfDNA fragments, unlike hc-cfDNA, stimulate the myogenic differentiation of MSCs under prolonged exposure (late response).
Conclusions:The ami-cfDNA increases the survival of MSCs in the model system by inducing a pronounced adaptive cellular response.
Prolonged exposure to ami-cfDNA provokes myogenic differentiation of MSCs. Under acute stress conditions caused by AMI in the
body, ami-cfDNA may positively affect the restoration of damaged heart muscle.

Keywords: acute myocardial infarction; cell-free DNA; human mesenchymal stem cells (MSCs)

1. Introduction

Acute myocardial infarction (AMI) is associated with
massive death of heart cells and with increased levels of in-
flammation and oxidative stress in the patient’s body. Ox-
idative stress induces the death of other body cells, primar-
ily blood cells. Part of the DNA pool of dead cells circulates
in peripheral blood plasma and is called circulating cell-free
DNA (cfDNA) [1–3]. The number of cfDNA fragments in
the blood of an AMI patient is significantly increased. The
concentration of cfDNA in blood plasma is considered by
many authors as a marker of the level of damage to the heart
muscle. The mean concentration of cfDNA in patients with
AMI was several folds higher during the onset of disease
compared with healthy volunteers. Measuring cfDNA in
patients with AMI offers an alternative approach to monitor

the disease and has potential clinical applications to identify
high-risk individuals [4–13]. The origin of part of the ami-
cfDNA fragments from the cells of the damaged heart mus-
cle was shown by the authors, who compared the methyla-
tion profile of ami-cfDNA and gDNA. Epigenetic changes
in cfDNA are more specific to cardiac tissue compared to
those in gDNA [14–16]. The characteristics of ami-cfDNA
differ significantly from those of DNA, which is part of
the blood cells of the same patients. Guanine-cytosine
rich (GC-rich) chromatin fragments accumulate in cfDNA,
for example, mitochondrial DNA [17,18] and fragments of
the transcribed ribosomal repeat region [19,20]. GC-rich
fragments of mitochondrial DNA (mtDNA) and ribosomal
DNA (rDNA) contain motifs that are ligands for TLR9 re-
ceptors [20]. Stimulation of these receptors activates the
transcription factor NF-κB, which controls the synthesis of
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proinflammatory cytokines in cells. It is known that under
conditions of oxidative stress in the body, cfDNA is signifi-
cantly oxidized. Oxidized cfDNAbinds to cells and induces
a secondary explosion of ROS synthesis. An increase in the
level of ROS in cells caused bymodel fragments of oxidized
DNA causes the development of an adaptive response in the
cell population [21,22]. Model fragments of oxidized DNA
[23], unlike GC-rich fragments [24], block adipogenic dif-
ferentiation of MSCs. The high content of GC-rich and/or
oxidized fragments causes the appearance of biological ac-
tivity in cfDNA against various types of cells. For exam-
ple, it has recently been shown that cfDNA isolated from
the blood plasma of patients with schizophrenia causes an
adaptive response in cultured human skin fibroblasts [25].
There is no data in the literature on the biological activity of
ami-cfDNA in relation to human stem cells. Stem cells are
localized in the affected area of the heart muscle and con-
tribute to tissue repair. The data obtained for the cfDNA
model samples suggest that potentially ami-cfDNA can in-
fluence the functional activity and direction of differentia-
tion of stem cells. To verify this assumption, we investi-
gated in vitro the effect of ami-cfDNA fragments isolated
from the blood of patients with AMI on human adipose tis-
sue mesenchymal stem cells (MSCs).

2. Materials and Methods
2.1 Preparation of DNA Samples

Serum of patients examined and treated at the Car-
diological Unit of Central Clinical Hospital of Russian
Academy of Sciences, were used in this study. All pa-
tients with AMI (4 men and 3 women of the average age
78 ± 7 years old) suffered from ischemic heart disease and
arterial hypertension stage II and III. The criterion for in-
clusion of patients in the study was confirmed AMI, we
accepted the criteria for AMI used in Clinical Hospital.
These nevertheless all included standard electrocardiogra-
phy (ECG) changes and cardiac enzymes (creatinine phos-
phokinase as minimum). The criterion for exclusion: pa-
tients did not have inflammatory or other previously di-
agnosed diseases, except for AMI. Peripheral blood serum
was obtained within 3 h after the development of AMI.

Blood sampling from patients with acute myocardial
infarction was performed immediately upon the first exam-
ination of the patient by a doctor in order to conduct a pri-
mary multicomponent blood test, before any manipulation
or administration of medications.

The group of negative control contained patients of ba-
sically healthy donors (5 men and 5 women aged from 41
to 78 years old; the average age 48 ± 14 years old), had no
history of arterial hypertension or AMI. At the time of the
study, patients in the control group had no inflammatory or
any other diseases, all indicators of general and biochemical
blood analysis were normal.

The isolation of DNA from the blood serum of sick
and healthy people and from leukocytes of the blood of

healthy people and the determination of its concentration
in solution was described in detail earlier [19]. A standard
extraction method with organic solvents was used. The fa-
cial serum was pretreated with a lysing solution (0.25 M
EDTA, 5% sodium laurylsarcosylate), RNase A (75 µg/mL,
1 hour, 37 °C) and proteinase K (200 µg/mL, 24 h, 37 °C).
The blood cfDNA isolated from various samples were com-
bined into one sample to obtain the required amount of sam-
ple for conducting in vitro experiments.

CfDNA concentration was determined by the stan-
dard method based on fluorescence of DNA bound dye,
PicoGreen (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA), using LS 55 (PerkinElmer, Waltham, MA,
USA).

The determination of the DNA content in DNA sam-
ples was carried out according to a technique developed by
us, which is described in detail in a previous publication
[26]. The technique includes the use of the non-radioactive
quantitative hybridization (NQH)method, which allows an-
alyzing the content of rDNA in the composition of damaged
cfDNA samples.

The content of 8-oxodG in DNA samples was carried
out using the enzyme immunoassay method, which was de-
scribed in detail earlier [27].

2.2 Cell Culture
Mesenchymal stem cells were retrieved from the

biospecimen collection maintained by the Research Centre
for Medical Genetics. MSCs were obtained from adipose
tissue of patients subjected to regular surgery [23,24]. Mes-
enchymal stem cells (MSCs) were obtained from adipose
tissue of patients subjected to surgical operation. To ob-
tain stromal cells, minced adipose tissue was digested with
collagenase. The tissue samples were disrupted using a me-
chanical process in a medium called Dulbecco’s Modified
Eagle medium (DMEM), which was provided by Paneko
fromMoscow, Russia. The medium contained gentamycin,
penicillin, and streptomycin, all at concentrations of 250
µg/mL, 60 U/mL, and 60 U/mL, respectively. The cells
were separated by incubating them in DMEMwith 10% fe-
tal bovine serum (FBS) at 37 °C for 16 hours. The cells
were then centrifuged at 200 ×g for 10 minutes and trans-
ferred to slide flasks.

The mesenchymal stem cells (MSCs) were cultivated
in AmnioMax C-100 Basal Medium, which was provided
by Gibco Products from Big Cabin, OK, USA. The medium
contained AmnioMax Supplement C-100 and 20 mmol/L
HEPES, which was provided by Paneko from Moscow,
Russia. Before any treatments, the cells were split no more
than four times.

The MSCs expressed major histocompatibility com-
plex molecules (HLA-ABC+) and adhesion molecules
(CD44+, CD54 (low), CD90+, CD106+, CD29+, CD49b
(low), CD105 (low)). Nevertheless, these cells were neg-
ative for hematopoietic markers (CD34–, CD45–, HLA–
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DR–) and the marker CD117. The cells were induced
to differentiate into adipocytes using a kit for adipogenic
differentiation (MesenCult Adipogenic Differentiation Kit,
STEMCELL Technologies, Vancouver, BC, Canada) [24].
The mesenchymal stem cells were cultured in the presence
of DNA samples (50 ng/mL) at 37 °C for 0.25–3 and 24
hours or for 14 days.

Cell line was validated by short tandem repeat (STR)
profiling and tested negative for mycoplasma.

2.3 Ethical Approval for Operating with Cultured (MSCs)
and Primary (Blood) Human Cells

The research was carried out in accordance with the
most recent version of the Helsinki Declaration and was
approved by the Independent Interdisciplinary Ethics Com-
mittee for the Review of Clinical Trials (the approval num-
ber: 2021-4/6). Each participant provided informed con-
sent for their involvement in the study and for the publica-
tion of anonymized results, after the procedures had been
thoroughly explained.

2.4 ROS Assay
The total reactive oxygen species (ROS) assay was

performed to evaluate the mesenchymal stem cells (MSCs)
in a 96-well plate. The MSCs were rinsed with phosphate-
buffered saline (PBS) and incubated with 5 micromo-
lar H2DCFH-DA (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) in the dark for 20 minutes at 37 °C.
After rinsing with PBS, the cells were immediately ana-
lyzed using fluorescence-activated cell sorting (FACS). The
fluorescence intensity was measured at an excitation wave-
length of 488 nm and an emission wavelength of 528 nm us-
ing an EnSpire instrument (PerkinElmer, Turku, Finland).
Each DNA sample and the control were analyzed eight
times, with four replicates per measurement.

2.5 Flow Cytometry
The cells were rinsed with Versene solution (Paneko,

Moscow, Russia), then treated with 0.25% trypsin (Paneko,
Moscow, Russia) under the supervision of a light micro-
scope Axiovert 10 (Carl Zeiss, Oberkochen, Germany).
The cells were transferred to Eppendorf tubes, washed with
culturemedia, and then centrifuged and resuspended in PBS
(Paneko, Moscow, Russia). The cells were stained with
various antibodies as follows.

To fix the cells, paraformaldehyde (Sigma-Aldrich, St.
Louis, MO, USA) was added at a final concentration of 2%
and incubated at 37 °C for 10 minutes. The cells were then
washed three times with 0.5%BSA-PBS and permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO,
USA) in PBS for 15 minutes or with 70% ethanol at 4 °C.

Cells (~50× 103) were washed three times with 0.5%
BSA-PBS and stained with 1–2 µg/mL antibodies for 3 h
at 4 °C, then again washed thrice with 0.5% BSA-PBS and
stained with 1 µg/mL the appropriate antibodies listed be-

low for 1 h at 4 °C. To measure the baseline fluorescence,
we treated a subset of cells with only secondary FITC-
labeled antibodies. The cells were then examined using
CyFlow Space (Sysmex Partec, Görlitz, Germany).

2.6 Annexin V Binding Assays
The cells were separated from the culture, rinsed with

phosphate-buffered saline, and then subjected to treatment
with annexin V-FITC (Invitrogen, Thermo Fisher Scien-
tific, Waltham, MA, USA) in a buffer solution containing
10 mM HEPES at pH 7.4, 140 mM NaCl, and 2.5 mM
CaCl2. The cells were incubated at 20 °C for 15 min-
utes, and their fluorescence was immediately analyzed us-
ing flow cytometry.

2.7 Fluorescence Microscopy
Themicroscope AxioScope A1, manufactured by Carl

Zeiss in Oberkochen, Germany, was used to capture the im-
ages of cells.

2.8 Immunocytochemistry
The cells were preserved in 3% formaldehyde at 4

°C for 20 minutes, then rinsed with PBS and subsequently
treated with 0.1% Triton X-100 in PBS for 15 minutes at
room temperature. Afterward, they were subjected to a
blocking process using 0.5% BSA in PBS for 1 hour, fol-
lowed by incubation overnight at 4 °C with the appropriate
antibody.

Following the incubation, the cells were rinsed with
0.01% Triton X-100 in PBS and then incubated for 2 hours
at room temperature with FITC goat anti-mouse IgG (1:200,
ab6785, Abcam Inc., Waltham,MA,USA). Afterward, they
were rinsed again with PBS and stained with DAPI.

The following antibodies were used: dyLight488-
γH2AX (pSer139) (1:100, nb100-78356GNovusBio, Saint
Louis, MO, USA); CY5.5-NADPH oxidase 4 (1:200, bs-
1091r-cy5-5, Bioss Inc., Woburn, MA, USA); MYF5
(1:100, NBP1-19565 NovusBio, Saint Louis, MO, USA);
MYF6 (1:100, NBP1-55582 NovusBio, Saint Louis, MO,
USA); MYOG (1:100, NBP1-95760 NovusBio, Saint
Louis, MO, USA); BCL2 (1:200, Sc-783, Santa Cruz, Dal-
las, TX, USA); A350-BCL2 (1:200, bs-15533r-a350; Bioss
Antibodies Inc. Woburn, MA, USA).

2.9 Fluorescent in Situ Hybridization
Prior to the process of hybridization, the slides were

subjected to treatment with RNase A, 100 µg/mL (Invit-
rogen, Thermo Fisher Scientific, Waltham, MA, USA).
The hybridization procedure and the solutions were sourced
from Abbott Laboratories (Abbott Laboratories, Abbott
Park, IL, USA). The hybridization was conducted in the
ThermoBrite thermostat (StatSpin, Norwood, MA, USA) at
a temperature of 42 °C. The MSCs were stained with pro-
pidium iodide (PI). The f-SatIII FISH probe was a 1.77-
kilobase fragment of human satellite DNA that had been
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cloned using EcoRI [28]. The plasmid pUC1.77 was la-
beled using nick translation with the CGHNick Translation
Kit (Abbott Molecular, Des Plaines, IL, USA), following
the manufacturer’s instructions.

The statistical analysis of changes in the spatial orga-
nization of chromatin based on FISH data was described in
detail earlier [29].

2.10 Quantification of mRNA Levels
The total mRNAwas extracted using the RNeasyMini

kit (Qiagen, Hilden, Germany). The quantity of RNA was
determined using the Quant-iT RiboGreen RNA dye (Mo-
BiTec, Göttingen, Germany) on a tablet reader (EnSpire
Equipment, PerkinElmer, Turku, Finland) at λem = 487
nm, λfl = 524 nm. After treating the RNA with DNase
I, it was reverse transcribed using the Reverse Transcrip-
tase kit (Sileks, Moscow, Russia). The reverse transcrip-
tion process was followed by PCR, which was conducted
using specific primers and the SYBR-Green intercalating
dye on a StepOnePlus device (Applied Biosystems, Foster
City, CA, USA). The primers were designed and synthe-
sized by Evrogen (Moscow, Russia). The internal standard
was the TBP gene.

The PCR reaction mixture, in a volume of 2.5 µL PCR
buffer (700 mmol/L Tris-HCl, pH 8.6); 166 mmol/L ammo-
nium sulfate, 35 mmol/L MgCl2, 2 µL 1.5 mmol/L dNTP
solution; and 1 µL 30 pmol/L primer solution. The PCR
conditions were tailored for each primer pair. The reaction
began with a denaturation phase of 4 minutes at 95 °C, fol-
lowed by 40 amplification cycles. Each cycle consisted of
20 seconds at 94 °C, 30 seconds at 56–62 °C, 30 seconds
at 72 °C, and a final extension phase of 5 minutes at 72 °C.
The data were analyzed using a calibration plot, with an er-
ror margin of 2%.

The following primers were used (Sintol, Moscow,
Russia):

BRCA1 (breast canser gene type 1) (F: 5′-TGTGAGG
CACCTGTGGTGA-3′; R: 5′-CAGCTCCTGGCACTGG
TAGAG-3′);

NRF2 (NF-E2-related factor 2) (F: 5′-TCCAGTCAG
AAACCAGTGGAT-3′; R: 5′-GAATGTCTGCGCCAAA
AGCTG-3′);

BCL2 (B-Cell Lymphoma 2) (F: 5′-TTTGGAAATC
CGACCACTAA-3′; R: 5′-AAAGAAATGCAAGTGAAT
GA-3′);

BAX (BCL2-associated X protein) (F: 5′-CCCGAGA
GGTCTTTTTCCGAG-3′; R: 5′-CCAGCCCATGATGGT
TCTGAT-3′);

NOX4 (NADPH oxidase 4) (F: 5′-TTGGGGCTAGG
ATTGTGTCTA-3′; R: 5′-GAGTGTTCGGCACATGGGT
A-3′);

LPL (Lipoprotein lipase) (F: 5′-ACAAGAGAGAAC
CAGACTCCAA-3′; R: 5′-GGTAGTTAAACTCCTCCTC
C-3′);

MYOD1 (myogenic differentiation gene type 1) (F: 5′
-GGTCCCTCGCGCCCAAAAGAT-3′; R: 5′-GTTCTCC
CGCCTCTCCTAC-3′);

MYOG (Myogenin) (F: 5′-AGTGCACTGGAGTTCA
GCG-3′; R: 5′-TTCATCTGGGAAGGCCACAGA-3′);

MYF5 (Myogenic factor 5) (F: 5′-CTGCCAGTTCTC
ACCTTCTGA-3′; R: 5′-CGTCCCCAAATTCACCCTCG
-3′);

MRF4 (myogenic regulatory factor 4) (F: 5′-AATCT
TGAGGGTGCGGATTTC-3′; R: 5′-CTCCTCCTTCCTT
AGCCGTTA-3′);

RUNX2 (runt-related transcription factor 2) (F: 5′-CC
GTCTTCACAAATCCTCCCC-3′; R: 5′-CCCGAGGTCC
ATCTACTGTAAC-3′);

SPP1 (secreted phosphoprotein 1) (F: 5′-CTCCATT
GACTCGAACGACTC-3′; R: 5′-GGTCTGCGAAACTT
CTTAGAT-3′);

OCN (osteocalcin) (F: 5′-CCCTCACACTCCTCGC
CCTATT-3′; R: 5′-AAGCCGATGTGGTCAGCCAACT
CGT-3′);

AP2 (Activating Protein 2) (F: 5′-TGTGCAGAAAT
GGGATGGAAA-3′; R: 5′-CAACGTCCCTTGGCTTAT
GCT-3′);

and TBP (TATA-box binding protein, reference gene)
(F: 5′-GCCCGAAACGCCGAATAT-3′; R: 5′-CCGTGG
TTCGTGGCTCTCT-3′).

2.11 Statistical Analysis
All the results presented here were replicated at least

twice as separate biological replicates. The significance
of the observed disparities was assessed using the non-
parametric Mann-Whitney U-test (p) and Kolmogorov-
Smirnov statistics (D and α). The analysis was con-
ducted using StatPlus 2007 professional software (Analyst-
Soft Inc., Vancouver, BC, Canada) and Statistica (TIBCO
Software Inc. (2018), version 13, Palo Alto, CA, USA).
All p-values were calculated with two-tailed tests and were
considered statistically significant when p < 0.01.

3. Results
3.1 Description of the Experiment

DNA samples were isolated from the blood plasma of
7 patients with acute myocardial infarction and 10 healthy
people. To analyze the biological effect of cfDNA on stem
cells, all samples were combined into one ami-cfDNA sam-
ple and hc-cfDNA sample, respectively. In addition, a
sample of gDNA isolated from leukocytes from 10 healthy
donors was used for control. The content of the GC-rich
fragments (rDNA) marker in the cfDNA samples, the level
of oxidation (the content of the 8-oxodG marker) and the
approximate size of the fragments are presented in Table 1.

The cfDNA of patients contains increased amounts of
GC-rich rDNA fragments and is much more strongly oxi-
dized than the cfDNA of healthy controls and gDNA. The
effect of three DNA samples on mesenchymal stem cells
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Table 1. Characteristics of the DNA probes.
DNA Probe Origin of the DNA Sample rDNA CN 8-oxodG/106 N Length, kb

gDNA (genomic DNA) HC (health control) leukocytes (n = 10) 429 ± 78 0.45 ± 0.1 10–15
ami-cfDNA (cell-free DNA isolated
from the blood of patients with acute
myocardial infarction)

AMI plasma (plasma of patients with
acute myocardial infarction) (n = 7)

1412 ± 115 128 ± 45 5–11*

hc-cfDNA (cell-free DNA isolated
from the blood of healthy patients)

HC (health control) plasma (n = 10) 843 ± 56 29 ± 7 8–10*

*Samples contain low-molecular-weight DNA fragments. CN, rDNA copy number.

Fig. 1. Ami-cfDNA induces a short-term increase in the ROS level in theMSCs. (A) The production of reactive oxygen species (ROS)
in mesenchymal stem cells (MSCs) after incubation for 0.5 to 3 hours in the presence of DNA samples at a concentration of 50 ng/mL.
The results of the quantification of fluorescence in cells treated with H2DCFH-DA using a plate reader. (B) b1—the most representative
examples of DCF (dichlorodihydrofluorescein) analysis using FCA (flow cytometry analysis); vertically SSC (side scatter)—the indicator
of lateral light scattering, horizontally FSC (forward scatter)—the indicator of direct light scattering. b2—the values of the medians of
FL-DCFi (fluorescence intensity of DCF). (C) The change in the expression of RNA NOX4 (NADPH oxidase 4) in MSCs in the presence
of DNA samples. (D) Change of the RNA NRF2 (NF-E2-related factor 2) in MSCs in the presence of DNA samples. (E) e1—analysis
of the NOX4 location in MSCs in the presence of DNA samples, the scale bars = 20 µm. e2—the intensity of fluorescence, reflecting the
protein content in one cell. The average values for 20 randomly selected cells are given. The cultivation time and the DNA samples are
indicated on the graph. Average values for three measurements and standard deviation are given. (*) and (* green) present the differences
with the control or hc-cfDNA are significant (p < 0.01, nonparametric U test). TBP (TATA-box binding protein)—reference gene.

obtained from breast adipose tissue was studied. DNA frag-
ments at a concentration of 50 ng/mLwere added to the cul-
ture medium. The cells were cultured for 0.5–3 hours (early
response) and 2 weeks (late response).

3.2 CfDNA Fragments Induce an Adaptive Response in
MSCs (Early Response)

It was previously shown that oxidized model DNA
fragments in the cell culture medium induce a transient
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Fig. 2. Ami-cfDNA induces a transient increase in double-stranded DNA breaks inMSCs. (A) a1—the most typical examples of the
γH2AX analysis with FCA; a2—changes in the content of the R1 (γH2AX) fraction in MSCs; a3—changes in the median FL-γH2AX
for R2 fraction in MSCs. (B) Changes in the level of BRCA1 RNA in MSCs that were cultured in the presence of DNA samples. The
cultivation time and the DNA samples are indicated on the graph. Average values for three measurements and standard deviation are
given. (*) and (* green) presents the differences with the control or hc-cfDNA are significant (p < 0.01, nonparametric U test).

increase in ROS levels in cells of various types [24]. A
short-term increase in ROS levels causes an adaptive re-
sponse (AR) in cells, which includes activation of antiox-
idant genes, repair genes and genes regulating apoptosis.
AR is accompanied by a change in the structure of the chro-
matin of the nucleus. The observed response to the action of
oxidized cfDNA is similar in a number of ways to the adap-
tive response of cells induced by the action of low doses of
ionizing radiation [21].

3.3 Changes in the ROS Level

Changes in the ROS level in the presence of cfDNA
samples were analyzed using the H2DCFH-DA reagent
(Fig. 1).

Using a tablet reader, the kinetics of changes in the
total ROS level in cells and in the MSCs culture medium
was determined (Fig. 1A). Already 15 minutes after incu-

bation of cells with cfDNA samples (50 ng/mL of medium),
we observed a sharp increase in the amount of ROS in cells.
The ami-cfDNA sample showed themaximum effect, while
the gDNA sample had the minimum effect. After 1 hour,
there was a sharp decrease in the level of ROS in the pres-
ence of ami-cfDNA and hc-cfDNA samples. Moreover, the
ami-cfDNA sample induced a decrease in the level of ROS
below the control one. The gDNA sample, on the contrary,
stimulated an increase in ROS levels during the first three
hours of cultivation.

The FCA method allows us to analyze changes in the
level of ROS directly in cells (Fig. 1B). Compared with the
control, two subpopulations were detected in cells treated
with ami-cfDNA and hc-cfDNA for 15 minutes—with an
average level of ROS (about 85% of cells) and with a very
high level of ROS (about 15% of cells) (Fig. 1B,b2). The
gDNA sample does not induce the appearance of cells with
abnormally high ROS levels in the MSCs population.
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Fig. 3. Ami-cfDNA induces a change in the architecture of the core in the MSCs associated with the development of an adaptive
response. (A) The FISH result for the control cells. The 1q12 loci in the nucleus are shown in red (PI) with two green fluorescent signals.
The gallery of cells is composed of multiple photographs. The scale bars are 20 µm. (B) An illustration of the process of analyzing images
of nuclei. Image processing involves calculating the center of gravity of the FISH signal, as well as the radius vectors of the signals (r1
and r2) and the radius R of the nucleus. The radius vector r is scaled to the value of the nucleus radius R and ranges from 0 (the center
of the nucleus) to 1 (the surface of the nucleus). (C) The cumulative histograms of the frequency distribution of FISH signals by the
radius vector r (0 being the center of the nucleus) for intact, cfDNA-treated, and irradiated (3 cGy) MSCs. The distributions of r values
for ami-cfDNA-treated cells differ significantly from the control: D = 0.60, α <10–40 (Kolmogorov-Smirnov).

It was previously shown that a short-term increase in
ROS levels in the presence of model DNA fragments is
caused by an increase in the expression of the prooxidant
gene NOX4 [25] and blocking of antioxidant activity reg-
ulated by the Nuclear Factor, Erythroid 2-Like (NFEL2L)
gene [25]. Ami-cfDNA and hc-cfDNA samples stimulate
an increase in the expression of the NOX4 gene in MSCs
immediately after addition to the culture medium (Fig. 1C).
Over time, the level of NOX4 RNA in the cellular RNA
pool significantly decreases. The gDNA sample induces a
gradual increase in the level of NOX4 RNAwithin 24 hours
after addition to the culture medium. An increase in the
transcription level of the NOX4 gene in cells in the pres-
ence of ami-cfDNA and hc-cfDNA samples correlates with
an increase in the amount of NOX4 protein (Fig. 1E). The
amount of protein increases in all cells of theMSCs popula-
tion. At the same time, approximately 10% of cells express
abnormally high amounts of NOX4 on the surface. Thus, it
can be assumed that the NOX4 enzyme is one of the main
producers of ROS under the action of cfDNA on MSCs.

Along with a sharp increase in the activity of the
NOX4 gene in the first half hour of culturing cells with
ami-cfDNA, we observed a decrease in the activity of the
NFEL2L gene, which controls the antioxidant response
(Fig. 1D). Longer cultivation is accompanied by an increase

in the transcription activity of the NFEL2L gene against the
background of a decrease in the activity of the pro-oxidative
NOX4 gene. We recorded the maximum differences with
the control for the ami-cfDNA sample.

3.4 Changes in the Number of Double-Stranded DNA
Breaks

The explosion of ROS in the first half hour after the
introduction of DNA samples into the culture medium of
MSCs can cause oxidative modifications of DNA, provok-
ing DNA damage. The level of the phosphorylated form of
histone H2AX correlates with the number of double-strand
breaks in DNA [24]. FCA was used to analyze the level of
γ H2AX in cells (Fig. 2).

TheMSCs population contains cells with low levels of
H2AX and a small number of cells (4%) with a high histone
content (Fig. 2A,a1). The explosion of ROS in the first half
hour of the action of cfDNA is accompanied by an increase
in the number of cells with high levels of γH2AX. The pro-
tein level in the main fraction of cells also increases in the
presence of ami-cfDNA (Fig. 2A,a2,a3). Further cultiva-
tion of MSCs in the presence of DNA samples is accompa-
nied by a decrease in the content of histone γH2AX, which
may indicate the activation of repair processes. Indeed,
ami-cfDNA and hc-cfDNA samples stimulate an increase
in the expression of the BRCA1 gene, which is involved in
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Fig. 4. Ami-cfDNA induces an anti-apoptotic response in MSCs. (A) The level of apoptosis was assessed using the protein annexin
5, a marker of early apoptosis. The concentration of the added fragments is 50 ng/mL, the exposure time is 3 hours. a1—the distribution
of cells by anexin fluorescence, the fraction of R1 cells with signs of apoptosis is noted. a2 — the cell content of the R1 fraction. (B)
Changes in the level of BAX (BCL2-associated X protein) RNA in MSCs that were cultured in the presence of DNA samples. (C)
Changes in the level of the phosphorylated form of BCL2 (B-Cell Lymphoma 2) in MSCs that were cultured in the presence of DNA
samples. c1—changes in the level of BCL2 RNA in MSCs; c2—the most typical examples of the BCL2 analysis with FCA, changes in
the content of the R1 fraction in MSCs; c3—changes in the median FL-BCL2 for MSCs. (D) Changes in the level of the phosphorylated
form of BCL2 in MSCs that were cultured in the presence of DNA samples. d1—the most typical examples of the BCL2 analysis with
FCA; d2—changes in the content of the R1 fraction in MSCs. The cultivation time and the DNA samples are indicated on the graph.
Average values for three measurements and standard deviation are given. (*) and (* green) present the differences with the control or
hc-cfDNA are significant (p < 0.01, nonparametric U test).

the repair of double-stranded DNA breaks (Fig. 2B). The
gDNA sample does not cause significant changes in the
BRCA1 RNA level in cells.

3.5 Changes in the Spatial Organization of Chromatin
Nuclei

One of the conditions for the effective development of
an adaptive response in cells under the action of oxidative
stress inducers is a change in the spatial structure of chro-
matin, which is necessary to change the expression profile

of the genome [22]. The location of the homologues of the
first chromosome (region 1q12), which is analyzed by the
FISHmethod, we consider as one of the markers of changes
in the chromatin structure in response to stress. In unstimu-
lated confluent cells, 1q12 sites are located near the surface
of the nuclei. The action of agents stimulating an increase
in the level of ROS, for example, ionizing radiation [22,29],
induces the movement of these sites from the surface to the
center of the nuclei (Fig. 3).
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Fig. 5. Ami-cfDNA induces myogenic differentiation in MSCs. (A) The degree of expression of genes involved in myogenic, os-
teogenic, and adipogenic differentiation processes in mesenchymal stem cells (MSCs) after 14 days of exposure to fragments of cell-free
DNA (cfDNA). (B–D) Expression and distribution of the transcription factors MYF5 (B), MYF6 (C) and MYOG (D) of myogenic dif-
ferentiation 14 days after exposure to cfDNA probes (100 ng/mL). The scale bars are 20 and 50 µm. Fluorescence microscopy, (B,D)
(40×) and (C) (20×). The cultivation time and the DNA samples are indicated on the graph. Average values for three measurements
and standard deviation are given. (*) and (* green) present the differences with the control or hc-cfDNA are significant (p < 0.01,
nonparametric U test).

The absence of such movement is associated with
blocking the adaptive response to stress. The effect of the
ami-cfDNA sample on the MSCs after 3 hours is accom-
panied by a change in the distribution of the normalized
radius vector of the labels, which is comparable in mag-
nitude to the effect of a dose of 3 cGy ionizing radiation
(Fig. 3C). Hc-cfDNA and gDNA samples induce the move-
ment of chromatin 1q12 sites in a smaller number of cells.

3.6 Changes in the Level of Cell Apoptosis

DNA samples after 3 hours of cell culture reduce the
number of cells with early signs of cell membrane disrup-
tion (marker: annexin 5) (Fig. 4).

The R1 fraction (Fig. 4A) decreases in the presence of
all cfDNA samples, the maximum effect was observed in
the case of ami-cfDNA. CfDNA samples stimulated a grad-
ual increase in the expression of the anti-apoptotic BCL2
gene, both at the transcription level and at the level of the

BCL2 protein itself (Fig. 4C). The control cells contain
two fractions of cells with different levels of BCL2 pro-
tein (Fig. 4C,c2). The amount of R1 fraction with a high
protein content in the MSCs population in the presence of
ami-cfDNA increases from 55% to 80%. The total level
of BCL2 in cells increases 4–5 times when cultured with
an ami-cfDNA sample for 3 or 24 hours. An increase in
the amount of antiapoptotic protein was accompanied by an
increase in the amount of its active (phosphorylated) form
(Fig. 4D). The RNA level of the proapoptotic BAX gene, on
the contrary, decreased after 3 hours of cultivation after a
slight increase in the earlier period (Fig. 4B). Themaximum
effects were observed for the ami-cfDNA sample.

3.7 Differentiation of MSCs (Late Response)

Musculoskeletal regulatory factors have been de-
scribed in MSCs: MyoD, Myf5, Myf6 (Mrf4), myogenin
[30], each of which is capable of activating transcription of
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skeletal muscle genes. These transcription factors reveal an
80% identity of the amino acid sequence in the bHLH mo-
tif, which mediates DNA dimerization and binding. bHLH
transcription factors form heterodimers with ubiquitin pro-
teins of the E family, in the form of heterodimers they ac-
tivate transcription of muscle-specific genes when binding
to the CANNTG sequence (E-boxes) in promoters and en-
hancers of skeletal muscle genes. With prolonged cultiva-
tion ofMSCs (14 days) in the presence of ami-cfDNA, cells
are determined towards myogenic differentiation (Fig. 5,
(*) and (* green) presents the differences with the control
or hc-cfDNA are significant).

The level of expression of genes of transcription fac-
tors determining osteogenic differentiation increases 2–3
times: MYOD1, MYOG, MYF5, MRF4 and the level of ex-
pression of genes of factors determining osteogenic differ-
entiation is reduced or does not change: RUNX2, SPP1,
OCN and adipogenic: LPL and AP2 (FABP4) (Fig. 5A).

4. Discussion
In this study, we have shown that ami-cfDNA has a

pronounced biological activity against MSCs of human adi-
pose tissue. This activity appears to be a consequence of an
increased GC composition and an increased level of cfDNA
oxidation. A rDNA fragment was used as a marker of an
increase in GC composition in cfDNA. An increase in the
rDNA content in the cfDNA composition correlates with an
overall increase in the content of GC pairs. The ribosomal
repeat differs from other GC-rich DNA in the presence of
a large number of Gn (n > 2) motifs [20]. In the compo-
sition of these motifs, guanosine has the lowest oxidation
potential [31]. Thus, an increase in the rDNA content in
cfDNA is associated with an increase in the level of DNA
oxidation.

Fragments of ami-cfDNA in vitro induce an adaptive
response in MSCs, which is similar to the response previ-
ously observed by us for model GC-rich or oxidized frag-
ments of hcDNA. In the first minutes after the appearance
of ami-cfDNA fragments in the culture medium, ROS syn-
thesis is activated in cells, which is explosive. The source
of ROS, apparently, is the activity of the enzyme NOX4,
which catalyzes the formation of hydrogen peroxide at the
sites of contact with cfDNA on the cell membrane [32].
Fragments of ami-cfDNA induce an increase in the activ-
ity of the NOX4 gene in MSCs.

A sharp increase in ROS in cells stimulates the devel-
opment of an adaptive response. The adaptive response in
MSCs in the presence of ami-cfDNA is very similar in a
number of ways to the adaptive response of MSCs induced
by the action of low doses of ionizing radiation, which we
described earlier [22,29,33]. ROS cause damage to DNA
nuclei. In response to the formation of double-stranded
DNA breaks that are dangerous for the genome, processes
are activated in the cell aimed at repairing these breaks and
reducing the level of ROS.

To change the genome expression profile in response
to damage in order to develop an adaptive response, the
spatial organization of the chromatin of the cell nucleus
changes [29]. We tested changes in the chromatin architec-
ture by changing the localization of heterochromatin sites
of the first chromosome 1q12. The movement of sites 1q12
from the nuclear membrane to the center of the nucleus
is associated with the activity of repair processes. These
changes confirm the development of an adaptive response
in the MSCs. The adaptive response involves three pro-
cesses: antioxidant response, activation of repair systems
and anti-apoptotic response.

We characterized the antioxidant response by changes
in the activity of the NFEL2L gene, which encodes the
NRF2 transcription factor. It is interesting to note that in
the first hour of the action of ami-cfDNA, the amount of
NFEL2L RNA in cells decreases. It is possible that tempo-
rary blocking of the activity of the antioxidant transcription
factor against the background of activation of the proox-
idant gene NOX4 is necessary to maintain the necessary
level of ROS in order to develop a full-fledged adaptive re-
sponse in the cell population. The activity of the NFEL2L
gene reaches its maximum after 3 hours of cell culture in
the presence of ami-cfDNA.

We assessed the activation of repair processes by
changes in the RNA level of the BRCA1 protein, which
is part of the complex that repairs double-stranded DNA
breaks and by a decrease in the level of the γН2АХ pro-
tein. An increase in the amount of RNA of the BRCA1 gene
positively correlates with a decrease in the level of histone
γН2АХ in cells cultured with ami-cfDNA fragments. The
antiapoptotic response ofMSCs to the action of ami-cfDNA
is confirmed by a decrease in the number of cells with signs
of early apoptosis after 3 hours against the background of
an increase in the activity of the antiapoptotic BCL2 gene
and a decrease in the activity of the proapoptotic BAX gene.

In this study, we showed for the first time that high-
rDNA and high-oxidation (ami-cfDNA) cfDNA fragments
can stimulate myogenic differentiation of stem cells. In the
presence of ami-cfDNA, after 14 days, the expression level
of genes of transcription factors determining osteogenic dif-
ferentiation increases: MYOD1,MYOG,MYF5,MRF4 and
the expression level of genes of factors determining os-
teogenic differentiation is reduced or unchanged: RUNX2,
SPP1, OCN and adipogenic: LPL and AP2 (FABP4). Non-
oxidized model DNA fragments previously induced adi-
pogenic differentiation of MSCs [24]. Apparently, the di-
rection of MSCs differentiation in the presence of cfDNA
fragments largely depends on the level of cfDNA oxidation,
and therefore on the level of oxidative stress in the patient’s
body.

Other DNA samples we studied (gDNA and hc-
cfDNA) showed similar biological activity to ami-cfDNA,
but the observed effects were less pronounced.
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In acute myocardial infarction and after invasive treat-
ment during surgical treatment of myocardial infarction, the
level of cardiomyocyte cfDNA in circulating blood plasma
increases [14]. Patients with sepsis have high concentra-
tions of cardiac cfDNA, which accurately predict mortal-
ity, indicating an important role of cardiomyocyte death in
mortality from sepsis [14]. In our studies, we also identi-
fied the stimulation of the development of oxidative stress
in the first hours after exposure to cfDNA ami on MSCs.
As in the case of an acute heart attack in myocardial and
septic conditions, cell free DNA elimination options using
plasmapheresis or different options for binding cfDNA us-
ing columns with adhesive materials specifically binding
cfDNA in blood plasma can show good results in treatment
early after the onset of the disease. Preclinical and clini-
cal research data suggest that human mesenchymal stromal
cells (HUC-MSCs) derived from the umbilical cord may be
useful in treatment of heart failure and acute myocardial
infarction (MI) [34]. Nevertheless, the effect of stem cell
therapy on patients with heart failure remains the subject of
ongoing debate, and the safety and efficacy of HUC-MSCs
therapy has not yet been proven [34]. The pretreatment of
MSCs with fragments of oxidized cfDNA can promote the
stimulation of MSCs differentiation in the myogenic direc-
tion, as shown in this work, however, it is necessary to use
samples of cfDNA with well-defined parameters as MSCs
stimulation properties. In addition, these studies are in the
initial stages of research and it is necessary to conduct a
large number of additional tests to confirm the results ob-
tained. The study was conducted on cells in a laboratory
setting, and further experiments on animals are needed to
confirm the results. In a study summarizing the progress of
cardiorehabilitation in the treatment of patients with AMI,
innovative solutions in the field of cardiorehabilitation were
studied in detail and the positive correlation between the
frequency of physical exercise in cardiological rehabilita-
tion and an increase in the skeletal muscle index (SMI),
as well as an improvement in cardiorespiratory endurance
was especially emphasized [35]. In part, this also indicates
that the significance of the data we have received. It is
known that during physical exertion, the content of oxidized
cfDNA in the blood plasma increases, which can contribute
to the differentiation of stem cells moving to the site of heart
damage in the myogenic direction.

There is no clear answer in the literature on the role
of ami-cfDNA during AMI. The rapid development of an
adaptive response and myogenic differentiation of stem
cells in the presence of ami-cfDNA may indicate a benefi-
cial effect of ami-cfDNA on the course of the pathological
process. The adaptive response in MSCs makes it possible
to preserve stem cells for a long time under conditions of
chronic stress, which can differentiate into muscle cells in
the lesion.

However, ami-cfDNA can negatively affect other
blood cells and the cardiovascular system. For example,

it was shown that ami-cfDNA samples isolated from the
blood plasma of AMI patients in an in vitro experiment
caused a significant decrease in the frequency of contrac-
tions in rat cardiomyocytes [36]. The cfDNA of AMI pa-
tients suppressed the synthesis of nitric oxide by endothe-
lial cells [37]. In experiments on mice, it was shown that
the simultaneous action of cfDNA and HMGB1 protein sig-
nificantly worsens the manifestations of experimental AMI
[38].

Thus, the question of whether ami-cfDNA should be
the object of therapy requires further study.

5. Conclusions
In this study, we showed that oxidized ami-cfDNA

fragments isolated from the blood plasma of AMI patients
induce a pronounced adaptive response in vitro cultured
MSCs, which increases the survival of MSCs in a model
system. We described the effect of ami-cfDNA on the an-
tioxidant and anti-apoptotic response of stem cells and acti-
vation of repair genes. In addition, we found that long-term
exposure to ami-cfDNA induces myogenic differentiation
of MSCs, which is important for future studies in the field
of stem cell biology and the identification of factors for the
rehabilitation of AMI patients.
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