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ABSTRACT

The problem of incomplete myocardial revascularization for diffuse and distal lesions of the myocardium is still relevant. We assessed the clinical and
instrumental long-term results of autologous bone marrow mononuclear cell (BM-MNCs) implantation in laser channels in ischemic heart disease with diffuse
and distal coronary disease. In 2015-2018, 50 ischemic heart disease patients with diffuse and distal coronary arterial disease during coronary artery bypass
grafting (CABG) underwent BM-MNCs short-term pre-treated with Erythropoietin implantation in laser channels (BM-MNCs group) and in 50 patients only
CABG was done in the clinic of National Medical Research Center n.a. E.N. Meshalkin (Novosibirsk, Russia). Therapeutic potential of pre-treated BM-MNCs
with Erythropoietin implantation was carried out at two weeks, six and twelfth months after surgery. Changes on morphofunctional properties of BM-MNCs
after pre-treatment with Erythropoietin was carried out on basis phenotype, cell cycle, cell death, proliferation, migration, tube formation and cytokine
production. In this study, we observed the presence in cellular graft of the hematopoietic stem cells (HSCs), and endothelial progenitor cells (EPCs) at the
different stage of maturation/differentiation, and mesenchymal stem cells (MSCs). Precondition BM-MNCs with Erythropoietin increased number of HSCs
carrying erythropoietin receptor (EpoR), and EPCs carrying CD184. Also, Epo detained CB34+ cells in a rest phase of cell cycle (GOG1). Condition media from
BM-MNC:s treated with Erythropoietin augment tube formation and wound healing by EA.hy 929. After six months postoperatively, the severity of angina and
heart failure based NYHA functional class (NYHA FC) was significantly less in the BM-MNCs group than in control group (p=0.04). according to perfusion
scintigraphy, there was a slight decrease of stable perfusion defects (SPD) in the early postoperative period. Left ventricular ejection fraction in BM-MNCs group
have tendency to increase six months after treatment.

AHHOTaIMA

IIpo6eMa HeEMOJHOI peBacKy/IsApu3aLmy Muokappa npu And@ysHbIX M AMCTAIBHBIX MOPAXKEHMAX MMOKApia OCTaeTcs aKTyanbHON. IIpoBefieHa OlleHKa
K/IHMKO-MHCTPYMEHTA/IbHBIX OT/Ja/leHHBIX Pe3y/IbTaToOB MMIIIAHTALMM AyTOJIOIMYHBIX MOHOHYK/IEAPHBIX KJIeTOK KocTHoro mosra (KM-MHK) B masepubie
KaHaJIbl TPV MIIeMIYecKoit 6ojiesHn ceppua ¢ AndQysHolt 1 FUCTATBHONM UIlIeMUYecKoii 6oesHbio cepana. B 2015-2018 rogax, y 50 GONbHBIX C MIleMmeit
cepaa, 06ycnoBIeHHOI TU(OY3HBIM M AUCTATBHBIM KOPOHAPHBIM aTePOCK/IEPO30M BO BpeMsl a0pTOKOpoHapHoro imyHTuposanus (AKIII) Obuta npoBefena
umitantanys KM-MHK npensapuTe/ibHO IpOMHKYOMPOBAHHBIX C SpUTPOIIOITMHOM B nasepHble kaHambl (KM-MHK rpymma) u y 50 60/1bHBIX ITPOBeIeHO
tonbko AKIII Ha 6ase kmmHMKM HalpmoHanmbHOrO MEIMIMHCKOTO HayYHO-MCCIIE0BATENbCKOTO 1ieHTpa uM. akajl. E. H. MemankuHa (HoBocubupck, Poccus).
TeparneBTueckuit MOTeHIMAN MMIVIAHTALMU HpefBapuTenbHo obpaboranHpix KM-MHK ¢ 9puTpONOSTMHOM OLIEHMBAIM depe3 JiBe Hefie/y, LIeCTb U
JBEHAJLIAThIil MecslieB Iocine onepauun. Vismenenuss mopdodynkimonanpubix cpoitcre KM-MHK mocre npepBaputenbHoit 06paboTKyt SpUTPONIOSTHHOM
OCYILIeCTB/IA/IM HA OCHOBe (DEHOTUIIA, KJIETOYHOrO LMK/IA, rmbem KeTok, Iposmdepannn, MUrpanmy, o0pasoBaHUA COCYAMUCTO-IIOROOHBIX CTPYKTYp U
HPOYKIMM LIMTOKMHOB. B JJaHHOM McCeioBaHMM Mbl HAONMIOfAMN HamMyMe B KJIETOYHOM TPAHCIUIAHTAaTe IeMOIo3THYecknux crBonobbix knerok (I'CK) n
9HJ/IOTeIMANBHBIX IPOreHUTOpHbIX Kiaerok (OIIK) Ha pasHoit cragum cospeBanus/anuddepeHunpoBKy, a Tak)Ke Me3eHXMMAIbHBIX CTBOJIOBBIX KJ/IETOK.
IIpensapurenbHas Kynbrupauus KM-MHK c spurponostrHoM crioco6crBoBana yBenmuennto komdecrsa I'CK, Hecymux peuenrop sputponosrusa, u JlIK,
Hecyux CD184. Kpome Toro, 06paboTka K/IeToK 9puTpONnoaTHHOM yaepxuBano CD34+ kerok B dpase mokost kneroynoro umkiaa (GOG1). Koupnionnas
cpena o1 KM-MHK npoyHKy61pOBaHHBIX C 3pUTPONOITUHOM YBETMYNBATIO GOPMUPOBAHME COCYUCTO-MOJOOHBIX CTPYKTYD M 3aXKMBJIEHUE PAaHEBOTO fiedeKTa
MoHocnost EA.hy 929. Yepes monrojia mocjie onepaunuy TsSXKeCTb CTEHOKAPAMU M CepAeYHOI HeJ0CTAaTOYHOCTH 10 (yHKIMOHanbHOMY kinaccy NYHA 6bura
nocroBepHO MeHblile B rpyniie KM-MHK, dem B koHTponbHOI rpymie (P=0,04). ITo faHHbIM nepdy3MOHHOI CLMHTUTPAdUN B PAHHEM IOC/IE0IIePALIOHHOM
epyojie OTMEYEHO He3HAUNTENbHOe CHIDKeHMe CTabunbHbIX 1epdysnoHHbIX jedekroB. Opakimsa BbiGpoca eBoro xemypouka B rpynne KM-MHK umeer
TEeHJIEHLIVIO K YBE/IMYEHNIO Yepes3 MO/ro/ia Mocie IeYeHns.

Keywords: Coronary artery disease, erythropoietin, bone marrow mononuclear cells, intramyocardial injection, NYHA class, Borg class
*Corresponding author: Alexander Lykov, Ph.D., e-mail: aplykov2@mail.ru
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1. Introduction

In Cardiovascular diseases are the leading cause of
morbidity, and mortality, and development of heart failure
(1-2). The lack of capillary network and perfusion after acute
myocardium infarction (AMI) caused oxygen and nutrients
deficiency and leads to endothelial apoptosis, and an
increase in the area of heart attack and left ventricular
dysfunction. Also, after AMI, several processes occurred,
including the irreplaceable loss of a part of cardiomyocytes,
structural remodeling of a myocardium associated with
inflammation, scar formation, and development of
interstitial fibrosis in peri-infarction zone, and remodeling
of blood supply of a myocardium, that are also the starting
factors of heart failure development (3-4). Although
pharmacological and surgical treatments can significantly
improve patient outcomes, no treatment currently available
is able to generate new contractile myocardium or revers
ischemic myocardium, therefore new methods of therapy
are necessary to repair myocardium function. In many
reports the successful use of the stem cells to regenerate
damaged myocardium in both animal and human AMI has
been shown (5-6). Stem cell-based therapy is emerging as a
potential therapeutic approach for damaged tissue
regeneration and an important strategy for the treatment of
heart failure (7-10). Implantation of autologous bone
marrow stem cells into injured myocardium may be
considered as a promising therapy for myocardium
regeneration and ventricular contractility restoration (11-
19). Analysis of obtained data from randomized clinical
trials of intramyocardial bone marrow cells to treat ischemic
heart disease showed increased left ventricular ejection
fraction (LVEF), reduced left ventricular end-systolic
volume (LVESV), and trend toward the decrease of left
ventricular end-diastolic volume (LVEDV). The best efficacy
of intramyocardial bone marrow cells injection observed on
the left ventricular ejection fraction in patients with suitable
for revascularization with coronary artery bypass grafting
compared with patients unsuitable for revascularization
(20). Numerous clinical trials have previously investigated
the clinical outcomes in patients after myocardium
infarction and reported significant efficacy in improving
contractility and reducing infarction scar (13, 15, 18-19, 21).
However, there was a problem of the limited efficacy:
improvement of left-ventricular ejection fraction and
reduction of infarction size, viability of stem cells. Under
this situation, precondition of the adult stem cells before
implantation would be a very feasible and safe way to
augment the therapeutic efficacy. Erythropoietin (Epo),
cytokine that controls erythropoiesis, also appears to have
pleiotropic effects, such as anti-ischemic and anti-apoptotic
properties, promotion of neovascularization, mobilization of
EPCs, and enhancement of angiogenesis (22). The aim of
this study was to investigate the therapeutic efficiency of
intramyocardial administration of short-term

preconditioning autologous bone marrow mononuclear cells
in patients with cardiac arteria disease.

2. Material and Methods
2.1. Ethics Statement and Patients Characteristics

The Research involving humans was performed with the
prior approval of the Ethics Committee of Institute of
Clinical and Experimental Lymphology-Branch of National
Research Centre Institute of Cytology and Genetics Siberian
Division of Russian Academy of Sciences, and of the Ethics
Committee of Meshalkin National Medical Research Center,
Ministry of Health of Russian Federation, and all procedure
was conducted in accordance with the principles and
guidelines of the Declaration of Helsinki. All participants
signed written informed consent prior to the study. One
hundred ischemic heart disease patients with diffuse and
distal coronary arteria disease (CAD) were enrolled from
Meshalkin National Medical Research Center, Ministry of
Health of Russian Federation (Novosibirsk, Russian
Federation) in January 2016 — May 2018. Patients had to be
at least 50 years old, suffering from chronic ischemic heart
disease, and receiving constant state-of-the-art
pharmacotherapy for at least 3 months prior to enrolment.
95% were men. All were in angina NYHA functional class II-
III. Arterial hypertension was presented in 90%, peripheral
atherosclerosis in 60%. The inclusion criteria were as follows:
age 250 and <75 years; presence of coronary artery lesions;
chronic ischemia heart failure; myocardial infarction within
previous 12 months; New York Heart Association (NYHA)
functional class II-III within last 6 months; systolic
dysfunction with LVEF <35%; fixed perfusion defect on Tc-
99m  technetril  single-photon  emission computed
tomography (SPECT). The exclusion criteria comprised the
following factors: eligibility for percutaneous coronary
intervention; eligibility for coronary artery bypass grafting;
previous valve surgery; surgical remodeling of the left
ventricle or cardiac resynchronization therapy; hemorrhagic
symptoms; severe renal and liver dysfunction; malignancy.
Patients who meet eligibility criteria will be scheduled for
bone marrow harvest. Indications for surgery were: severe
angina refractory to clinical antianginal therapy; diffuse
coronary artery lesion of the distal bed or small coronary
vessel diameter (less than 1 mm) or a viable (hibernating)
myocardium. 50 patients received only coronary artery
bypass grafting (CABG) - control group, 50 patients during
CABG underwent autologous bone marrow mononuclear
cells pre-treated with Epo implantation in laser channels —
BM-MNCs group. Clinical and instrumental assessment of
the therapeutic efficiency was carried out at two weeks, six
and twelfth months after surgery. One of the main
conditions of the operation was the presence of a viable
myocardium in the revascularization area. In this regard, we
analyzed two-staged myocardial scintigraphy with Tc-99
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data for myocardial viability, as well as to assess the
effectiveness of indirect revascularization. The status of the
infarction was assessed on a 5-point scale: 4 - rule; 3 -
ischemia (hibernating myocardium); 2 - small focal
scarring; 1 - tripe; 0 —aneurysm. The main parameters were
stable perfusion defect (SPD, %) and transient perfusion
defect (TPD, %).

2.2 Human Bone Marrow Mononuclear Cells
Morphofunctional Properties

Bone marrow samples of fifty patients with CAD were
harvested for autologous transmyocardial implantation.
Bone marrow aspirates were diluted with PBS and bone
marrow mononuclear cells (BM-MNCs) were isolated by
density gradient centrifugation with Ficoll-Paque. The BM-
MNCs were washed three times with 50 mL of PBS, counted,
and viability testing was performed with trypan blue
exclusion (= 95%), and used for the experiments. The 106
BM-MNCs/cm?2 from patients with CAD were plated in PBS
supplemented completed with 10% autologous serum and
Epo (33.4 IU/mL of Recormon) for 1 hour. BM-MNCs
phenotype was performed for CD18 (Integrin (2), CD29
(Integrin P1), CD31 (Platelet endothelial cell adhesion
molecule-1, PECAM-1), CD34 (Glycoprotein), CD44 (Cell-
surface glycoprotein), CD45 (Transmembrane
glycoprotein), CD49a (Integrin alpha-1), CD54 (Inter-
cellular adhesion molecule 1), CD62E (E-selectin), CD73
(68kDa GPI-anchored cell-surface protein with enzymatic
and signal transduction activities), CD90 (GPI-anchored
membrane glycoprotein of the Ig superfamily, Thy-1),
CD105 (Endoglin, a major glycoprotein of human vascular
endothelium), CDI31(BIL-3 (AIC2A) and Pc (AIC2B)
cytokine receptor subunits), CD133(Promenin-1), CD146
(Cell surface glycoprotein MUCI18), CD184 (CXC
chemokine receptor, CXCR4), CD202b (Angiopoetin-1
receptor), KDR (Vascular endothelial growth factor receptor
-2), and Erythropoietin-receptor (EpoR) expression. Cell
cycle distribution were performed by using Propidium
Iodide. The apoptosis assay was performed using an
Annexin V-FITC/PI Apoptosis Detection kit. Proliferative
potential of 2 x 105 BM-MNCs/well were done with
Concanavalin A (10 ug/mL), Phytohemagglutinin A (10 ug/
mL), Lipopolysaccharide (1 pg/mL), Epo (33.4 IU/mL of
Recormon), and H202 (1, 3, and 5 mM) in DMEM plus 10%
FCS, 0.3 mg/mL L-glutamine, 5 mM HEPES buffer), and 80
pg/mL of gentamycin during 72 hours in CO2-incubator,
then cells were supplemented with fresh medium containing
5 mg/mL 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-
tetrazolium bromide (MTT) and incubated for 4 hours at 37
0C. The formazan in viable cells was dissolved with 100 uL of
dimethyl sulfoxide and determined by reading optical
densities (OD) in microplate reader (Stat Fax 2100) at an
absorption wave length of 570 nm. For enzyme-linked
immunosorbent assay (ELISA), and wound healing test, and
tubule-formation, media were collected from plates of BM-

MNCs (CM-MNCs) after 72 hours of culture in DMEM plus
10% FCS, 0.3 mg/mL L-glutamine, and 80 pg/mL of
gentamycin, and Epo (0 and 33.4 IU/mL of Recormon),
aliquoted and storage at -70 0C before using in testing in
vitro. IL-1B, TNF-a, TGF-B1, IL-6, IL-8, IL-10, PDGF-AB,
VEGF, basal GFG, IGF-1, Epo, CXCL-12/SDF-1a, MMP-9,
TIMP-1, and NO in CM-MNCs were determined by ELISA.
NO inhibition assay was conducted using Griess reagent kit
for nitrite determination. Wound healing was tested on
EA.hy 926 cells (kindly gifted by Dr. C.J. Edgel, Caroline
University, USA) scratched monolayer cultured or tubule-
formation on In vitro angiogenesis assay kit in 100 pL of
DMEM plus 0% or 10% FCS (negative and positive control),
in mixture of 70% DMEM and 30% of CM-MNCs growth in
the presence or absence of Epo (experimental wells) in CO2-
incubator for 24 hours.

2.3 Indirect Method of Coronary Revascularization and Short
-term Preconditioning Autologous Bone Marrow
Mononuclear Cells with Erythropoietin Intramyocardial
Implantation

In fifty patients with CAD after performed the distal
anastomoses, 5-7 radially arranged blind laser channels in
fifth points were formed by using laser surgical unit of LSP-
IRE-Polus (Russia) with wavelength of 1.56 microns with a
power of 15 watts. Laser was applied in pulsed mode, with a
pulse duration of 20 ms and an interval between pulses of 20
ms. Channel length was determined by the size of scar area.
Further, in order to create a closed cavity in the channel
mouth, an n-stitch was superimposed, the 20 x 106 BM-
MNCs pre-treated with Epo infusion was performed, and
the n-stitch arose. The efficacy of treatment was assed in 2
weeks, 6 and 12 months by changes in the LVEF, LVESV,
LVEDV by echocardiography and myocardial perfusion by
ECG-synchronized SPECT using technetium (Tc-99m
technetril) at rest and during pharmacological stress caused
by intravenous administration of adenosine (0.14 mg/kg/
min over 6 min). The results were assessed in 10 segments;
score range in each segment from 0 to 4 (0 — normal activity,
4 - no activity). Also, efficiency of treatment was estimated
using NYHA FC, and Borg dyspnea scale.

2.4 Statistical Analysis

All data analyses were performed by Statistica 10 statistical
program. In this study, the normality of the distribution was
determined by the w-Shapiro-Wilkes criterion, in tables the
obtained data were presented as median with lower and
upper quartiles (Me; LQ-UQ) with no less than three
replicates for each experimental condition, the data were
analyzed by Mann-Whitney U test for pairwise comparisons
data, and correlation coefficient using the Spearman rank
correlation (Rs). If p-value was less than 0.05, it was
considered statistically significant.
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3. Results and discussion

3.1. Morphofunctional properties of Bone Marrow
Mononuclear Cells from Patients with CAD

Among mononuclear cells derived from bone marrow
samples from patients with CAD we observed a higher
number of hematopoietic stem cells (HSCs), endothelial
progenitor cells (EPCs) and mesenchymal stem cells
(MSCs). So, among HSCs the number of CD45+/CD34- cells
were more than 30%, CD45+/CD184+ cells more than 16%,
and CD45+/EpoR+ more than 3%. Among EPCs the
number of CD45-/CD34+ cells were more than 0.6%,
CD34+/CD31+ cells more than 0.9%, CD34+/VEGFR2+
cells more than 1.25%, CD34+/CD133+ cells more than
0.95%, CD34+/CD131+ cells more than 1.15%, CD34+/
CD184+ cells more than 2.6%, CD34+/EpoR+ cells more
than 0.85%, and CD31+/CD184+ cells more than 5.5%.
Among MSCs the number of CD73+/CD90+ cells were
more than 1.3%, CD73+/CD105+ cells more than 3.7, and
CD90+/CD105+ cells more than 0.9%. These findings
indicated that BM-MNCs from patients with CAD
contained  heterogeneous stem cells  populations.
Information on BM-MNCs phenotypes changes after short-
term conditioning with Erythropoietin was summarized in
Table 1. Conditioning BM-MNCs with Epo significantly
increased the number of HSCs expressed EpoR (CD45+/
EpoR+ cells), and the number of EPCs expressed CD184

Table 1 | The effect of short-term preconditioning of the bone mar-
row mononuclear cells on the number of stem cells (%, Me; LQ-
UQ). Oddexr xparkoBpemeHHoit skcnosuumyu KM-MHK ¢
9PUTPOIIOSTVHOM Ha KOJIMYECTBO CTBOJIOBBIX KIIETOK.

(CD31+4/CD184+ cells), wherease the number of EPCs
expressed CDI133 (CD34+/CD133+ cells) significantly
decreased. Also, we find a trend towards the decrese of the
number of CD34+/CD133+ cells, CD34+/EpoR+ cells,
CD34+/CD184+ and CD34+/CD131+ cells, and the trend
towards the increase of the number of CD34+/VEGFR2+
cells and MSCs with CD73+/CD90+, CD73+/CD105+ and
CD90+/CD105+ phenotype. We showed strong correlation
between the number of CD34+/CD133+, and the number of
CD34+/EpoR+ cells with the age of patients (R=0.52 and
R=0.49, p <0.05). We found that pre-treatment of BM-
MNCs with Epo significantly increased the number of
CD34+ cells in subGOG1, GOG2 cell cycle phase, and
significantly decreased the number of CD34+ cells in G2/M
and S cell cycle phase (Table 2). Whereas, we did not
observe any significant difference in the number of CD34+
cells in apoptosis and necrosis when we used an Annexin V-
FITC/PI Apoptosis Detection kit, but we observed the trend
towards the decrease of the number of CD34+ cells after pre-
treatment with Epo on apoptosis/necrosis. Data of the effect
of pre-treatment of BM-MNCs with Epo on expression of
CD18, CD54, CD29, CD44, CD49a, CD62E, CD146,
CD202b was summarized in Table 3. We found the trend
towards the increase in the number of CD34+/CD54+,
CD34+/CD18+, CD49a and CD202b cells among BM-
MNCs after pre-treatment with Epo. Whereas, the number
of CD18+/CD54+, CD29+, CD44+, CD62E+ and CD146+
cells tend to reduce among BM-MNCs after pre-treatment
with Epo. BM-MNCs proliferation spontaneous or in the
presence of stimulating factors or inductors of oxidative
stress after pre-treatment with Epo was significantly reduced
compared with basal and stimulated proliferation capacity of
BM-MNCs without pre-treatment with Epo (Table 4). We

Phenotype Basal Epo -preconditioning | p-value o
Table 2 | The effect of short-term preconditioning of the bone mar-
— row mononuclear cells on the cell cycle distribution and apoptosis/
Hematopoietic stem cells . .
necrosis. O¢dekr KparkocpouHoit skcmosuumn KM-MHK ¢
CD45+/EpoR+ .76 (05-6.25) | 1091 (1.75-16.24) 001159 SPUTPOIIOITVHOM Ha paclpefienieHye KIeToK B ¢$a3ax KIeTOYHOTo
L[MK/Ia U1 alIONTO3/HeKpo3
Endothelial progenitor cells Parameters Basal Epo - p-value
preconditioning
CD34+/CD31+ 0.94 (0.4-1.0) 0.92 (0.5-1.0) 0.41699
Cell cycl
CD34+/CD133+ | 0.87(05-1.06) | 0.33(0.1-0.7) 0.01052 o
subGOG1 5.58 (5.0-5.0) 6.12 (6.0-6.0) 0.011975
CD34+/VEGFR2+ 1.09 (0.5-1.3) 1.51 (0.1-2.5) 0.29870
GOG1 78.25 (78.0-78.0) | 85.29 (85.0-85.0) 0.001914
CD34+/EpoR+ 0.8 (0.4-0.9) 0.55 (0.3-0.55) 0.14634
G2/M 15.85 (13.0-13.0) | 7.1(7.0-7.0) 0.000052
CD34+/CD184+ 2.46 (1.0-3.0) 1.69 (0.4-2.0) 0.19361
CD34+/CD131+ 0.78 (0.2-1.45) | 0.55(0.2-0.5) 0.97278 s 325 (30-3.0) 108 (10-1.0) 0.000052
Apoptosis/Necrosis
CD31+/CD184+ 6.13 (2.0-8.5) 11.48 (5.0-11.0) 0.02778
Annexin V+/PI- 6.98 (1.7-10.0) 5.47 (0.85-5.0) 0.076424
Mesenchymal stem cells
(early apoptosis)
CD73+/CD90+ 0.85 (0.25-2.2) 1.15(0.1-2.7) 0.96 Annexin V+/PI+ 3.07 (0.1-3.6) 4.2 (0.6-2.95) 0.310768
CD73+/CD105+ 1.75(0.35-7.2) | 2.0(0.1-5.4) 0.91 (apoptosis)
Annexin V-/PI+ 2.72(0.25-1.05) 1.58 (0.2-1.0) 0.966427
CD90+/CD105+ 0.5(0.21-1.3) 0.95 (0.6-2.0) 0.34
(necrosis)
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Table 3 | Effect of short-term preconditioning of the bone marrow
mononuclear cells on the expression of adhesion molecules.
AddexT KpaTkocpouyHoit akcnosuimyu KM-MHK Ha skcnpeccuio
MOJIEKyI ajire3un

Table 4 | Effect of short-term preconditioning of the bone marrow
mononuclear cells on proliferative  activities. ekt
KpatkocpouHoit akcnosunun KM-MHK ¢ spurpomnostmHoM Ha
nponudepanuo

Phenotype Basal Epo -preconditioning | p-value Parameters Basal Epo -conditioning | p-value

Spont 0.66 (0.58-0.68 0.45 (0.4-0.45 0.00072
CD34+/CD54+ | 177 (0.55-3.0) 2.0 (0.7-3.9) 0.67 pontancous ( ) ( )

Concanavalin A 0.57 (0.56-0.6) 0.42 (0.36-0.46) 0.011384
CD34+/CD18+ 1.4 (0.55-2.25) 1.7 (0.2-4.2) 0.52

(10 pg/mL)
CD18+/CD54+ | 59.47 (43.9-75.0) 54.27 (34.8-70.7) 0.94 Phytogemagglutinin A | 0.61 (0.6-0.67) 0.44 (0.37-0.46) 0.000083
CD29%a+ 97.27 (95.8-98.75) 89.2 (75.8-96.7) 0.83 (10 ug/mL)

Lipopolysaccharide 0.69 (0.66-0.7) 0.49 (0.44-0.51) 0.00057
CD44+ 91.25 (84.6-97.9) 86.97 (64.5-99.8) 0.28

(10 pg/mL)
CD49a+ 37.92 (22.65-53.2) 56.0 (51.1-63.4) 0.62 Hydrogen peroxide 0.65 (0.57-0,76) 0.34 (0.32-0.36) 0.0000001
CD62E+ 44.6 (21.95-67.25) 42.4 (8.4-73.7) 0.57 1uM

Hydrogen peroxide 0.55 (0.51-0.57) 0.35 (0.3-0.42) 0.000541
CD146+ 6.85 (1.0-12.65) 5.9(0.1-12.1) 0.94

3 uM
CD202b+ 13.65 (3.75-23.55) | 17.63(9.3-24.1) 1.0 Hydrogen peroxide 0.48 (0.48-0.57) 0.37 (0.34-0.38) 0.048652
established the trend to increase TNF-a, Epo, PDGF-AB and Ff’ ”tl\]f — O RO ——

. . rythropoietin . .5 (0.49-0. X

IGF-1production by BM-MNCs after pre-treatment with yawrop
Epo (Table 5). Whereas, levels of IL-1p, IL-8, IL-10 and TGF (33.41U/mL)

-B1 production by BM-MNCs pre-treated with Epo did not
change. Also, we did not establish significant differences
between the basal levels of cytokines production by BM-
MNCs and by BM-MNCs cultured in the presence of Epo
(p>0.05). Conditioned media from BM-MNCs cultured with
or without Epo stimulated vessel-like structures formation
(Table 6). In the presence of CM from pre-treated with Epo
BM-MNCs we observed increased wound healing (Figure 1)
and tend to increase vessel-like structures formation (Figure
2).

3.2. Efficacy of intramyocardial administration of autologous
bone marrow mononuclear cells pre-treated with
Erythropoietin

Six months after treatment, the severity of angina and
heart failure based on NYHA FC significantly reduced in
BM-MNCs group than in control group (0 £ 0 vs 1.6 + 0.1,
p=0.01). 12 months after surgery angina and heart
insufficiency were at the same levels. Additionally, in BM-
MNCs group we observed the increase in exercise tolerance
from 321 m (285 - 385 m) to 356.5 m (325 - 420 m) during
the 6 minutes walking test, and reduced Borg dyspnea scale

Table 5 | Effect of Erythropoietin on the cytokines production by bone marrow mononuclear
cells. 9¢p ekt spuTponosTriHa Ha ypoBHU HpoayKuuy unutoknaos KM-MHK

Cytokine Basal (1) Epo in culture media (2) Epo -conditioning (3) p-value
(1-2/1-3)
IL-1f 22.3(12.3-51.2) 34.25 (2.67-67.95) 26.8 (0.15-40.2) 0.93/0.54
TNF-a 7.04 (1.31-21.85) 7.9 (2.54-22.85) 10.3 (0.42-369.7) 0.97/0.69
IL-6 1615 (1208-1743) 1651 (1208.5-1776) 1560 (824-1666) 0.85/0.25
IL-8 1260 (1225-1320) 1270 (1164-1353) 1268 (1218-1280) 1.0/0.9
IL-10 164.15 (13.95-269) 62 (12.7-193.7) 13.9 (4.84-57) 0.65/0.39
Epo 240.9 (46.8-650.25) 843.7 (557.7-848.65) 561 (180.9-822.4) 0.07/0.06
PDGF-AB 97.5 (76,8-153.1) 95.4 (65.5-736.8) 66.8 (46.8-1240) 0.95/0.32
IGF-1 0.18 (0.15-0.21) 0.23 (0.18-0.28) 0.22 (0.16-0.25) 0.13/0.43
TGF-B1 7.7 (2.73-31.4) 2.36 (1.52-4.94) 5.7 (2.04021.2) 0.09/0.17
NO 1.1(1-1.2) 1.05 (0.95-1.2) 1(0.5-1.20 0.92/0.41
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Table 6 | Effect of conditioned media from bone marrow mononu-
clear cells on vessel formation in vitro. 9pdexT KOHAMIIMOHHBIX
cper ot KM-MHK Ha ¢opmupoBanue cocynucTo-mogoOHbIX

CTPYKTYp

Hours Basal Epo -conditioning p-value
Vessel length

On 3 hours 20.58 (17.77-25.35) 19.78 (18.24-22.9) 0.849995

On 24 hours 43.3 (34.97-45.91) 41.43 (35.21-49.46) 0.969827
Vessel width

On 3 hours 12,81 (10.05-16.98) 13.18 (12.02-14.08) | 0.849995

On 24 hours 32.09 (27.24-33.53) 30.22 (23.94-38.31) | 0.909654

the 6 minutes walking test, and reduced Borg dyspnea scale
from 2 (2 -3) to 1 (0 -1). In BM-MNCs group we detected a
slight decreased stable perfusion defects, reflecting
irreversible scarring of the myocardium and partially
hibernating myocardium, (7.9 * 5.1% vs 7.4 * 3.9% in
control group and BM-MNCs group respectively).
Intramyocardial implantation of BM-MNCs pre-treated
with Epo additional to CABG increased left ventricule
contractility (LVEDV 91 + 45 mL and LVEF 63 + 28% in
control group vs LVEDV 83 + 34 mL and LVEF 65 + 25% in
BM-MNCs group). There was an inversed correlation
between the number of CD45+/EpoR+, the number of

Figure 1 | Effect of condition media from BM-MNCs treated with
Erythropoietin on EA.hy 929 wound healing. a, micrograph of a
wound closure in media without growth factors at 24 hours
(negative control). b, micrograph of a wound closure in media with
10% FSC at 24 hours (positive control). ¢, micrograph of a wound
closure in media with 30% (v/v) conditioned media from Erythro-
poietin treated BM-MNCs at 24 hours. 9¢¢deKT KOHAMIVOHHOI
cpenst or KM-MHK mponHKy6MpOBaHHBIX C 9PUTPONOITMHOM Ha
3a)XMBJIEHNe paHeBOro fedekra MOHOCIOs KneTok EA.hy 929. a -
3aKpBITHE paHeBOro fiedekTa yepes 24 yaca B Ky/JIbTypaIbHOI cpefie
6e3 pocTOBBIX (aKTOPOB (OTPMLIATENBHBI KOHTPOIb). b —
3aKpBITHe paHeBOro jedexTa B mpucyrcreue 10% ITC uepes 24
yaca (TIONOKUTEIbHBII KOHTPO/Mb). C — 3aKpbITHE pPaHEBOTO
medexra B mpucyrcTBue 30% OT 00beMa KOHAULIMOHHON CPefibl OT
KM-MHK mponHKy6MpOBaHHBIX C 9PUTPOIIOITHHOM UYepes 24 Jaca

CD34+/EpoR+ cells, and NYHA (R=-0.49 and R=-0.43, p
<0.05).

4. Discussion

Ischemic heart failure (IHF) is an important cause of
morbidity and mortality (13). The main reason of IHF
development is myocardium infarction, because of the
structural remodeling of a myocardium associated with
inflammation, formation of scar, and development of
interstitial fibrosis in peri-infarct zone, with the remodeling
of blood supply of a myocardium (4). Bone marrow
mononuclear cells contain EPCs and MSCs valuable in stem
cell therapy for enhanced postischemic neovascularization
(15, 18). Numerous clinical trials have previously
investigated the clinical outcomes in patients after
myocardium infarction and reported significant efficacy in
improving contractility and reducing infarction scar (4, 13,
15, 18-19, 21). But the problem was in the limited efficacy:
the improvement of left-ventricular ejection fraction and the
reduction of infarction size, the viability of stem cells. Under
this situation, precondition of the adult stem cells before
implantation would be a very feasible and safe way to
augment the therapeutic efficacy. Epo, cytokine that controls
erythropoiesis, appears to have pleiotropic effects, such as

Figure 2 | Effect of condition media from BM-MNCs treated with
Erythropoietin on EA.hy 929 vessel-like formation. A, - micrograph
of a vessel-like formation by EA.hy 929 at 0 hour. B, - micrograph
of a vessel-like formation by EA.hy 929 in presence of 30% (v/v)
conditioned media from BM-MNCs with Erythropoietin 0 IU/mL
at 24 hours (negative control). ¢, - micrograph of a vessel-like for-
mation by EA.hy 929 in presence of 30% (v/v) conditioned media
from BM-MNCs with Erythropoietin 33.4 IU/mL at 24 hours.
Sddext KOHJVIIVIOHHO cpensl or KM-MHK
IIPOMHKYOMPOBAHHBIX C SPUTPONO3TMHOM Ha (opMupoBaHye
COCYAUCTO-NIOAOOHBIX CTPYKTYp Kimetkammu EAhy 929. a -
ucxopHast KapTuHa (0 4yacoB). b — QopMupoBaHMe COCYRUCTBIX
obpasoBanmit kierkamu EA.hy 929 B nmpucyrcrBuu 30% ot o6pema
KoHAMIoHHOM cpenbl oT KM-MHK mnpounnky6upoBaHHbIX ¢ 0
ME/Mn  sputpomostMHa depe3 24 dyaca (OTpMIATE/NTbHBII
KOHTpPO/b). C — COCymo-obpasoBaHue Kinetkamum EA.hy 929 B
npucyrctBuy 30% o o6beMa KOHAMIMOHHOI cpenpl or KM-MHK
IpOMHKY6MpOBaHHbIX C 33,4 ME/M aputponoaTnHa yepes 24 yaca
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anti-ischemic and anti-apoptotic properties, promotion of
neovascularization, mobilization of EPCs, and enhancement
of angiogenesis (22). This article presents the results of 6-12
months follow-up of patients who underwent coronary
bypass surgery and transmyocardial laser revascularization,
combined with implantation of autologous bone marrow
mononuclear cells short-term pre-treated with Epo. We
analyzed effect of short-term pre-treatment BM-MNCs with
Epo on morphofunctional properties in vitro, and the
clinical status of the patients, the dynamics of myocardium
contractility, and local contractility of the left ventricule on
echocardiography, as well as myocardium perfusion
changes. Through this study we have showed the beneficial
effect of in vitro Epo treatment to increase the vasculogenic
potential of human bone marrow stem cells. First of all, we
established that in bone marrow of patients with CAD there
are three main stem cells populations (HSC, EPCs and
MSCs). Moreover, BM-MNCs presented a higher number of
‘early’, and a lower number of ‘late’ EPCs (CD34-/CD133+,
and CD34+/CD133- cells, respectively). Also, in BM-MNCs
from patients with CAD there are ‘mature’ EPCs (CD34+/
KDR+, and CD34+/CD31+ cells). Moreover, BM-MNCs
from patients with CAD is characterized as a high
proliferating cells, because 12% of CD34+ cells are in G2/M
phase of cell cycle and spontaneous proliferation measured
by MTT test was OD=0.66. Moreover, we observed that
among CD34+ BM-MNCs there is very low number of
apoptotic cells.

Ahmed and coworkers (2015), also Hur and coworkers
(2004) demonstrated that EPCs expressed CD34 or VEGFR-
2(KDR), and EPCs, which carried both surface markers
(CD34+/KDR+ EPCs) is an independent predictor of clinical
performance at cardiovascular pathology (23-24). About 1%
of BM-MNCs were positive for EpoR and these cells were
used to evaluate the specific effects of Epo treatment through
its receptor. Epo treated BM-MNCs show the increase in
HSCs bearing EpoR (increased in a 6.87-fold). Epo
treatment also induced CD34+/CD133+ - EPCs decrease (on
30%) and increase CD31+/CD184+ (“homing-receptor”) -
EPCs (in a 5-fold). Epo treatment also leads to accumulation
of CD34+ cells in GOG1 phase of cell cycle (on 8.97%). Epo
treated BM-MNCs produced angiogenic factors, because
addition of 30% (v/v) of the conditioned media from Epo
treated BM-MNCs augment capillary-like structure
formation by EA.hy 929, hybridoma cell line with a “mature”
EPCs phenotype properties. Bone marrow cells can migrate
from niches into blood stream through “homing” involve
CXCR-4 (CD184), a specific receptor for the SDEF-1/
CXCL12, and CD144 to engraftment onto target organs,
including ischemic tissues (25). The results of presented
study show that a large number of HSCs and EPCs expressed
CD184.

Moreover, Epo treatment of BM-MNCs increased a count
of EPCs co-expressed CD31 and CD184 surface markers. It
is well known, that EpoR is expressed on surface not only of
erythroid progenitor cells, but also on other type of cells [16-

19]. Epo maintains survival of different types of cells through
interaction with EpoR (26). Epo binding with EpoR alone or
in cooperation with CD131 leads to cytoprotective effect
(27). Bennis and coworkers (2012) demonstrated that Epo in
dosage of 5 IU/mL stimulates proliferative potential,
migration, tubule-formation capacity, closure of wound
made in monolayer of EPCs, and increased resistance of
EPCs to oxidation stress (27). The unfavorable
microenvironment present in the ischemic tissue might
impair the effectiveness of stem cell transplantation.
Additionally, the results of presented study shown that Epo
treatment of BM-MNCs prevent cells from oxidative stress
(proliferative activity of Epo treated BM-MNCs in the
presence of H,0,). Kang and coworkers (2014)
demonstrated that treatment of bone marrow stem cells with
Epo increased the expression of pro-angiogenic factors,
including IL-8, and IL-10, and b-FGF, and PDGF, and MMP
-9, and levels of adhesion molecule such as integrin (28).
Taken together, the presented study demonstrated that Epo
has the potential to augment regenerative effect of BM-
MNCs. CABG is preferred method for treatment of patients
with ischemic heart disease, but sometimes coronary vessel
diameter is insufficient for direct myocardium
revascularization. Laser channels accompanied with stem
cells implantation can improve the quality of life in patients
with ischemic heart disease. Our data indicates that laser
indirect revascularization with BM-MNCs pre-treated with
Epo improves NYHA FC, exercise tolerance, dyspnea, and
left ventricule contractility. Intramyocardial implantation of
stem cells is used for restoring of ischemic myocardium
microvasculature. There are no publications on pre-treated
BM-MNCs with Epo and laser revascularization. It’s known
that pre-treatment with Epo of the organ injured and
dysfunctionalized by hemorrhagic shock exerts tissue-
protective effect as a result of mobilization of bone marrow
endothelial progenitor cells (29). In animal model of
myocardium infarction therapy with Epo and Granulocyte
colony stimulating factor stabilized LVEF and improved
LVEDV, and histopathology revealed increased areas of
viable myocardium and vascular density (30). Authors
evaluated therapeutic efficiency on animal model after
systemic administration of Epo. But there is no information
on the effect of the pre-treatment of bone marrow
mononuclear cells with Epo and its implantation on laser
channels into ischemic myocardium in human yet.
Currently, in this article we have not studied enough
patients, and so the results are contradictory. The small
sample size, the number of BM-MNCs necessary for
implantation, survival rate of implanted BM-MNCs do not
allow to conclude that the pre-treatment with Epo BM-
MNCs is really effective. Also, the effect of laser exposure on
myocardium is not studied yet. We believe that our results
suggest a cumulative effect of laser revascularization and
short-term pre-treatment of bone marrow mononuclear
cells, and they will improve the surgical treatment results of
coronary arteria disease in the near period.
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5. Concluding Remarks

Summarizing all the above, we can conclude that the short
-term pre-treatment of bone marrow mononuclear cells with
Epo increased count of EPCs with CD31+/CD184+
phenotype, increased a count of CD34+ cells in GOG1 phase
of cell cycle, increased vasculogenic effect of conditioned
media from Epo treated BM-MNCs on tube formation by
EA.hy 929. Also, direct revascularization and combination of
direct and indirect (laser channels) revascularization with
Epo pre-treated bone marrow mononuclear cells
implantation of the ischemic myocardium leads to
myocardium perfusion improvement, and left ventricular
contractility. Myocardial perfusion improvements at the
early period after surgery is a result of direct
revascularization, whereas at the long-term period it is a
result of angiogenesis and vasculogenesis in the hibernate
area, and the reduction of perfusion defects due to BM-
MNCs implantation in laser channels. These findings
strongly suggest that in vitro Epo treatment of BM-MNCs
can be a feasible and effective method to augment the
efficacy of BM-MNCs stem cells therapy for patients with
CAD

3axkmoueHne

ITokasaHo, YTO KpaTKOBpeMeHHas SKCIIO3UIS
KOCTHOMO3TOBBIX ~MOHOHYK/IEAPOB C  9PUTPOIOITHMHOM
CIIoco6CTBYeT YBe/IMYEHNIO KO/IMYeCTBa myna

9HJOTENMNATbHbIX IPOTeHUTOPHBIX KIETOK ¢ (DeHOTUIIOM
CD31+/CD184+, xomnyecrBa CD34+ xnerok B ¢ase GOG1
KJIeTOYHOTO IMK/Ia M BO3PAcCTaHMIO BaCKYJIOTEHHOTO
HOTEeHIMa/a  KOHAMIVIOHHBIX  Cpel  KOCTHOMO3TOBBIX
MOHOHYK/IapOB, IpefoOpab0TaHHBIX C SPUTPOIOITUHOM B
Mofiem in vitro o00pa3soBaHMA  COCYAMCTO-IIOFOOHBIX
CTPYKTYp 9HAOTeNnManbHbIMy Knetkamyu EA.hy 929. Kpome
9TOTO, IPAMasA PeBacKy/IApPU3aLNA ¥ COYeTaHNe C IPAMOIL U
HempsAMOJ  (jlasepHble  KaHAIbI)  peBacKylIApU3allny,
006yC/I0BIEHHO UMIIIaHTalyen 9PUTPOIIOITUH
npefoOpabOTaHHBIX KOCTHOMO3LOBBIX MOHOHYK/IEapOB B
UIIEeMU3VPOBAHHBI  MMOKaph BefeT K  YIYYIIeHUIO
nepdysun MMOKapfa M COKPaTMMOCTb JI€BOTO >Kely[ouKa.
[Tapamerpnl nepdy3nun MMOKapfia Ha paHHNE CPOKM IIOC/Ie
XMPYPIMUECKOTO BMeIIATeNbCTBA ABJIAIOTCA  CIeICTBUEM
IpAMOIL peBacKy/ApU3aly MUOKapAa, TOT[ja Kak Ha 6oee
HO3THUX CPOKaxX HAONMIONeHMS S5TO C/IeACTBME AaHTUO- MU
BacKy/IoreHe3a B I'MOepPHMPOBAHHON 00/IacTy MMOKappa, a
Taloke OTBETOM Ha MMIUIAHTAIMI0 KOCTHOMO3TOBBIX
MOHOHYK/ICapOB B JIa3epHble KaHaybl. [loy4eHHble TaHHbIE,
YKa3bIBaIOT, YTO in vitro mpefo6paboTka KOCTHOMO3TOBBIX
MOHOHYK/IeapoB 0e30macHblit ¥ 3(PQPEeKTUBHBI C110co6
YBe/IMYeHNA TepaleBTMYeCKOr0 IIOTeHIMala KIeTOYHOI
Tepaluy CTBOJIOBBIMY K/IeTKaMy OO/IbHBIX C MIIeMIYeCKON
6071e3sHbIO cepaLa
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ABSTRACT

The comparative analysis of the intracellular labile zinc pool, level of the reduced glutathione and cystein-rich proteins metallothioneins
considering the viability of erythrocytes was conducted in patients suffered from coronary heart disease with diagnosed arterial hypertension
and type 2 diabetes mellitus. Fluorescent probes (FluoZin-3-AM and Calcein-AM), Ellman’s reagent and monoclonal antibody (anti-
metallothionein UCIMT) have been used. The obtained results demonstrated an important role of zinc homeostasis (decrease in cytosolic Zn?*
level) in the etiopathogenesis of type 2 diabetes mellitus and in the development of metabolic syndrome in general. Increasing metallothioneins
expression in erythrocytes of evaluated patients implied its functioning as an additional antioxidant in human erythrocytes defense system in
this pathology. The present data show that these proteins could be selected as a target for some antioxidant treatment strategies for CHD
patients with metabolic disorders.

AHHOTaALA

IIpoBefieH CpaBHMUTENbHBII AHAINM3 BHYTPUKIETOYHOIO IIyNia MOHOB LMHKA, COflEPXKAHMs BOCCTAHOBJIEHHOTO ITIyTaTMOHA ¥ I{VICTEMH-
o6oraueHHbIX 6€/IKOB META/IOTMOHENHOB C YYETOM XXM3HECITOCOOHOCTI SPUTPOLUTOB Y MALMEHTOB C AMATHOCTMPOBAHHOI apTePUaNbHON
TUIepTeHsMell 1 caxapHbIM fuaberoM 2 Tuma Ha (oHe MimeMudeckort 6one3un ceppua. B pabore mcronb3oBaHsl (GryopeciieHTHbIE 30HMIBI
(FluoZin-3-AM n Calcein-AM), peakTuB OlIMaHa ¥ MOHOK/IOHaIbHble aHTMUTena (aHTu-MeramotmoHeyH UCIMT). IlomyueHHble
Pe3yIbTaThl JEMOHCTPUPYIOT BOKHYIO PO/Ib LMHKOBOTO TOMeOCTasa (CHYDKEHMeE IMTO30/IbHOTO YPOBHS Zn?*) B 9TMONATOrEHe3e CaXxapHOro
nvabera 2 THUIIA ¥ PasBUTUM MeTabOMMYECKMX HAPYIIEHNUIT B 11e/IOM. YBelIuYeHne yPOBHs METa/UIOTVOHENHOB B SPUTPOLNTAX UCCIELYeMbIX
IALMeHTOB CBUJETENbCTBYET O (PYHKIIOHMPOBAHNUY [AHHBIX O€/IKOB B KayecTBe JOIOTHUTENbHOM aHTMOKCULAHTHON 3aLIMTHOM CUCTEMBI
SPUTPOLIUTOB YeIoBeKa IPY JAHHOI matonoruy. I1onydeHHble pe3ynbTaThl JEMOHCTPUPYIOT, YTO 9TU GeIKM MOTYT GBITh BEIOPAHBL B KAYECTBE
MMILEHN [IPY HasHAYeHNN TePANUM KapAMOIOTMIeCKIM ITAlMeHTaM C MeTab0NMMYeCKUMI HaPYyLIEHNAMMI

Keywords: Metallothioneins, Labile zinc pool, Reduced glutathione, Erythrocytes, Type 2 diabetes mellitus, Coronary heart disease.

1. Introduction PDB (i.e., 2759 proteins) are enzymes, with most of the

others being zinc finger proteins [2]. Currently there are

Zinc (Zn**) is an essential trace element that controls the
processes of proliferation, differentiation and cell death. It
can mimic the action of hormones, growth factors, cytokines,
thereby acting as a "signal molecule” [1]. At the end of 2010,
the Protein Data Bank (PDB) contained 6170 structures of
zinc-binding proteins but only 4882 are to be considered as
true zinc proteins (they bind at least one Zn?* with a
physiological role). Over half of the true zinc proteins in the

already 14410 entries in PDB that contain Zn2+ cations. In
metalloenzymes, zinc has three main functions: the
involvement in catalysis, the maintenance of structural
stability and the regulation of the cellular processes [3].
Knowledge about the proteins that control cellular zinc
provides a basis for understanding how Zn>* can regulate
cellular processes.

Physiological concentration of zinc in human serum is

*Corresponding author: Harmaza Yuliya, PhD.(Biol.), Senior Researcher in the Laboratory of Medical Biophysics, Institute of Biophysics and Cell Engineering
of National Academy of Sciences of Belarus, 220072, Minsk, Akademicheskaya st. 27, Belarus. E-mail: garmaza@yandex.ru; tel. +375172842633 .
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about 2-15 puM, while its intracellular content is extremely
low (~ 1 nM) [4]. The intracellular Zn?* pool is controlled
via the expression and the functioning of 14 zinc importers
(ZIPs / SLC39s), 10 zinc exporters (ZnTs / SLC30s) and Zn-
binding proteins such as metallothioneins (MTs) [1, 4, 5].
Zrt- and Irt-like (zinc and iron regulated transporter)
proteins (ZIPs) are also named solute carrier family 39
(SLC39) A1-Al4, while members of the zinc transporter
(ZnT) family are denoted to SLC30A1-A10. A few of these
transporters have an additional role in Mn?** and Fe*
transport, while MTs also have a function in Cu?
metabolism [4]. Most of the ZIP and ZnT transporters are
located in the plasma membrane, but others - in
mitochondrial, Golgi network, lysosomal and vesicular or
endoplasmic reticulum membranes [1, 4].

MTs are the family of intracellular cysteine-rich, low
molecular weight (6-7 kDa) metal-binding proteins. They
have a single peptide chain containing 61-68 amino acids,
20 of them are cysteines distributed in two domains o and f-
clusters, and they bind in total 7 ions of divalent metals [6].
The single polypeptide chain of MT has the structure Cys-X-
Cys, Cys-XY-Cys, and Cys-Cys where X and Y represent
noncysteine amino acids; the stoichiometric form of the
protein shows 7 ions for each 20 cysteines forming metal-
thiolate complexes [6, 7, 8]. MT binds to metals through a
thiol group (SH) found in cysteine residues; the metal-free
protein named as apo-metallothionein (Apo-MT) or
thionein. Four isoforms of MTs — I, II, III and IV were
discovered. MT-I and MT-II which are the major isoforms
found in the most tissues, whereas MT-III and MT-IV have
cell type-specific expression [7]. Traditionally, MTs have
been considered as an intracellular proteins which are
localized in the cytoplasm and can also be found in the
nucleus upon translocation; however, more recent reports
suggest that MT can be localized in a variety of extracellular
spaces [9]. MTs are involved in many physiological and
pathophysiological processes such as intracellular storage,
transport and metabolism of metal ions, whereas in vivo
they regulate essential trace metal homeostasis such as zinc
and copper and play a protective role in heavy metal
detoxification reactions such as cadmium and mercury [6].
However, under physiological conditions MTs have high
binding affinity exactly to Zn?* and play a significant role in
maintaining its stable intracellular availability through
sequestration or release of zinc ions. Intracellular Zn?* is
strictly ~ regulated by  binding to MTs via
compartmentalization through the activities of ZnT [1].
When intracellular Zn?* level is insufficient to stabilize the
protein, the MTs are rapidly proteolyzed, so the Zn?** is
released by the degradation of MTs causing the intracellular
Zn?* to remain at a balanced concentration [10].

In addition, MTs are vital proteins in the cellular defense
antioxidant system, and their protective role against reactive
oxygen species (ROS) damage in biological systems has been
widely reported. Different studies have shown that the
thiolate ligands in cysteine residues confer the redox activity

of MTs; these residues can be oxidized by cellular oxidants,
and during this process zinc is released causing a decrease in
lipid peroxidation levels [11]. It is known that, when
oxidative stress level increases, MT's are able to scavenge a
variety of ROS including hydroxyl radicals and superoxide
anion, hydrogen peroxide, radicals of reactive nitrogen
species, and nitric oxide radicals [12]. Compared to other
antioxidants such as super oxide dismutase, catalase,
glutathione peroxidase, MT could be considered as a more
effective antioxidant [13]. It is known that the low-molecular
weight thiol glutathione (L-g-glutamyl-L-cysteinylglycine)
(GSH) is the major attribute of a redox buffer in cells
because of its high cellular abundance (2-10 mM) and low
redox potential of -240 mV [14]. However, it was shown that
all 20 cysteine sulfur atoms of MTs are involved in the
radical quenching process, and the rate constant for the
reaction of hydroxyl radical with MT is about 340-fold
higher than that with GSH [15].

So, MTs and two zinc transporter families - zinc
importers (ZIPs / SLC39s) and zinc exporters (ZnTs /
SLC30s) - control the intracellular Zn?>* pool and
dysfunction of such complex regulatory system may lead to
Zn dyshomeostasis that is associated with many pathological
processes in the human organism [1, 4, 5].

Metabolic syndrome (MS) is a group of conditions that
put people at risk for heart disease and diabetes. These
conditions or so-called metabolic risk factors include high
blood pressure, high blood glucose levels, high levels of
triglycerides, low levels of high-density lipoprotein in the
blood, excessive fat deposits around the waist. Diabetes
mellitus (DM) is the major cause of morbidity and mortality
world-wide, and also the major risk factor for early onset of
coronary heart disease (CHD). Type 1 diabetes is
characterized by the lack of insulin production and type 2
diabetes is characterized primarily by the resistance to
insulin effects. It is known that pancreatic B cells contain
large amounts of zinc which participates in the binding of
insulin in hexamers [16]. Decade ago, it has been established
that SLC30A8 gene, encoding zinc transporter ZnT8, is
expressed exclusively in the secretory granules of the
pancreatic B-cells [17], thereby playing an important role in
the pathogenesis of type 2 DM, where single nucleotide
polymorphism in SLC30A8, rs13266634 (Arg325Trp) has
been reported [18]. Later, Rutter and Sladek et al. [19, 20]
demonstrated that normal cellular zinc homeostasis is a
crucial factor of the insulin release maintaining physiological
glucose levels, and decreasing the behavioral risk for type 2
DM. The reduced Zn?* level in atherosclerotic plaques of
patients with type 2 diabetes mellitus, as well as in the blood
plasma of patients with pathology under evaluation was
shown [21, 22]. Zinc deficiency has also been observed in
patients with metabolic syndrome [23] and arterial
hypertension [24]. These results indicate that zinc is strongly
associated with lipid and glucose status. It can be assumed
that cellular zinc concentration could be a predictive for
metabolic disorders. Singh et al. [25] concluded that lower
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consumption of dietary zinc and low serum zinc levels were
associated with an increased prevalence of CHD and several
associated risk factors including hypertension and
hypertriglyceridemia.

There are many studies [19, 26, 27] which have confirmed
that type 2 DM caused by oxidative stress plays an important
role in the development of cardiological disorders. At the
same time, Zn dyshomeostasis (due to a change in the
expression of zinc transporter ZnT8) also induces the
development of oxidative stress in type 2 DM cells [1, 4, 5,
17], but MTs expression in this cell type was not
investigated. Recently, it was revealed that the high urinary
excretion of zinc caused the reduction in its blood plasma
levels being indicative of disturbance in Zn-based
antioxidant mechanism [28]. Thus, a simultaneous
investigation of the parameters that characterize both
cellular zinc metabolism and redox state of cardiologic
patients with metabolic disorders may be useful for selecting
a treatment strategy (e.g: zinc or antioxidant
supplementation) that could regulate the cellular metabolic
processes.

The aim of this study is to investigate the level of
expression of cystein-rich proteins metallothioneins in
erythrocytes of patients suffered from coronary heart disease
with the metabolic syndrome (representing arterial
hypertension and type 2 diabetes mellitus) and to find out
their role in the maintenance of zinc homeostasis
(estimating the intracellular labile Zn?* pool) and redox state
(estimating the reduced glutathione concentration) under
these pathological states.

It is known that when zinc compounds enter the human
blood, more than 90% of Zn?* accumulates in red blood cells
[1]. So, human erythrocytes were used as a model system
and as a potential indicator of zinc status in humans.
Moreover, the absence of nuclei in mature mammalian red
blood cells provides an opportunity to exclude a genotoxic
effect of Zn?*.

2. Material and Methods

All the chemicals in the experiment were used without
further purification. FluoZin-3-AM was obtained from
Molecular Probes (USA); anti-metallothionein UC1MT, anti
-mouse IgG1-FITC, mouse IgG1 were obtained from Abcam
(Great Britain); Calcein-AM, twin 20, paraformaldehyde,
pluronic F-127, 5,5'-dithio-bis-[2-nitrobenzoic acid], bovine
serum albumin (BSA) were obtained from Sigma-Aldrich
(Germany); trichloroacetic acid (TCA) and all salts were
obtained from “Belleschimcomplect” (Belarus).

Peripheral blood from patients with coronary heart disease
(n = 18, age 59.7+2.7 years) was supplied by Republic
scientific and practical Centrum "Cardiology" (Minsk,
Belarus) and from healthy donors (n = 10) was supplied by
Republic scientific and practical Centrum “Transfusiology
and medical biotechnologies” of Ministry of Health of
Belarus (Minsk, Belarus). All blood samples were in the

conservative agent "citrate-Na". Erythrocytes were separated
from serum by centrifugation of blood at 1500g, 15 min.

Diagnostic evaluation of CHD patients for formation of
three tested groups were conducted by cardiologists of
Republic scientific and practical Centrum
"Cardiology” (Minsk, Belarus). The first group is CHD
patients who had arterial hypertension and diabetes mellitus
type 2 (Ah+DM-+), the second group is CHD patients who
had only arterial hypertension (Ah+DM-) and the third
group is CHD patients without any diagnosed component of
metabolic disorder (Ah-DM-).

Intracellular labile zinc pool ([Zn?*]i) was assessed using
fluorescent dye FluoZin-3-AM. Cells were loaded with 2 uM
FluoZin-3-AM (Aex/em=494/516 nm) in the presence of
0.02% Pluronic F-127 for 30 min at 37°C. Cells were washed
(2000g, 10 min) and incubated for an additional 30 min at
room temperature in PBS buffer (KH2PO4 - 2 mM,
Na2HPO4*12H20 - 10 mM, NaCl - 137 mM, KCl - 2.7
mM, pH 7.4) with 0.3% BSA. After loading, erythrocytes
were washed twice with the same solution. Then cells were
analyzed by the flow cytometry at the FL-1H channel.

The concentration of reduced glutathione (GSH) in
erythrocytes was estimated by Ellman’s method. For this
purpose 10% TCA was added to cell suspension for 15 min
at room temperature. After that cells were centrifugated
(2000g, 10 min) and then 0.1 M Na-phosphate buffer pH 8.0
supplemented with 1 mM Ellman’s reagent (5.5'-dithio-bis-
[2-nitrobenzoic acid]) were added to supernatant for 15 min
at room temperature. Then optical density of solution was
measured and GSH concentration (mM) was calculated
(e=13.6 mM-cm’!, L=1 cm).

Metallothioneins expression level (MT-I/MT-II) was
evaluated using monoclonal antibody - anti-metallothionein
UCIMT. Erythrocytes suspension was fixed by 2%
paraformaldehyde (60 min, t=4°C), washed (2000g, 10 min),
permeabilized using 0.5% twin 20 in PBS pH 7.4 (10 min,
t=4°C) and incubated with UCIMT overnight at 4°C. Then
cells were rinsed in PBS (2000g, 10 min) and further
incubated with secondary antibodies labeled with
fluorophore - anti-mouse IgG1-FITC (dilution 1:500) for
120 min at 4°C. Mouse IgG1 was used as an isotype control
that was incubated in parallel with cells as describe above.
After washing in PBS a cytofluorimetric analysis was
performed.  Fluorescence  intensity = of  complex:
metallothioneins-UCIMT-FITC was used as a marker of
these proteins expression in erythrocytes.

The viability of erythrocytes was controlled by cell esterase
activity using high lipophilic dye calcein-AM - a highly
lipophilic dye that rapidly enters to viable cells, where it is
converted by intracellular esterases to its deesterified form
Calcein with an intense green emission (CAL, Aex/
em=496/516 nm). It should be noted that Calcein is retained
by cells with intact plasma membrane [29]. Erythrocytes
were loaded with 5 pM Calcein-AM in PBS for 40 min at 37°
C. After cells were washed (2000g, 10 min) and analyzed by
flow cytometry at the FL-1H channel.
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Cytofluorimetric analysis was performed on flow
cytometer FACSCanto II (Beckton Dickenson) and
spectrophotometric analysis - on the Specord M-40
spectrophotometer.

Statistical analysis of experimental results was carried out
using non-parametric Mann-Whitney U test and Spearman
test. Data were expressed as mean + SEM. The results were
considered statistically significant at p<0.05. Statistical
analysis program (STATISTICA, version 8.0) was used for
evaluations.

3. Results and discussion

At the first stage, the cytofluorimetric study of the
intracellular level of labile zinc pool in erythrocytes of
patient’s blood samples was carried out. We have used a
recently developed fluorimetric probe (FluoZin-3) with high
affinity to Zn?>* (Kd=15 nM) and low affinity to Ca?* or Mg?*
[30]. FluoZin-3 is particularly sensitive to changes in zinc
concentration because of the high ratio between the
fluorescence of the probe saturated with Zn?* and that in its
absences [31]. A significant decrease (on 15-20%) of the
intracellular zinc level in red blood cells of CHD patients
with presenting arterial hypertension and type 2 diabetes
mellitus (Ah*DM?*) in comparison to the last one in healthy
donors was established (Figure 1A). But it was revealed that
there is only a tendency to reduction of the cytoplasmic zinc
pool in groups of CHD patients without diagnosed type 2
diabetes mellitus (Ah*DM-) and without both signs of
metabolic disorders (Ah-DM") (Figure 1A).

As mentioned above, type 2 diabetes mellitus mediated the
changes in redox state behavior in blood cells [19, 26, 27].
Therefore, in our previous study, the alterations in
intracellular zinc ions pool of erythrocytes and activation of
the programmed cell death process under H,O,-induced
oxidative stress in vitro were found [32]. So, in order to
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Figure 1 | Fluorescence intensity of FluoZin-3 (A) and Calcein (B)
incorporated into erythrocytes of donors (Control) and patients
with coronary heart disease (Ah*DM*, Ah*DM-, AhDM); * -
p<0.05 compared to control. VIHTeHCHBHOCTH (yopecieHIun
FluoZin-3 (A) u Kanbuenna (B), BCTPOEHHOTO B 3PUTPOLMTHI
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Figure 2 | Correlation between values of FluoZin-3 fluorescence
intensity and Calcein fluorescence intensity in erythrocytes of
patients with coronary heart disease where Ifl - fluorescence
intensity; CAL - desterified form of calcein. Koppensunonnas
CBSI3b MEXJy S3HAYeHUAMM VHTEHCUBHOCTM (IIyopecrieHInn

FluoZin-3 wu KamplilemHa B 9PUTPOLMTAX [ALMEHTOB C
MIIeMIYecKoil 6Oe3HbI0 Cepflia, IHe, Ipa - MHTEHCUBHOCTH
¢nyopectienumy; CAL - pmeacrepuéuumpoBaHHas — ¢dopma
KajIbllenHa

avoid the experimental artifacts associated with cell death, it
is necessary to take into account their viability when
evaluating the intracellular Zn?* pool.

Additionally a comparative evaluation of the erythrocytes
esterase activity (a marker of their viability) using Calcein-
AM in the tested groups of patients with coronary heart
disease was conducted. This methodology is based on the
ability of living cells to hydrolyze calcein-acetoxymethyl
ester by intracellular esterases and on the association of
Calcein-AM hydrolysis rates with a specific cell status (e.g.
pre-apoptotic stage), both in physiological and pathological
conditions [29]. However, we did not reveal the significant
difference in the fluorescence of Calcein for tested cells
(Figure 1B). But, the viability of erythrocytes in CHD
patients was slightly reduced in comparison to donors’ cells.
Based on the correlation analysis (positive correlation
parameters were approximately Rs=0.85, p=0.001), we found
that values of fluorescence intensity for FluoZin-3
(characterizing the cytosolic labile zinc ions level) and
Calcein (characterizing cell viability) correspond to CHD
patients of the third tested groups (Figure 2). These results
may help to predict the risk of involvement of Zn
dyshomeostasis in activation of apoptotic process in cells of
CHD patients.

It worth to notice that decrease of erythrocytes viability
under modification of zinc homeostasis enables us to assume
the crucial role of these processes in the etiology and
pathogenesis of metabolic disorders in general and of type 2
diabetes mellitus in particular.

Previously, it was established that among the pathogenetic
mechanisms underlying some metabolic and endocrine
diseases, the relationship between the alteration of Zn?* level
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Figure 3 | Representative diagrams of distribution of UCIMT-
IgG1-FITC fluorescence intensity (A) and IgGI-FITC
fluorescence intensity (B) in the total population of donor’s
erythrocytes where MFI - mean fluorescence intensity.
PenpeseHTaTHBHbBIE [JarpaMMBbl paclipefie/ieHNns MHTeHCUBHOCTH
¢nyopecuenunn kommiekcoB UCIMT-IgG1-FITC (A) n IgGl1-
FITC (b) B cyMMapHOll HONyIALVM 3SPUTPOLMUTOB JIOHOpPA
rge, MFI - 3HaueHMe WHTEHCMBHOCTM (IIyOpeclieHINN
KOMIIIEKCOB.

and activation of free radical processes is of particular
importance due to disturbance of glutathione homeostasis
and cellular cascade of reactions dependent on NF«xf [26].
Moreover, Zn?* is an important regulator of GSH synthesis.
The importance of zinc in the metabolism of glutathione
underscores the finding that in many studies a decrease of
reduced glutathione under zinc deficiency conditions was
revealed [33, 34]. Therefore, in the next step, the content of
GSH, as the main cellular antioxidant, in erythrocytes was
evaluated. Its significant reduction (2-2.8-fold) was found in
all tested groups of CHD patients: 0.36+0.02 mM - in
Ah*DM* group; 0.40+0.02 mM - in Ah*DM- group;
0.47+0.03 mM - in Ah"-DM- group. At the same time, GSH
concentration in erythrocytes of healthy donors was
approximately 0.91+0.07 mM.

It is known that cysteine-rich low-molecular proteins
metallothioneins are markers of oxidative stress of both
mRNA and protein levels [11, 12]. Nordberg and Arnér in
their study [35] have demonstrated that MTs “co-operate”
with also low-molecular weight thiol - GSH, in maintaining
the cellular redox state and act as an additional antioxidant
in the cellular defense system [35]. These results testify about
antioxidant features of MTs in the extreme conditions under
oxidative stress. Moreover, the enhanced MTs expression in
the cell line with blocked glutathione synthesis was detected
[36]. In our previous studies, it was found an increased MTs
level in human erythrocytes, both under H,0,-induced
oxidative stress when zinc releases from its intracellular
depots [32], and Zn-deficient state [37]. Kumar et al. [38]
showed that the introduction of Zn?* into the diet of diabetic
mice led to a significant inhibition of lipid peroxidation and
to a decrease in the level of superoxide anions and oxidized
glutathione. Besides, they also found that the introduction of
Zn?** causes the decrease in GSH level and MTs mRNA
expression, and also superoxide dismutase activation.

In this regard, an assessment of the content of MTs,
functioning as an auxiliary protective antioxidant system
[12, 13, 15], in erythrocytes of tested groups of CHD patients

was conducted. Figure 3 demonstrates the dot diagrams of
the fluorescence of UCIMT-IgG1-FITC and IgGl-FITC
complexes showing the order of fluorescence intensities
values of these complexes (MFI parameter - mean
fluorescence intensity) in donor’s erythrocytes. It is known
that UCIMT are the specific mouse monoclonal antibodies
for two classes of MTs — MTI and MTII. We estimated the
relative content of MTs in human erythrocytes by using the
ratio of the fluorescence intensity of the UCIMT-IgG1-FITC
complex (I1) to the fluorescence intensity of the isotype
control IgG1-FITC (I12) which characterized the non-specific
binding of antibodies in cells. It is clearly seen that the ratio
of the fluorescence intensity of donor’s erythrocytes
antibodies to the isotype control was about 3.04+0.60, while
in the cells of CHD patients with arterial hypertension
(Ah*DM-) - 4.16+0.38 (Figure 4). At the same time, this
value was in the range of 5.6+0.6 for the group of patients
having arterial hypertension and type 2 diabetes mellitus
(Ah*DMH).

A comparative analysis of the content of metallothioneins
in the erythrocytes of tested groups of patients revealed a
principal trend - an increase in the content of low-molecular
weight polypeptides with antioxidant properties in red blood
cells of CHD patients. Moreover, in the Ah*DM* group these
changes were more pronounced as 1.8-fold increase in the
MTs content was observed compared to the healthy donors’
erythrocytes.
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Figure 4 | Relative level of metallothioneins in the donor’s
erythrocytes and two examined groups of patients with coronary
heart disease: Ah*DM- and Ah*DM?*, where, control - healthy
donors; I1 - the fluorescence intensity of the UCIMT-IgG1-FITC
complex (relative units); I2 - intensity of fluorescence of isotype
control IgGl-FITC (relative units). * - p<0.05 compare with
control. OTHOCHTE/TBHBII YpOBEHb colep>KaHuA
MeTa//IOTHOHEMHOB B 3PUTPOLMTAX  JOHOPOB M  [IBYX
obcmenoBaHHBIX moArpynn manuentos ¢ MIBC: AT*CI-u AT*CLY,
Ifie, KOHTPOIb ~— 3JI0POBBIE HOHOpPB;; I1 - MHTEHCMBHOCTD
¢dnyopecrienunn kommiekca UCIMT-IgG1-FITC (otH. enm); 12 -
VHTEHCUBHOCTD (IIyopecLie NN N30TUINYeCcKOro KoHTpons IgGl
-FITC (oTH. efy). * — p<0.05 110 CpaBHEHUIO C KOHTPO/IEM
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5. Concluding Remarks

Thus, it was revealed that the observed decrease in the
intracellular level of labile zinc in CHD cells appears to be an
inductor of modification of cellular redox state (2-2.8-fold
decrease in GSH concentration). The increase in
metallothioneins expression and significant decrease in the
reduced glutathione level in erythrocytes of CHD patients
with the metabolic disorders imply functioning cysteine-rich
proteins as an additional antioxidant in human erythrocytes
defense system under these pathologies. It is clear that the
potential of MTs as the scavengers of reactive species is not
fully understood, but the present data show that these
proteins could be selected as a target for some antioxidant
treatment strategies for CHD patients with metabolic
disorders in general and with type 2 diabetes mellitus in
particular.

3aknroyeHmne

O6Hapy>KeHHOe CHIDKeHME BHYTPUKIETOYHOTO YPOBHSA
nmabuapHOrO IMHKA B apurpouutax VBC-manumeHTtos, mo-
BUIMIMOMY, SIB/IAETCA MHAYKTOPOM B HapyLIeHUM PeOKC-
CTaTyca KJIEeTOK, 4YTO TMpOABIAAETCA B 2-2.8-KpaTHOM
CHIDKEHMM KOHILIEHTpallMM BOCCTAaHOBJIEHHOTO ITTyTaTMOHA.
YBenuuenue ypoBHA SKCIPECCUM META/IOTMOHEMHOB Ha
(OHe 3HAUNTE/IBHOTO CHIDKEHUS YPOBHSA BOCCTAaHOBJIEHHOTO

DIyTaTMoHa B spurpouutax  JBC-maumeHToB ¢
MeTabo/MMYecKMMM  HapYIIEHUAMM  CBUJETENbCTBYeT O
(GYHKLMOHMPOBAHMM  JJAHHBIX  LIUCTEVH-COREPIKAINX

6e/IKOB B KadecTBe [OIOJIHUTENIbHON aHTUMOKCULAHTHON
3ALUTHONM CHUCTEMBI SPUTPOLUTOB Ye/I0OBEKA IPU [TaHHON
natonorun. Pasymeerca, pomp MTs, Kak 3axBaT4MKOB
CBOOOJHBIX pPaiMKaIOB [0 KOHI]Aa He BbIABJIEHA, HO
IpefcTaBleHHble NaHHbIe TeMOHCTPUPYIOT, YTO 3TU OeKu
MOTYT OBITh BBIOpAHbI B KauecTBe MUIIEH) Py Ha3HAYeHNN
Tepanun KapAyo/IOTMYeCKIM nanyeHTaMm C
MeTabo/IMuecKMMI HapyIleHUAMN B LIeJIOM M IpU Ha/IM4uun
caxapHoro jimabera 2 TUIIA B YaCTHOCTH.
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ABSTRACT

Modern studies of enzymovitamins are devoted to the study of the biochemical functions of their metabolically active forms. At the same time,
it is not taken into account that in cells and in some cases in one compartment of the cell both the vitamin itself and its anabolites and
catabolites co-exist together. It seems to us necessary to study the biochemical effect of the combined action of all the metabolites of a
particular vitamin that present in the cells. We propose to name such a complex of all formed metabolites of individual vitamins as the
vitabolome. Our studies, conducted with thiamine, riboflavin, and pantothenic vitabolomes, have demonstrated that in some cases the
complexes of metabolites of these vitamins have regulatory properties that are fundamentally different from those of the corresponding
vitamins and coenzymes. Thus, thiamine vitabolome significantly mitigates the activating action of thiamine and TPP on the activity of the
pyruvate dehydrogenase complex in tissues and prevents the inhibitory effect of thiochrome on this multienzyme complex. Even more
significant is the fact that thiamine vitabolome has a regulatory effect on certain enzymes, unlike thiamin or its metabolites alone. Studying the
effect of individual metabolites of pantothenic acid and their complex on acetylation activity in tissues, we found that individual metabolites in
physiological concentrations do not affect the recorded index, while pantothenic vitabolome exerted a pronounced effect, the direction of
which depends on the terms after its introduction. Riboflavin vitabolome significantly activated succinate dehydrogenase, while riboflavin,
FMN and FAD did not have such effect .

AHHOTaIsA

CoBpeMeHHbIe UCCIENOBAHS S9H3MIMOBUTAMIHOB [IOCBSIIEHbl U3YYeHNI0 OMOXMMIYIeCKMX (PYHKIMIT NX MeTaboIMIecKy aKTUBHBIX GopM. B
TO K€ BpeMs He YYUTBIBAETCA TO 0OCTOATENBCTBO, YTO B K/IETKAX, @ B PsAJle CIy4aeB B OfHOM KOMIIAPTMEHTe K/IeTKM, COCYIIECTBYIOT KaK caM
BUTaMMH, TaK ¥ €r0 aHabo/MThI U KaTabommTbl. HaM mpefcTaBisferca HeOOXOAMMBIM M3ydeHMe OMOXMMMYECKOro 3¢¢eKkTa COBMECTHOTO
IeVICTBYsI BCEX NMPUCYTCTBYIOLIMX B KJIETKAX MeTabOMUTOB TOrO WM MHOTO BUTAaMMHA. TaKoil KOMIUIEKC BCeX 0OpasyIoLmXcsi MeTaboInToB
OTZIeNbHBIX BUTAMMHOB MBI IIpefiiaraeM HasBaThb BuTabomomom. Hammmu MCCIIe[OBAaHUAM, HPOBeleHHBIMI C  THAMUHOBBIM,
pu60dIaBMHOBBIM, ¥ MAHTOTEHOBBIM BMTA00/I0MaMy, IMPOJAEMOHCTPUPOBA/IN, YTO B HEKOTOPHIX CTy4asX KOMIUIEKCHI METabONUTOB BBIIIE
YKa3aHHBIX BUTAMMHOB OOJQ[JAl0T DETYIATOPHBIMM CBOJCTBAaMM, NPUHLMINAIBHO OTIMYAMI[VMUCI OT TAKOBBIX COOTBETCTBYIOIIUX
BUTaMIHOB 1 KodpepMeHTOB. TaK, TMaMMHOBBII BUTAOOTIOM CYIIECTBEHHO CMATYaeT aKTUBHUpYolee paeiictBue TuammHa u TIID Ha
aKTMBHOCTb IMPYBATHEIMJPOTeHa3HOTO KOMIUIEKCa B TKaHAX M IpefOTBpallaeT MHTMOMpyoljee JeiiCTBME THOXPOMAa Ha 9TOT
MyJIbTVSH3MMHBIIT KoMIUIeKC. Elte 60/1ee CyIecTBeHHBIM SIBISIETCS TO, YTO TMAMMHOBBII BUTa00/IOM OKa3bIBa€T Pery/IMpyoliiee feiiCTBIe Ha
HeKOTOpbIe (pepMEHTBHI, Ha KOTOPbIe HY THAMWH, HM €0 MeTabONMTBI B OTHENbHOCTY He BIMAKT. IIpu M3ydeHny BO3HENCTBUA OT/ETbHBIX
MeTaﬁO}II/ITOB MAHTOTEHOBOM KMCIOTBI M X KOMIDUIEKCA Ha aI_[eTI/I}II/IpyIOH_[YIO AKTMBHOCTb B TKaHAX HaMM yCTaHOB}IeHO, YTO OT[EIbHbIC
MeTabo/MnThl B (PM3MOTOTMYECKNX KOHIIEHTPALMSX He B/IMSIOT Ha PErMCTPUPYEMBIil II0Ka3aTe/lb, B TO BpeMsi KaK [AHTOTEHOBBI BUTA00/IOM
OKa3bIBa/l BBIPAXKEHHOE JIeJICTBME, HAIMPABIEHHOCTh KOTOPOTO 3aBMCHUT OT CPOKOB IIOCIE ero BBeleHMsA. Pru6odraByHOBBIA BUTA60TIOM
CYIL[eCTBEHHO aKTVBMPOBaJI CYKLIMHATAETUPOreHasy, B To BpeMs Kak pubodnasun, PMH u PA]T takum apdekrom He obafany
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1. Introduction

In contemporary vitaminology, the predominant notion
claims that the single biochemical function of an enzyme-
vitamin appears to be the function of coenzyme for a
corresponding enzyme.

However, during last three decades, a significant number
of researches, disproving this notion, have been published.
Their results indicate that the enzyme-vitamins and their
metabolites have their own biochemical functions, which
have nothing to do with the coenzyme activity [2-7]. In our
laboratory, biochemical functions of catabolites of thiamine,
riboflavin, pantothenic acid, nicotinic acid, pyridoxine and
ascorbic acid have been studied [8-10].

In the process of investigation the functions of enzyme-
vitamins and their catabolites in the body, one should keep
in mind that the vitamin itself, its coenzymes and other
metabolites are present simultaneously in the tissues.
Therefore, the objective of this study was to study the
possibility of the cooperative participation of metabolites of
vitamins, found in tissues, in the regulation of various
multistage biochemical processes.

Actually every vitamin, this applies in particular to
coenzyme vitamins, is contained in cells in the form of
certain metabolites through which it can realize its
functions. For example, vitabolome of vitamin B1, thiamine,
includes thiamine monophosphate, thiamine diphosphate,
thiamine triphosphate, and also simple and mixed disulfides,
recently found and studied adenylated thiamine
triphosphate. In addition to these compounds, the cells
contain a certain amount of other thiamine metabolites. The
biochemical activity of thiochrome is intensively studied in
our laboratory. Vitamin B, realizes its functions through the
co-enzymes of FAD and FMN, however, the cells also
contain the original form of the vitamin - riboflavin itself, in
addition, other riboflavin catabolites are present in the cells,
for example, lumichrome and lumiflavine. Earlier it was
thought that these are inert compounds, which are
unnecessary ballast in cells. Their functions are also
investigated in our laboratory. Vitamin Bs, in a large number
of publications, known as vitamin B,, deciphering as
pantothenic acid, has a basic coenzyme form called
coenzyme A, which function of the transporting acyl groups
to energy-significant enzyme cycles, for example, to the
Krebs cycle, has long been known. But in the cells, apart
from pantothenic acid, there are also other derivatives of
pantothenic acid, and compounds which are structural units
or metabolic products of coenzyme A. These are
phosphopantothenate, B-alanine, sodium panthoate,
pantethine A and other compounds. Other systems of
metabolites of vitamins also exist in cells. For example, there
is ascorbic acid metabolites system comprising, in fact,
ascorbic acid, mono- and dehydroascorbic acids,
diketogulonic, threonic, oxalic acids. There are publications
devoted to other metabolites of vitamin C, for example, L-

xylonic acid and its lactone, L-lyxonic and L-erythroaskorbic
acids. Publications on the combined effect of vitamin C
metabolites on cellular metabolism are limited, and this
concept is not well developed and supported by all.

Professor S.A.Petrov proposed the term "vitabolome" by
analogy with metabolone. In our therminology, vitabolome
is a combination of a given vitamin and its metabolic-
catabolite forms, which form a specific system in cells and
are in certain ratios corresponding to a certain level of
cellular metabolism. Their concentration and ratios in cells
determine, regulate and limit the functional activity of
cellular processes. In this article, we made an attempt to
investigate the vitabolomes of vitamins B,, B, and Bs.

2. Material and Methods

The experiments were conducted at the Department of
Biochemistry of Odessa I. I. Mechnikov National University.
Albino mongrel rats of different ages were used. As a
biomaterial, extracts of organs lacking cell membranes were
used. The use of such an object as tissue extracts devoid of
cell membranes is caused by the necessity of having all
components of the cell in the environment, since the
realization of the functions of vitamin metabolites can be
carried out in different cell compartments. Before
determining the biochemical parameters, the membrane-
free extracts of the organs were introduced into the
incubation medium and all the metabolites were added in
the ratios present in the tissues. In particular: metabolites of
vitamin B,;: thiamine, thiamine pyrophosphate (TPP),
thiochrome, 4-methyl-5-B-hydroxyethylthiazole, a mixture
of these metabolites, called vitabolome of vitamin Bj;
metabolites of vitamin B, riboflavin, FMN, FAD,
lumichrome (LC), a mixture of these metabolites called
vitamin’s B, vitabolome; metabolites of vitamin Bs:
phosphopantothenate, P-alanine, calcium a-pantothenate,
sodium pantoate, pantetin A, CoA, a mixture of these
metabolites, which was called vitamin’s Bsvitabolome.
Activity of the pyruvate dehydrogenase complex and
succinate dehydrogenase was defined by Potassium
ferricyanide method; the activity of CoA transacetylases was
defined by the speed of acetylation [12], the activity of
acetylcholinesterase has been measured according to the
standard protocol by colorimetric method of acetylcholine
hydrochloride hydrolysis with the formation of choline and
acetic acid, which caused a change in pH [13], and the
activity of transketolase was defined by the photometric
method for the intensity of the formation of a colored
complex of pentose with orcine [14]. Earlier, we determined
the average concentrations of vitamin metabolites in some
organs. Therefore, in the study of vitabolomes, we used
precisely these concentrations and ratios of the metabolites
present in tissues in situ. As we established earlier, some
catabolites of vitamins, even in insignificant concentrations
compared to the vitamin itself, have a marked effect on the

252 1-68: 18



JIOMICS | VOL g | ISSUE 1 | JUNE 2019 | 252 | 1-68

Table 1 | The content of thiamine (pg/g), riboflavin (ug/g), pantothenic acid (nmol/g) and their main metabolites in the liver of white
rats (n=8). * - significant in relation to the content of the corresponding vitamin, p<0.05. Comepkanue Tnammua (MKr / r),
pubodnaBuHa (MKT / T), IAHTOTEHOBOJ KVUCIOTHI (HMO/B / T) ¥ MX OCHOBHBIX MeTabONNMTOB B IedeHM Oenblx Kpbic (n = 8). * -
TOCTOBEPHO IO OTHOIIEHNIO K COIeP)KaHMI0 COOTBETCTBYIOLIETO BUTaMMHa, p<0,05.

Thiamine and its metabolites (jg/g) Riboflavin and its metabolites (ug/g) Pantothenic acid and its metabolites (nmol//g)
TPP+TMP 1,5£0,2* FAD 124,042,0* KoA 165,0£17,0*
Thiamine 0,4+0,1 FMN 6,2+0,7* Panthetine 2,0+0,3*

Thiochrome 0,4+0,1 Riboflavin 0,8+0,1 Pantothenate 12,1£1,3
hy df(;xmyeett}}ll);rll-j}_lizole 0,120,1* Lumichrome 0,3+0,1* Pantoate 0,840,1%

activity of certain enzymes. Everything related to laboratory
animals (keeping, conducting experiments) were with strict
compliance to international rules: «Guide for the Care and
Use of Laboratory Animals». All obtained data was
processed statistically. Values are reported as means + SE.
All data were analyzed using one-way ANOVA (Biostat).
Statistical significance was considered to be p<0.05 [16].

3. Results and discussion

In At the beginning of our research, we determined the
average content of thiamine, riboflavin, pantothenic acid
and their main metabolites in the liver of Albino mongrel
rats. These data are presented in Table 1.

As it can be seen from the results presented in table 1, the
prevailing metabolic form of all the studied vitamins is the
coenzyme form. However, small amounts of free vitamins
and even smaller amounts of their catabolites are present in
the liver.

Therefore, in further studies of the effects of vitabolome,
we used a mixture of catabolites in the concentrations and
ratios indicated in Table 1, which are present in vivo in the
liver.

During investigation of the regulatory properties of
thiamine’s vitabolome, the following patterns have been
detected. In the liver of white rats, the sum of thiamine
metabolites significantly mitigate the activating action of
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Figure 1 | Influence of individual thiamine metabolites and
thiamine’s vitabolome on the activity of the pyruvate
dehydrogenase complex in the liver of white rats (n=8). Notes: * -
p <0.05 in comparison with the control. Bnusuue otmenbHBIX
MeTaGoNUTOB THMAaMUHA M BUTA0O/IOMAa THMAMMHA HAa aKTUBHOCTDH
NVPYBAT/ETMIPOTeHa3HOTO KOMIUIEKCA B IedeHN OenbIx Kpbic (n
= 8). [Ipumeyanus: * - p < 0,05 10 CpaBHEHMIO C KOHTPOJIEM

thiamine and thiamine pyrophosphate (TPP) on the activity
of the pyruvate dehydrogenase complex (PDC) and prevents
the inhibitory effect of thiochrome on it (Figure 1).

During the study of the activity of transketolase in the
presence of thiamine, its metabolites and vitabolome, it was
detected that the activity of transketolase is different in
different organs and tissues (blood, liver, brain, adrenals).
This activity is maximal in the brain and minimal in the
liver. However, the nature of the effect of thiamine
metabolites (thiamine and TPP) on the activity of
transketolase is practically the same. Thiamine vitabolome
also stimulated the activity of this enzyme, and this effect
was a bit greater than in the case of TPP (Figure 2).

In the course of the study of the regulatory role of
pantothenic acid, its metabolites and pantothenic acid’s
vitabolome on the transacetylating activity in the tissues of
white rats (Figure 3), we found out that none of the
metabolites of pantothenate had a significant effect on
transacetylase activity in the kidneys and heart. Pantothenic
acid’s vitabolome also proved to be ineffective in these
organs. In the liver, activating action was demonstrated by {8
-alanine, and in the brain by panthetine. The CoA effect was
unexpected for us. The addition of CoA into the incubation
medium reduced the investigated index in the liver by 10%.
Pantothenic acid’s vitabolome in the liver led to the decrease
in transacetylase activity. In other organs studied,
pantothenic acid’s vitabolome did not affect the investigated
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Figure 2 | Influence of pantothenate and its metabolites and
pantothenic acid’s vitabolome on transacetylase activity in tissues
of white rats (% of control) (n=8). Notes: * - p <0.05 in comparison
with the control. BiusHue maHToTeHaTa M €ro MeTaboONMUTOB M
BUTa0ONOMAa ITAHTOTEHOBOJ KMCIIOTBI Ha TPaHCALETUIA3HYIO
AaKTVBHOCTb B TKaHAX OenbIx KpbIC (% OT KoHTpona) (n = 8).
ITpumedanus: * - p < 0,05 110 CpaBHEHUIO C KOHTPOJIEM.
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Figure 3 | Influence of pantothenate and its metabolites and
pantothenic acid’s vitabolome on transacetylase activity in tissues
of white rats (% of control) (n=8). Notes: * - p <0.05 in
comparison with the control. BimsaHme maHTOTeHaTa M ero
MeTaboNMMTOB ¥ BUTA00NOMAa IIAHTOTEHOBOJ KMCIOTHI Ha
TPaHCALETWIA3HYI0 AKTUBHOCTb B TKAHIX Oenbix Kpeic (% OT
KoHTponA) (n = 8). IIpumevannua: * - p < 0,05 Mo cpaBHEHMIO C
KOHTPOJIEM.

index. To explain the effects, series of additional studies are
required.

The most prominent features of riboflavin’s vitabolome
appeared in studies of the regulation of the activity of the
multi-enzyme pyruvate dehydrogenase complex. The effect
of riboflavin and its metabolites on the activity of the
multienzyme pyruvate dehydrogenase complex depends on
the age of animals used for the experiments. In particular, in
the organs of old rats (22-24 months), neither riboflavin nor
its metabolites and vitabolome had an effect on the activity
of the pyruvate dehydrogenase complex (PDC) (Figure 4).

In the group of mature rats, it was detected that neither
riboflavin, nor its metabolites (except lumichrome) and
riboflavin vitabolome had any effect on the PDC activity in
liver and heart. All studied metabolites of riboflavin reduce
the activity of the PDC in brain and kidneys, while the
vitabolome to some extent mitigated this inhibitory effect
(Figure 5).
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Figure 4 | Influence of riboflavin, its metabolites and riboflavin’s
vitabolome on the activity of PDC in the organs of old (22-24
months) rats (uM / mg protein) (n=8). Notes: * - p < 0.05 in
comparison with the control. Bmmusume pubodnasuna, ero
MeTabomMTOB U BuUTabonmOMa pubodIaBMHA HA AKTMBHOCTD
NMPYBaTAETMAPOreHa3HOTO KOMIUIEKCa B OpraHax CTaphix (22-24
Mecsna) Kpoic (MKM / Mr 6Genka) (n = 8). IIpumevanus: * - p <
0,05 110 CpaBHEHMIO C KOHTPOJIEM.
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Figure 5 | Influence of riboflavin, its metabolites and

riboflavin’svitabolome on the activity of PDC in the organs of
mature (10-12 months) rats (UM / mg protein) (n=8). Notes: * - p
< 0.05 in comparison with the control. Biusuue pu6odnasuna,
ero MeTabo/nmTOB M BUTabo1OMa pubOQIaBMHA Ha AKTUBHOCTD
IMPYBaT/ETUIPOreHa3HOTO KOMIIIEKCa B OpraHax spenmbix (10-12
MecsiiieB) Kppic (MKM / Mr 6enka) (n = 8). IIpumeyanus:: * - p <
0,05 110 cpaBHEHMIO C KOHTPOTIEM.

In general, similar pattern was observed in the organs of
young (5-6 months) rats (Figure 6). All metabolites of
riboflavin reduce the activity of PDC in brain, while
riboflavinic vitabolome returned the investigated index to
the control values. Only FAD and lumichrome reduced the
activity of PDC in liver, and the vitabolome had no
protective effect as it was shown in previous organs. FMN
significantly decreased the activity of PDC in kidneys. The
riboflavinic vitabolome approximated the investigated index
to the control values.

Besides, we conducted there the search on effects of
riboflavin, its metabolites and vitabolome on the activity of
succinate dehydrogenase (SDH) in organs of white rats. In
old animals (22-24 months), the content of the riboflavin’s
metabolites and its vitabolome varied in different organs
(Figure 7). FMN and LC showed the inhibitory action on
SDH in heart. Vitabolome also reduced this effect. In brain,
the addition of FMN into the medium led to the activation

20
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= Kidneys

pmol/mg of protein

Heart

Control FAD FMN LC B2

Vitabolome

Figure 6 | Influence of riboflavin, its metabolites and riboflavin’s
vitabolome on the activity of PDC in the organs of young (5-6
months) rats (UM / mg protein)(n=8). Notes: * - p < 0.05 in
comparison with the control. Bmmsanme pubodnasuna, ero
MeTaboMuTOB 1 BUTabo/OMa pubodraBMHa Ha aKTMBHOCTD
NVPYBAT/IETUIPOTEHA3HOTO KOMIUIEKCA B OpraHax MOJIOABIX (5-6
MecsineB) Kpbic (MKM / mr 6enka) (n = 8).Ilpumedannus: * - p <
0,05 110 CpaBHEHMIO C KOHT .
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Figure 7 | Influence of riboflavin, its metabolites and its
vitabolome on the activity of SDH in the organs of old (22-24
months) rats (nmol / mg protein) (n=8). Notes: * - p < 0.05 in
comparison with the control. Brmmanme pubodpnaBuua, ero
MeTabo/MTOB 1 ero BuTabonoMa Ha akTMBHOCTH C/IT B opraHax
crapbix (22-24 Mecsana) kpbic (HMonp / Mr Genka) (n = 8).
[Tpumevanus: * - p < 0,05 10 CpaBHEHUIO C KOHTPOJTIEM.

of SDH. Vitabolome returned this pattern to the control
values. The activating action of riboflavin, FMN, LC and
FAD was significantly reduced in the presence of the
vitabolome in the liver.

Riboflavin had an activating action on activity of SDG but
FMN and LC decrease the activity of SDG in the liver of
mature rats (10-12 months) (Figure 8). FAD increase the
activity of SDG, but riboflavin and LC decrease the activity
of SDG in the heart. All of the metabolites of riboflavin
decrease the activity of SDG in the brain. In all these organs,
riboflavin’s vitabolome significantly changed these effects.

In the heart and kidneys of young animals (5-6 months)
riboflavinic  vitabolome activated SDH greater than
individual metabolites. Riboflavin and FMN decreased the
activity of SDG in liver,and the effect of the vitabolome does
not differ from the effect of FAD on activity of SDG (Figure
9).

Discussion of the results obtained, while studying the
effect of vitabolome on enzymes that do not contain

350

300

250

200 - W Liver

® Kidneys

150 = Brains

pumol/mg of protein

Heart
100

50

0 -

Control FAD FMN LC B2

Vitabolome

Figure 8 | Influence of riboflavin, its metabolites and vitabolome
on the activity of SDH in the organs of mature (10-12 months)
rats (nmol / mg protein) (n=8). Notes: * - p < 0.05 in comparison
with the control. Bimsune pnbodnaBuna, ero MeTabonnTOB 1
BuTabonomMa Ha akTuBHOCTh CJII' B opranax spembix (10-12
MecsiiieB) Kpbic (HMOmb / Mr Genka) (n = 8). [Ipumevanus: * - p <
0,05 110 cpaBHEHMIO C KOHTPOJIEM .
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Figure 9 | The effect of riboflavin, its metabolites and vitabolome
on the activity of SDH in the organs of young (5-6 months) rats
(nmol/mg protein) (n=8). Notes: * - p < 0.05 in comparison with
the control. Bmmsuue pubodnaBuHa, ero MeTabOIUTOB U
Butabonmoma Ha akTuBHOCTh CJII B opraHax Mmonmopbix (5-6
MecsiiieB) Kpbic (HMonb / Mr 6enka) (n = 8). [IpuMeyanus: * - p <
0,05 110 cpaBHEHMIO C KOHTPOTIEM.

vitamins’ metabolites as coenzymes, deserve special
attention. Acetylcholinesterase (AChE) was chosen as such
an enzyme. The most noticeable fact is that riboflavin and its
metabolites and vitabolome had an activating effect on the
activity of acetylcholine esterase in the study of activity in
the liver of old (22-24 months) rats. In the liver of young
animals only riboflavinic vitabolome significantly increased
the activity of AChE (Figure 10).

Thus, our studies have shown the need to take into
account the simultaneous presence of various metabolites of
vitamins in tissues when examining their effects on various
biochemical processes. Our research has demonstrated that
in a significant number of cases the action of the vitabolomes
of various vitamins differs from the action of both coenzyme
forms and catabolites.

The mechanisms of such action can be realized both at the
level of individual enzymes, and in competition for the
corresponding proteins

m Young rats (5-6 months)
™ Mature rats (10-12 months)
m Old rats (22-24 months)

0,2

0,15 -

umol/g

0,1 -

0,05 -

Control FAD FMN LC B2

Vitabolome

Figure 10 | Influence of riboflavin, its metabolites and vitabolome
on AChE activity in liver of young (5-6 months), mature (10-12
months) and old (22-24 months) rats (umol/g) (n=8). Notes: * - p
< 0.05 in comparison with the control. Biusune pubodnasuna,
ero  MerabomuToB ¥ BuTaboIOMa ~ Ha  aKTUMBHOCTb
aLleTH/IXONMHACTePa3kl B IIeYeH) MOMOABIX (5-6 MeCALeB), 3peIIbIX
(10-12 mecsineB) u crapbix (22-24 MecsleB) Kpbic (MKMO7B / T) (n
=8 ). IIpumedanust: * - p < 0,05 110 CpaBHEHNUIO C KOHTPOJIEM:
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5. Concluding Remarks

1. The presence of the vitabolomes of the corresponding
vitamins in tissues leads to modulating effects on the
corresponding vitamin-dependent enzymes, which is
manifested in a decrease in the activating effect and a
weakening of the inhibitory action of catabolites.

2. The effectiveness of the action of the vitabolomes
significantly depends on the age of the experimental animals.

3aknroueHne

1. Hanmuume B TKaHAX BUTAO0/IOMOB COOTBETCTBYIOLIMX
BUTAMUHOB HPUBOAUT K MopymupyomuMm sdpdekram B
OTHOLIEHMN  COOTBETCTBYIOIIMX  BUTAMMH3ABUCUMBIX
(epMeHTOB, YTO BBIPAXKAETCS B CHIDKEHMIU aKTUBUPYIOIINX
9¢¢dexToB BUTAMMHOB ¥ OCTAONEHMN MHIMOUTOPHOTO
IeliCTBUS KaTabOMIUTOB.

2. 9 PeKTUBHOCTD HeCTBUA BUTAO0TIOMOB CYI[eCTBEHHO
3aBJMCHUT OT BO3PACTa SKCIIEPUMEHTATbHbBIX )KUBOTHBIX
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ABSTRACT

BLV is a cancerous lymphoproliferative disease of cattle widely spread all over the world, including the Russian Federation. The genetic
characterization of BLV is an important task in scientific research in many countries of the world. According to the phylogenetic analysis of
routinely sequenced env gene region, BLV isolates are allocated in different geographical locations of the world, up to 10 different genetic
groups of the virus were identified and classified. However, at the moment there are no detailed data on the immunobiological characteristics
of BLV genotypes from Russia.

We selected groups of infected animals (n = 54) in Tyumen region by ELISA method. Immunological evaluation of animals in all test groups is
given. A nested-PCR study was performed, which resulted in was received a fragment of the env 444 bp gene in the studied samples. RELP
analysis of this fragment allowed to establish that in 94% of the samples there was a «Belgian genotype» of the leukemia virus, in 4% of samples
- «Australian» and in 2% - a «mixed type». In this region of Russia, the «Belgian genotype» eventually prevailed. Samples were sent for
sequencing.

AHHOTaIMA

Bupyc neitkosa - 3nokadecrBeHHoe mumdonpomdepaTnBHOe 3a60/1eBaHIe KPYITHOTO POraTOro CKOTa, KOTOPOe IMPOKO PACIPOCTPAHEHO BO
BceM Mupe, BKmouasas Poccuitckyio Pepmepanuio. IeHetmyeckas xapakrepuctuka BJI KPC aBnderca BakHOI 3ajjayeil Hay4dyHO-
MICCTIeIOBATEeNIbCKUX PabOT BO MHOIMX CTpaHax Mupa. CornacHO (UIOTeHeTHYeCKOMY aHAIN3y CeKBEHMPOBAHHBIX YYAaCTKOB FeHa — env
usonatoB BJI KPC, BblfiefleHHBIX B PasHBIX reorpadyuyeckyx TOYKAX MMPA YCTAHOBIEHO M KaaccuuiypoBaHo 7o 10 pasmmyHbIX
TeHeTNYeCKMX TPy Bupyca. OHAKO Ha JAHHBI/I MOMEHT HeT IOJPOOHBIX JAHHBIX 00 MMMYHOOMOTOINYECKMX XapaKTePUCTUKAX TeHOTUIIOB
BJI KPC u3 Poccuiickoit ®enepaunn.

Hammu 6bUm OBo6paHbl TPYNIbl MHOUIMPOBAHHBIX JKMBOTHBIX (n=54) B TioMeHcKoit obnactu MetomoM VIPA. JlaHa MMMYHONIOTMYeCKas
OlleHKa >KMBOTHBIX BO BCeX OIBITHBIX Ipymmax. Bouto BeimonHeHo nested-IIIP mccrnemoBanme, B pesynbTaTe KOTOPOTO B MCCIIEHyeMbIX
o6pasiiax ObUI MOMy4YeH Y4acTOK reHa env 444 m.H. RFLP aHa/m3 3Toro ¢parMeHTa IO3BOMMI YCTAHOBUTD B 94% 06pasiioB «benbruiickuit
TeHOTUII» BUpYCa JIeVKo3a, B 4% 00pasloB - «ABCTpa/MICKui» 1 B 2% - «CMEIIaHHBIN TeHOTUI». B mccmemyemom permone Poccuiickoi
Depepauyy npeBampoBan «benpruiickuit reHoTuI». O6pasIbl OB OTIIPABIeHBI Ha CeKBeHVMpOBaHMe. TakuM 06pasoM, MCCIeOBaHNEeM
¢parmenToB env obmactu reHoma BJI KPC, BbifeneHHbIX Ha Teppuropum TiomeHckoit obmactm Poccuiickoit Pemepanuy, MeTOZOM
pectpukiyonHoro nommopduama (RFLP) nokasaHo n3aMeHeHMe reHeTMYeCKoro naHaumadTa u foMMHaHTHOTO reHorumna BJI KPC.

Keywords: Bovine leukemia virus in Russian Federation, nested PCR, RFLP analysis, several genetic groups
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1. Introduction

Bovine leucosis is a cancerous lymphoproliferative disease,
the etiologic factor of which is the bovine leukemia virus
belonging to the family Retroviridae, the genus
Deltaretrovirus.

The bovine leukemia virus is a huge problem for animal
husbandry in many countries of the world, including the
Russian Federation. In addition to the fact that the disease is
widespread and causes billions of dollars in annual
economic damage to the industry, there are also risks to
public health [7]. The only effective method to eradicate the
disease in cattle is the introduction of comprehensive
recovery programs, including diagnostic studies of the entire
population for the presence of antibodies to the capsid
proteins of the pathogen, followed by the replacement of
infected cattle. However, despite the relatively high efficiency
of modern methods of diagnosing the disease, there is a
possibility of incomplete identification of animals infected
with leukemia virus in the healthy herds, which significantly
affects the timing of the implementation of recovery
programs. Earlier it was noted that this could be due, among
other things, to the effect of genetic variability of individual
virus isolates. The study of genetic diversity and regional
phylogenetics of the virus is an important task in many
countries around the world.

Molecular characterization of bovine leukemia virus

Like other retroviruses, the BLV gene contains the
structural and regulatory genes: gag, pol and env. The env
gene encodes the transmembrane glycoproteins gp51 and
gp30 of the virus capsid, which cause the infectivity of the
virus. In connection with this, the phylogenetic analysis of
BLV genotypes was mainly based on the env gene [8, 10].

Characterization of the genetic diversity of BLV is an
important task in scientific research in many countries of the
world. According to the sequenced gene site — env BLV
isolates are allocated in different geographical locations of
the world, up to 10 different genetic groups of the virus were
identified and classified [8].

The isolates allocated in Russia and published in NCBI
Gene Bank are classified in 4, 7 and 8 genetic groups.
Analysis of the amino acid sequences of isolated strains
revealed that the main changes were localized in the C-part
of the CD4+ epitope, the zinc binding peptide region, CD8+
T cell epitope and overlapping linear epitope E, and the
greatest number of changes were noted in G4 («Belgian
genotype») [3, 11].

However, there are no detailed data on the
immunobiological characteristics of individual genetic
groups, no difference in their effect on the animal's organism
and no data on the detectability of the approved system tests
(serological, molecular-genetic tests), and the recombinant
interaction of several genetic groups.

Purpose of exploration: To study the antigenic landscape
of bovine leukemia virus pathogens on the territory of the
Tyumen region of the Russian Federation using PCR, nested

PCR and polymorphism methods for following
immunobiological and molecular genetic characteristics.

2. Material and Methods

As part of the research, we monitored the epizootic
situation of the bovine leukemia virus in Russia. Groups of
animals Holstein-Frisian (imported breed) and Russian
Black Pied (local breed) breed (n = 54) were selected,
belonging to agricultural organizations of the Tyumen
region. Serological (ELISA, AGID) methods of screening the
cattle population were used to identify infected animals.
Studies by ELISA were performed using an IDEXX Leukosis
Serum Screening test (IDEXX Montpellier SAS, France). For
the AGID (agar gel immunodiftusion) - diagnostics used kit
by the Kursk Biofactory - the "BIOK" company according to
kit instructions.

Primary PCR study was performed using a standard
commercial test system. Proviral DNA extraction was
performed using the “Diatom DNA Prep 200” (IsoGen,
Moscow) according to the manufacturer’s protocol.

For carrying out nested PCR, a BioMaster HS-Tag PCR kit
(2x) by «Biolabmix» (Novosibirsk) was used. The
concentrations of the solutions and the temperature regimes
of the amplification reaction were established
experimentally, a research protocol was formed. As a
control, DNA isolated from cell culture FLK-BLV was used.

The env gene fragment was amplified using Nested PCR
using the following primers: env 5032 TCT-GTG-CCA-AGT
-CTC-CCA-GAT-A, env 5608 AAC-AAC-AAC-CTC-TGG-
GAA-GGG-T, env 5099 CCC-ACA-AGG-GCG-GCG-CCG-
GTT-T, env 5521 GCG-AGG-CCG-GGT-CCA-GAG-CTG-
G [1], synthesized by «Syntol» (Moscow).

The DNA concentrations were determined on the MaxLife
H100 Mod.2 kit of MVM Diagnostics (Barnaul).
Amplification was performed using an Applied Biosystems
2720 thermal cycler (Singapore) with the following cycle
parameters: 2 minutes at 94 ° C (1 cycle), 30 seconds at 95 °
C, 30 seconds at 62 ° C (external primers) or 30 seconds 70 °
C (internal primers), 60 seconds 72 ° C (40 cycles), 4
minutes 72°C. PCR was performed in a 50 pl volume of the
reaction mixture per sample (25 pl BioMaster set HS-Tag
PCR (2x), 1 pl of each primer (1 pkm/pl), 1 pl MgCI2 (50
tM), 500 ng of genomic DNA, diluted bidistilled water.

The product was visualized on a 1.5% agarose gel in the
presence of ethidium bromide.

At the first stage of the Nested PCR electrophoretic
mobility amplicons corresponded to a fragment length of
600 bp. At the second stage of Nested PCR, positive
amplicons correspond to a length of 444 bp.

To conduct genotyping of the env region (444bp-gp51
region), a polymorphism reaction (RFLP) was used, BamH]I,
Bcll, Pvull were used as restriction enzymes. Amplification
was performed with the following cycle parameters: BamHI,
Pvull - 37°C 2 hours; Bcll - 55°C 2 hours. PCR was
performed in a volume of the reaction mixture of 20 pl per
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sample (5 pl of PCR product, 1 ul of the enzyme, 2 pl of
buffer, 12 pl of bidistilled water) [1].

3. Results

In As a result of the study, we obtained amplification
products of the BLV env 444 bp gene region in 48 samples
from the Tyumen region. In the process of research, there
were animals that react negatively when examined with a
standard commercial kit, however, during the Nested PCR
reaction, the desired fragment of the virus gene site was
found (Table 1).

RFLP analysis of this fragment allowed to establish that in
94% of the samples there was a «Belgian genotype» of the
leukemia virus, in 4% of samples — «Australian genotype»
and in 2% - a «mixed type» (Figure 1).

It is established that in Tyumen area of Russia the «Belgian
genotype» of BLV dominates the «Australian». Mainly, this
type was found in Holstein animals, the disease was
characterized by a high rate of development of the acute
form and rapid spread. The presence of negative samples in
the study of the standard commercial test system could be
associated with a low proviral load in the studied animals, as
well as with the variability of the gene region in the primer
sites. A complete picture characterizing the phylogenetic
analysis and the nature of amino acid substitutions in the
targeted part of the gene will be obtained from the results of
DNA sequencing. The results of immunological studies of
animals may allow to establish reliable correlations and to
give immunobiological characteristics of individual isolates
of the pathogen.

W Belgian type not classification

M Australian type

Figure 1 | Characterization of the genetic groups of the BLV in
cattle of Tyumen area by RFLP method (n=48). Xapakrepucruka
TeHEeTMYeCKVX TPYII BUPYCa JeifKo3a KPYIHOIO POTraToro CKOTa
paitoHoB TromeHckoit o6nactu MerogoM RFLP (ITIP®D), n=48.

4. Concluding Remarks

Summarizing the preliminary results, we can conclude
that the application of the methodological approaches
described in the article can serve to determine the
geographical origin of leukemia virus isolates. So, we found
that in the studied samples obtained from the Tyumen
region mainly "Belgian genotype" of bovine leukemia virus is
determined. The alleged source of infection could be local
and imported cattle (previously imported in 2011) from
America. It is also possible that there were false-negative
serological tests in a batch of cattle from the Eastern Europe.

Earlier studies have determined that the territories of the
Tyumen, Kurgan, and Sverdlovsk regions were dominated
by the “Australian genotype”. We recorded the “Belgian
genotype” in a smaller percentage in these areas [3, 11]. This
genotype mainly dominated on the territory of the
Chelyabinsk region, where the spread of the disease is the
highest, and the course is characterized by severity and a
rapid transition to the terminal stage (hematological). The
high detection and dominance of the “Belgian genotype” on
the territory of the Tyumen Region may be due to its more
aggressive effect on the immune system of susceptible
animals. In such animals, an increased proviral load is
possible, which leads to a more rapid spread of the pathogen
among susceptible herds. This is to be determined by the
results of DNA sequencing and the results of immunological
expertise of the studied cattle population.

3aknroyeHne

YcraHoBNI€HO, YTO IPUMEHEHME OIMCAHHBIX B CTaTbe
METOMIO/IOTMYECKMX  TIOIXOIOB  MOXET  CHOY>XXUTb I
onpefe/eHns n YCTaHOBJIEHUA reorpaduyeckoro
IIPOMCXOXKJEHUA M30/IATOB BUpyca Jeliko3a. Tak, Hamu
ObI/IO YCTAaHOBJICHO, YTO B MCC/IEJOBAaHHBIX HaMM 00paslax,
HOMy4eHHBIX 13 TIoMeHCKoit 00/1acTi NpenMylIecCTBeHHO,
omnpepienAnca «benbruicKuii TeHOTUII» BUpYyca JeiKo3a
KPYIIHOTO POTaTOTO CKOTa.

IIpenmonaraeMbIM NCTOYHMKOM 3apa>keHMs MOT SAB/IATbCS
MECTHBIJi ¥ MMIIOPTMPOBAHHBIA KPYIHBIA DPOTaTblii CKOT
(panee mMnopTupoBaHHBII B 2011 romy) m3 AMepuKI.
Taxke BO3MOXXHO, 4YTO CEPOJIOTMYECKME TeCThl ObUIN
JIO)XKHOOTPUIIATE/IbHBIMM B IAPTUM KPYIIHOTO POTaToOro
ckoTa u3 Bocrounoit EBponsr.

IIpoBeneHHBIMU paHee MUCCIIeNOBAHUSIMU OBI710
ONpefie/ieHo,  4YTO  Ha  TeppuTopuax  TIOMEHCKOIL,
Kypranckoit, CBepayioBckoil 0671acTell LMPKYIMPOBal B
OOMUHUPYIOIIEM KOIMYECTBE (ABCTpanMﬁCKMﬁI TE€HOTMUIIL.
Benbruitckuit TeHOTUI) HaMU PETUCTPUPOBAJICS B MEHbIIIEM
IIPOLIEHTHOM COOTHOLIEHUM B 3TuX obmactax [3,11].
JJaHHBII TE€HOTUMII B OCHOBHOM [JIOMUHMPOBaI Ha
tepputopuu UensiOMHCKoI 00/1aCTH, ITe pacHpocTpaHeHre
3ab0/1eBaHMSA Hamboee BBICOKO, a TeJYeHme
XapaKTepPM30BaHO TSDKECTbIO M OBICTPBIM IIEpeXOfioM B
TePMUHATBHYI0 CTafuio (TeMaToNOTMYecKyw). Boicokoe
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Table 1 | List of samples and research results. Pe3ybraTsl ncciefoBaHmit, BbI/ie/IEHHBIX 00PasIjoB.
*Studies were conducted in the veterinary laboratory of the Tyumen region. VccnenoBanust mpoBoAMINCh B pailOHHO
BeTepyHapHoit mabdoparopun TIOMeHCKOIT 06/1acTH.

# Origin AGID* | ELISA PCR Nested PCR RFLP
(second stage)

1 Tyumen region, farm 1 + no data - + belgian type
2 Tyumen region, farm 1 + no data + + belgian type
3 Tyumen region, farm 1 + no data + + belgian type
4 Tyumen region, farm 1 + no data + + belgian type
5 Tyumen region, farm 1 + no data - + belgian type
6 Tyumen region, farm 1 + no data + + belgian type
7 Tyumen region, farm 1 + no data + + belgian type
8 Tyumen region, farm 1 + no data + + australian type
9 Tyumen region, farm 1 + no data - + belgian type
10 Tyumen region, farm 1 + no data + + belgian type
11 Tyumen region, farm 1 + no data - - -

12 Tyumen region, farm 1 + no data + + belgian type
13 Tyumen region, farm 1 + no data + + belgian type
14 Tyumen region, farm 1 + no data - - -

15 Tyumen region, farm 1 + no data + + belgian type
16 Tyumen region, farm 1 + no data - - -

17 Tyumen region, farm 1 + no data + + belgian type
18 Tyumen region, farm 1 + no data + + belgian type
19 Tyumen region, farm 1 + no data + + belgian type
20 Tyumen region, farm 1 + no data - - -

21 Tyumen region, farm 1 + no data + + belgian type
22 Tyumen region, farm 1 + no data - - -

23 Tyumen region, farm 1 + no data + + mixed type
24 Tyumen region, farm 1 + no data + + belgian type
25 Tyumen region, farm 1 + no data + + belgian type
26 Tyumen region, farm 1 + no data + + belgian type
27 Tyumen region, farm 1 + no data + + belgian type
28 Tyumen region, farm 1 + no data + + belgian type
29 Tyumen region, farm 1 + no data - - -

30 Tyumen region, farm 1 + no data + + belgian type
31 Tyumen region, farm 2 + + + + belgian type
32 Tyumen region, farm 2 + + + + belgian type
33 Tyumen region, farm 2 + + + + belgian type
34 Tyumen region, farm 2 + + + + belgian type
35 Tyumen region, farm 2 + + + + belgian type
36 Tyumen region, farm 2 + + + + belgian type
37 Tyumen region, farm 2 + + + + belgian type
38 Tyumen region, farm 2 + + + + belgian type
39 Tyumen region, farm 2 + + + + belgian type
40 Tyumen region, farm 2 + + + + belgian type
41 Tyumen region, farm 2 + + + + belgian type
42 Tyumen region, farm 2 + + + + belgian type
43 Tyumen region, farm 2 + + + + belgian type
44 Tyumen region, farm 2 + + + + belgian type
45 Tyumen region, farm 2 + + + + belgian type
46 Tyumen region, farm 2 + + + + belgian type
47 Tyumen region, farm 2 + + + + belgian type
48 Tyumen region, farm 2 + + + + belgian type
49 Tyumen region, farm 2 + + + + australian type
50 Tyumen region, farm 2 + + + + belgian type
51 Tyumen region, farm 2 + + + + belgian type
52 Tyumen region, farm 2 + + + + belgian type
53 Tyumen region, farm 2 + + + + belgian type
54 Tyumen region, farm 2 + + + + belgian type
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o6HapyxeHNe «Benbruiickoro reHoTMIIa» Ha TEPPUTOPUN
TioMeHcKolT 06macT MOXKeT OBITb CB3aHO C ero 6Gosee
arpecCUBHBIM  BO3[IeJICTBMEM Ha UMMYHHYIO CHCTEMY
BOCIPMMMYMBBIX ~ JKMBOTHBIX. Y  TaKUX >KMBOTHBIX
BO3MOXKHAa IIOBBILIEHHAs IPOBMPYCHAas HArpyska, dYTO
OpuBOAUT K  Ooree  OBICTPOMY  PacHpOCTpaHEHMIO
BO30yIUTeNsI CpPefu BOCIPUUMYMBOIO IOTONOBBA. OTOT
Te3UC  IPEACTOMT  YCTAaHOBUTb IO  pe3yIbTaTaM
cexBeHmpoBanusa J[JHK u pesynbraraM MMMYHOIOTMYECKOI
9KCIIEPTU3BI UCCIIeyeMOli TOMY/IALMN KPYIIHOTO POTaToro
CKOTa.
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ABSTRACT

Matrix metalloproteinases (MMPs) orchestrate structural remodeling of psoriatic skin and accelerate the development of the inflammatory
response.

In this paper, we explore whether knocking MMP1 down in epidermal keratinocytes can be beneficial for psoriasis.

We discovered that MMP1 silencing with specific ShRNA reduced the migration of epidermal keratinocytes and made the cells susceptible to
apoptosis in the presence of interferon-y. Furthermore, MMPI1-deficiency partially normalized the expression of genes involved in the
pathogenesis of psoriasis (MMPY, -12, CCNA2, CCND1 and KRT17) and the terminal differentiation (KRT1, -10, IVL and LOR).

In conclusion, MMP1 silencing could be beneficial for psoriasis. MMP1-deficient cells exhibit lower proliferation rate. Moreover, MMP1-
silencing makes the cells susceptable to the proinflammatory cytokine IFN-y, which is abundant in lesional skin. In addition, knocking MMP1
down shifts the balance between proliferation and differentiation toward differentiation. The latter is important for psoriasis, which is a
hyperproliferative skin disorder.

AHHOTaIMA

Matpuynple MerauronporenHassl (MMP) NpuHMMAIOT aKTMBHOE y4acTye B CTPYKTYPHOU peOpraHM3aluy SIUAEPMUCA, a TaKXke B
CTabMIM3aIMy BOCIIA/IMTETBHOTO MIPOIeCca, KOTOPbIe IIPOUCXOMAT B IIOPAXKEHHOI IICOPMA3OM KOXKe.

Ilenbio faHHOI paboTh OBUIO OLleHUTHh KakuM obpasom PHK-unTepdepennyas MMP1 B snupepManbHbIX KePaTVHOLMTAX YeTOBEKA MOXKET
HOB/IMATH Ha ITATOTeHe3 IICopHasa.

CornacHo nonydyeHHbIM pesynbrataM, PHK-nnTepdepenuns MMP1 B snnaepManbHbIX KepaTMHOLMTAX 4YelOBeKa MPUBOLUT K CHIDKEHUIO
CKOpOCTej1 MUrpanyy u nponmudepanny JaHHOTO THUIIA KJIETOK, a Jo6aB/leHye B KyIbTYPAIbHYIO Cpefly MHTep(epoHa-y VHULUMPYET UX
arroriro3. Kpome toro, PHK-nuTepdeperuns MMP1 yacTMYHO HOpMa/M3yeT SKCIPECCHUI0 BaXKHBIX J/Is aToreHesa 6one3uu reaos (MMPY, -
12, CCNA2, CCND1 n KRT17), a Tak>xe reHOB-MapKepoB TepMUHAIbHOI AubdepeHInpoBKy anuepManbHbix KepatnHonutos (KRTI, -10,
IVL n LOR).

Takum obpasom, PHK-unrtepdepenima MMP1 MoxeT ¥uMeThb KIMHMYECKOe 3HAueHNue IIpM IICOpuase, INpeXHAe Bcero, Omaromaps
BhIpaXKeHHOMY aHTHIponndeparnBHOMy addekty. Bonee Toro, «<Hokgayn» MMPI femaer KIeTKy BOCIIPUMMYMBBIMM K IIPOBOCIIA/IATETIBHOMY
1uTokuHy IFN-y, ypoBeHb KOTOpOrO IOBBILIEH B IIOpa)kKeHHO!! 6ojesHbio koxe. Hakonen, PHK-untepdepenums MMP1 npusout K
cMeleHMIo 6anaHca Mexpay nponudepanyeit 1 guddepeHIPOBKOIT KIETOK B CTOPOHY uX AuddepeHunpoBky. IlocnenHee 0co6eHHO BaXXHO
V1A TICOPMa3a, KOTOPBII AB/IAETCA TUIIePIIPONMQepaTHBHBIM 3a00/IeBaHIeM KOXI.

Keywords: Matrix metalloproteinase 1; Gene silencing; Th1-cytokine; Inflammatory response; Psoriasis.
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1. Introduction

Psoriasis is a chronic inflammatory disease driven by
activated T-cells [1]. According to World Health
Organization, more than 2% of the entire human population
is suffering from psoriasis [2]. In Russia, where about 2.8
million people are diagnosed with psoriasis, the prevalence
of the disease is ~1.9%, [3]. The hallmark of psoriasis is the
appearance of red flaky-crusty patches covered with silvery
seals. The cause of psoriasis is unknown. The skin
accumulates immune cells that secrete proinflammatory
cytokines. Three of them tumor necrosis factor (TNE),
interleukin 17 (IL17) and interferon y (IFN-y) are the most
important for the pathogenesis of the disease. Their
accumulation in the skin leads to activation of epidermal
keratinocytes, structural remodeling of the epidermis and
development of the plaques. It also results in a faster
turnover of epidermal keratinocytes and causes their
hyperproliferation. [4].

Small interfering RNAs (siRNAs) that destroy protein-
encoding mRNAs are present in any viable cell [5].
Targeting mRNAs, siRNAs prevent their translation into
proteins by the ribosomes. Respectively, even partial
degradation of mRNA by siRNA decreases protein
expression. For this reason, the artificially designed siRNAs,
known as small hairpin RNAs (shRNAs), are often used in
routine experimental practice to knock down disease-
associated genes. For instance, shRNA directed to MMP1
could be used to reduce MMP1 expression in cultured
mammalian cells.

Matrix metalloproteinases (MMPs) are a group of zinc-
containing, calcium-dependent endopeptidases. In psoriasis,
MMPs modify the intercellular contacts by degrading the
proteins of hemidesmosomes [6] and desmosomes [7-9].
They also change the composition of the extracellular matrix
[10], facilitate the penetration of dermal microcapillaries by
the immune cells and influence the biological activity of
some cytokines [11].

In the lab, our research is focused on matrix
metalloproteinases, such as MMPI1, and their role in
psoriasis. Previously, we have shown changes in MMP1, -9
and -12 expression in lesional psoriatic skin that coincided
with exacerbation of the disease and correlated with the
disease severity [12]. The aim of this study was to explore
whether MMP1 silencing in epidermal keratinocytes could
be beneficial for psoriasis.

2. Material and Methods
2.1 Cell lines and cell culturing:

The experiments were performed on human epidermal
keratinocytes HaCaT-MMP1 and HaCaT-KTR that
expressed MMP1-specific and scrambled (control) shRNA,
respectively. The details on selection, design and cloning of
the mentioned shRNAs were described earlier [13,14]. The

target sequences used to design specific and scrambled
shRNA  were = CAACAATTTCAGAGAGTAC  and
GTAAAGGGAACCAACTAACAGA, respectively. The
specificity of the selected shRNAs to all know protein-
encoding mRNA was verified by “Blastn”. The cells were
obtained by the method lentiviral tranduction in accordance
with the previously described protocol [15].

2.2 Purification of total RNA

Total RNA was extracted with TRIzol reagent
(ThermoFisher Scientific, USA) as described earlier [16].
Quality of the obtained RNA samples was verified using non
-denaturing 1.5 % agarose gel electrophoresis. The RNA
concentration was measured using the fluorimetric Qubit
RNA BR Assay Kit (ThermoFisher Scientific) according to
the manufacturer’s protocol.

2.3qPCR:

Before the experiment, total RNA was converted to cDNA
using MMLV RT kit (Evrogen, Russia) according to the
manufacturer’s protocol. The real-time PCR experiments
were carried out in the Eco real-time PCR system (Illumina,
USA). The primers used in this study were taken from the
database NCBI Probe [17]. The results were analyzed using
the software supplied by Illumina. Each probe was run in
triplicates. After all, three independent experiments were
performed. The ACTB assay was used as an endogenous
control.

2.4 Western blot

Before the experiment, whole cell lysates were obtained as
described earlier [18] and protein concentration was
measured by Bradford assay (Bio-Rad Laboratories;
Richmond, CA, USA). Then, equal amounts of protein (10
pg) were added to Laemmli sample buffer (5% SDS, 25%
glycerol, 125 mM TRIS, 0.004% bromphenol blue, 10% f-
mercaptoethanol, pH 8.2) and subjected to electrophoresis
in 12% polyacrylamide gel. Following transfer to PVDF
membrane, samples were probed with primary antibodies
(Abcam, USA, Cat #ab137332). Signals were captured using
X-Omat K film (Eastman Kodak Co., USA). The films were
scanned as image files, and the optical densities of the bands
in these image files were quantified using the Image]
software [19].

2.5 Proliferation assay

The cells were seeded in 6-well plates, 40,000 cells per well.
At the indicated time points, randomly chosen samples were
treated with 0.25% of trypsin-EDTA solution (PanEco).
Then, cells were resuspended, stained with trypan blue
(0.2%) and counted in hemocytometer. The obtained values
were used for plotting the cell growth curves in linear
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coordinates. After all, three independent experiments were
performed.

2.6 Scratch assay

Scratch assay was used to assess cell migration rates. The
cells were cultured until in 6-well plates until they covered
the entire growth surface. Before the experiment, the cell
monolayer was scratched with a pipette tip to obtain a 1.2-
1.3 mm-wide cell-free area across the center of the well. The
remained cells were washed with PBS and cultured for 5-6
days. The representative parts of cell-free areas were
photographed daily and quantified with Image] software
[19].

2.7 Statistics

Data were represented as means+SE. The statistical
differences between the means were analyzed by one-way
ANOVA. If p-values were less than 0.05, means were
considered to be significantly different.

3. Results
3.1. Quantitative analysis of MMPI expression

Evaluation of cDNA (Figure 1A) and protein fractions
(Figure 1B) isolated from HaCaT-MMPI1 and HaCaT-KTR
cells discovered that the mentioned cell lines exhibited
different expression levels of MMP1 mRNA and protein. In
this respect, the expression levels of MMP1 mRNA and fully
-processed catalytically active enzyme in HaCaT-MMP1 did
not exceed 15.9 and 16.1% of the corresponding values in
HaCaT-KTR cells. In cell homogenates, MMP1 protein was
represented by two bands that were identified as proenzyme
and catalytically active MMP1 (Mw ~63 and 52 kDa,
respectively).

A B
HaCaT-KTR HaCaT-MMP1

T —

ACTB

0.9 -

0.6

0.3

MMP1 expression

HaCaT-KTR  HaCaT-MMP1

Figure 1 | MMP1 silencing in HaCaT cells. Analysis of gene (A) and
protein expression (B) in the cells expressing shRNA directed to
MMPI1 (HaCaT-MMPI1) compared to the cells expressing scrambled
shRNA. (HaCaT-KTR). MMP1 expression level in non-stimulated
HaCaT cells was referred to as 1. PHK-unrepdepenims MMP1 B
SMMAEePMaTbHBIX KepaTMHOLMUTAX HaCaT. V3meHeHus
koHyeHntpayuu MPHK (A) wu 6Genka (B) B Kierkax,
skcrpeccupytomnx shPHK, crmeundpnunyro x MMP1 (HaCaT-
MMP1) u xoHTponpHywo, T.H. “scrambled” shRNA (HaCaT-KTR).
CoorBercTByrommit  ypoBeHb MMP1 B HeTpaHCAyLVPOBaHHBIX
KJIeTKaxX MPMHUMA/IM PAaBHBIM e[[VIHNLIe

3.2. Changes in cell proliferation

A comparative analysis of cell growth demonstrated that
non-stimulated cells as well as the cells stimulated with
either TNF or IL17 remained in the active growth phase
(Figure 2A-C). The time-dependences of cell growth in
linear coordinates suggested that the cells grew
monotonously, ie. the growth curves did not reach
saturation for the time of observation. Despite untreated
HaCaT-KTR and HaCaT-MMP1 cells did not exhibit
significant differences in cell proliferation rate (Figure 2A),
the proliferation rates of HaCaT-MMP1 cells treated with
the named cytokines were significantly lower compared to
HaCaT-KTR cells (Figure 2B and C). In addition, an
exposure of HaCaT-MMP1 cells to IFN-y irreversibly
suspended their growth. The cells stopped dividing and shed
off the growth surface (Figure 2D and E).

3.3. Analysis of cell migration :

The monitoring of cell migration revelead differences in
the migration rates of HaCaT-MMP1 and HaCaT-C cells.
Particularly, HaCaT-KTR cells gradually covered the scratch
(Figure 3A). Moreover, either tested Thl cytokine
accelerated their migration compared to untreated HaCaT-
KTR cells. In the same time, the migration rates of HaCaT-
MMP1 cells treated with either IL17 or TNF, only slightly
exceeded the migration rate of untreated HaCaT-KTR cells
(Figure 3B). Moreover, either untreated HaCaT-MMP1 or
HaCaT-MMPI treated with IFN-y mostly remained at the
scratch edge for the time of experiment.

>

B cells pretreated with TNF C cells pretreated with IL17A
oo ¢ HaCaT-MMP: " #HaCaT-MMP1
OHaCaT-KTR O HaCaT-KTR

400

untreated cells

# HaCaT-MMP1|
O HaCaT-KTR

Cell numbersx 10®
g

3
mr/e/
0.4 . .

1 2 3

Time, days

1 2 3 4

cells pretreated with IFN-y E

= # HaCaT-MMP:
OHaCaT-KTR

Cellnumbersx 103 ©
g
HaCaT-MMP1
HaCaT-KTR

1 2 3 4 5
Time, days

Figure 2 | Proliferation of MMP1-deficient and control HaCaT cells.
A - cells not exposed to the cytokines; cells exposed to TNF (B), IL17
(C) and IFN-y (D); E - Cell survival in the presence of IFN-y. The
cytokines were used at the following concentrations: TNF - 20 ng/
mL, IFN-y - 50 ng/mL; and IL17 - 50 ng/mL. VI3MeHeHUs1 CKOPOCTH
npomudepaniy B TPaHCAYUMPOBAHHBIX  SMMAEPMajbHbIX
keparuHountax HaCaT. A - k/eTku, HeoOpaboTaHHbIE IIMTOKMHAMM;
Knerku, o6paborannsie TNF (B), IL17 (C) u IEN-y (D); E - ru6ens
KNeToK npu KynbTuBupoBanuu ¢ IFN-y. [lna mnposemeHus
9KCHEPUMMEHTOB  MCIONb30BAMM  C/IeAylolliMe  KOHIEHTpaLuy
myutoknHoB: TNF - 20 ur/mm, IFN-y - 50 ur/mn n IL17 - 50 Hr/Mn
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3.4 Analysis of gene expression:

To assess changes in gene expression caused by MMP1
silencing, we selected a pannel of ten genes. Six of these
genes were involved into regulation of proliferation
(CCNA2, CCNDI1 and MKI67) and differentiation (IVL,
LOR and FLG) of epidermal keratinocytes. The others
(KRT17, MMP1, MMP9 and MMP12) were associated with
the pathogenesis of disease [12]. Then, we treated HaCaT-
KTR and HaCaT-MMP1 cells with one of Thl cytokines
(TNF, IL17 or IFN-y), obtained ¢cDNA and performed
qPCR.

The results of QPCR experiments demonstrated that each
cytokine produced a distinct gene expression profile. In
HaCaT-MMP1 cells, IFN-y caused significant changes in
expression of all ten genes (Table 1). In the same time, an
exposure of these cells to IL17 did not change the expression
of IVL and FLG, whereas their treatment with TNF (Table 1)
did not cause significant changes in expression of MKI67
and LOR (p > 0.05). In addition, the expression of the
terminal differentiation markers IVL, LOR and FLG in
HaCaT-KTR cells treated with IL17 as well as the expression
of CCNA2, MKI67 and KRT17 in HaCaT-KTR cells treated
with TNF did not exceed 1.5 times their expression levels in
non-stimulated HaCaT cells.

Importantly, some changes in gene expression that we
observed were specifically linked to MMPI silencing. The
target gene MMP1 was downregulated in HaCaT-MMP1
cells even when the cells were exposed to high
concentrations of proinflammatory cytokines. The
expression of the cyclins CCNA2 and CCND1 changed in

A

Buntreated BIL17
s 100 BATNF DIFNG
@
ri -
v H H
T so . s
v : :
E L] ]
w H :
= i
J : :
o ] : .

the opposite direction. Particularly, CCNA2 expression
decreased, whereas CCND1 expression increased in HaCaT'-
MMP1 cells compared to HaCaT-KTR. In turn, the
expression of the proliferation marker MKI67 was higher in
HaCaT-MMP1 treated with either IFN-y or IL17. In the
same time, treatment of the named cells with TNF did not
change MKI67 expression significantly. In addition, IL17
and TNF downregulated KRT17 in HaCaT-MMP1 cells,
whereas the differences in KRT17 expression levels between
HaCaT-KTR and HaCaT-MMPI cells treated with IFN-y
were insignificant.

To explain the altered migration and proliferation of
HaCaT-MMP1 cells treated with IFN-y, we also compared
the expression of IFN-y-dependent proapoptotic markers -
DAPKI1 and the transcription factor IRF8 in both cell lines
after their 24h exposure to the named cytokine. We found
that both mentioned genes were upregulated in MMP1-
deficient cells (Figure 4A). Moreover, HaCaT-MMP1
exhibited higher expression levels of the genes encoding
cytokeratins -1, -10 and -14 (Figure 4B), compared to
HaCaT-KTR cells.

4. Discussion

In this paper, we explored how MMPI1 silencing in
epidermal keratinocytes influenced the biological effects of
proinflammatory cytokines TNF, IL17 and IFN-y that play a
crucial role in the pathogeneesis of psoriasis. After
evaluation of MMP1 expression in HaCaT-MMP1 and
HaCaT-KTR cells (Figure 1), we assessed changes in their
migration and proliferation rates (Figure 2 and 3,

QDuntreated B2IL17
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Figure 3 | Migration of MMP1-deficient and control HaCaT cells. Experimental data that reflect the cell migration in real time are represent-
ed in linear coordinates: A - HaCaT-KTR; B-HaCaT-MMP1. The cytokines were used at the following concentrations: TNF - 20 ng/mL,
IFN-y - 50 ng/mL; and IL17 - 50 ng/mL. O1jeHKa CKOpPOCTeil MUTpaLiMy B TPAHCAYLMPOBAHHBIX SMJepMaIbHbIX KepaTuHouutax HaCaT.
Vamenennsa B murpanyy knetok HaCaT-KTR (A) m HaCaT-MMP1 (B) npepcraBneHsl B IMHENHBIX KOOpAWHATaX. [Ina mpoBefeHus
9KCIePYMEHTOB JCIIONb30BaNN Clefyolye KoHeHTpanyy uutoknHoB: TNF — 20 ur/mm, IFN-y — 50 Hr/mn n IL17 - 50 Hr/Mi1.
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Table 1 | Gene expression in MMP1-deficient and control cells cultured in the presence of proinflammatory cytokines IFN-y, TNF and
IL17.The cells were treated with one of the mentioned cytokines — IFN-y (A), IL17 (B) or TNF (C) for 24h. The cytokines were used at the
following concentrations: IFN-y — 50 ng/mL, IL17 - 50 ng/mL or TNF - 20 ng/mL. Gene expression in the parental cell line, i.e. HaCaT cells
treated with vehicle control, was referred to as 1-fold relative expression. VI3amMeHeHMs 9KCIIPeCCHU T€HOB B SIMAEPMa/IbHBIX KePATMHOLUTAX
HaCaT-MMP1 n HaCaT-MMP1 nocrne ux o6pa6orku mposocnanutenbubiMu 1utokuHamy IFN-y, TNF u IL17. KieTku Ky/IbTUBUPOBaIN B
npucyrcrBuy uutoknHoB IFN-y (A), IL17 (B) wim TNF (C) B Teyenne 244. [l npoBefieHNs 9KCIIEPUMEHTOB MCIIONb30BANN CIEAYIOIe
KoHeHTpanuyu IUToKMHOB: TNF — 20 ur/mi, IEN-y - 50 ur/mn n IL17 - 50 Hr/M/1.. YpOBeHb 3KCITpeCCUM YKa3aHHBIX FeHOB B KeTkax Ha-

CaT-KTR, o6paboTaHHBIX 6y(epHbIM PacTBOPOM, KOTOPBII He COIep>Ka LMTOKMHOB, IIPUHMMAIN PABHBIM eIVHMUIIE.

TNF IL17 IFN-y
Genes HaCaT- HaCaT- HaCaT- HaCaT- HaCaT- HaCaT-
p-value p-value p-value
KTR MMP1 KTR MMP1 KTR MMP1
CCNA2 1.11 £0.17 0.40 + 0.06 0.002 0.32 £0.05 0.13 £0.20 0.020 0.31 £0.05 0.24 £ 0.04 0.080
0.007 =
CCND1 0.32 £0.05 1.43 +0.21 <0.001 0.13 £0.02 0.71 £0.11 0.107 0.001 0.02 £ 0.003 <0.001
MKI67 1.40 £ 0.21 1.07 £ 0.16 0.096 3.80 £0.57 5.66 + 0.89 0.849 1.06 £ 0.16 7.01 + 1.05 <0.001
MMPI1 1.44 £ 0.01 0.41 £ 0.003 <0.001 1.02 £ 0.15 0.28 £ 0.04 0.041 3.22+£0.48 0.02 £ 0.003 0.003
MMP9 32.15+£0.30 | 25.35+0.24 <0.001 11.14 £ 1.14 2.29 +0.37 0.366 0.57 £ 0.09 1.60 £ 0.24 0.015
MMPI12 0.02 £0.003 0.34 £ 0.05 0.004 7.58 £ 0.65 2.44 +0.16 0.161 8.43 +1.27 11.10 £1.67 0.272
KRT17 0.97£0.15 0.35 £ 0.06 0.002 1.64 £ 0.15 0.19 £ 0.02 0.020 2.00 £ .30 2.18 £0.33 0.516
IVL 1.83+0.27 1.80 £ 0.27 0.955 1.44 +0.24 1.01 £0.12 0.115 2.00 £ 0.30 3.98 £ 0.60 0.041
LOR 0.58+0.09 1.35+£0.20 0.083 1.15+£0.11 1.79 £ 0.17 0.168 0.56 £ 0.08 0.54 £ 0.08 0.898
FLG 0.32+0.02 0.28 + 0.02 0.372 1.26 £ 0.27 0.89 £ 0.15 0.145 5.77 £ 0.87 13.19+1.98 0.026

respectively). We also compared the expression of genes that
are associated with the disease, regulate cell proliferation and
the terminal differentiation (Table 1). In addition, we
verified the expression of proapoptotic factors DAPK1 and
IRF8 and cytokeratins in the cells treated to IFN-y (Figure
4).

Previously, it was shown that MMP1I silencing changes the
morphological characteristics of epidermal keratinocytes
[18]. Unlike the cells that expressed scrambled shRNA and
preserved a familiar cobblestone-like appearance, MMP1-
deficient cells grew in spots, climbed each other and formed
layers before they could cover the growth surface. Moreover,
the collonies of HaCaT-MMP1 exhibited sharp boundaries,
whereas the boundaries of the colonies formed by HaCaT-
KTR cells were blurred.

Assuming that MMP1-deficiency influenced the strength
of intercellular contacts, we verified how it could affect the
cell migration in the presence of proinflammatory cytokines
-1IL17, TNF and IFN-y. We found that the ability of MMP1-
deficient cells to migrate was impaired and their migration
rates did not exceed the migration rate of untreated control
cells. For this reason, we assume that MMP1 silencing could
be used to suppress structural rearrangements in lesional
skin.

Then, we verified how MMP1 silencing could influence the
cell proliferation. Surprisingly, when we compared untreated
cells we did not see any significant difference between
MMPI-deficient and control cells. In contrast, the
proliferation rate of MMPI1-deficient cells significantly
decreased after we treated the cells with either IL-17 or TNF.

Analyzing qPCR data, we found significant changes in
MKI67 expression in HaCaT-MMP1 cells treated with IFN-
y. Previously, it was shown that MKI67 is induced in all
phases of the cell cycle, except the interphase [20]. In this
respect, MKI67 expression level in cultured cells reflects the
total number of cells entered the cycle rather than their
proliferation rate. For this reason, we also verified whether
MMP1-silencing affects the cytokine balance in HaCaT-KTR
and HaCaT-MMP1 cells and found that treatment of HaCaT
-MMP1 with either TNF or IL17 shifts the balance between
CCNA2 and CCND1 in favor of CCND1 (Table 1). To the
references, the named cyclins are key regulators of cell cycle.
Particularly, CCNA2 controls the transition from G2 to M-
phase of cell cycle. In turn, CCNDI is needed for the G1/S
transition [21,22]. In this context, we would like to
acknowledge that changes in the expression CCNA2 and
CCND1 in lesional psoriatic skin are quite opposite to ones
that we see in HaCaT-MMP1 cells. Compared to uninvolved
skin, the skin samples obtained from lesional skin exhibit a 2
-fold decrease in CCND1 [23] and an 8.7-fold increase in
CCNA2 [24] expression. Respectively, a shift in the
expression of cyclins that we observe in real-time PCR
experiments explains why MMP1-deficienct cells exhibit
lower proliferation rate.

However, the most dramatic changes we observe in the
presence of IFN-y. Particularly, we see that MMP1-deficient
cells stopped proliferating and detached from the growth
surface. To explain this phenomenon, we compared the
DAPK1 and IRF8 in the cells treated with IFN-y.
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DAPK1 and IRF8 in the cells treated with IFN-y.
Respectively, we found that their expression levels were
higher in HaCaT-MMP1 cells. We also discovered a higher
expression of the late differentiation markers loricrin and
filaggrin (Table 1) as well as the genes encoding KRT1, -5, -
10 and -14. The observed changes in gene expression
suggested us that MMP1-silencing could potentially trigger
apoptosis and shift the balance between differentiation and
proliferation  in  epidermal  keratinocytes  toward
differentiation.

Notably, the changes in the expression of KRT17 that we
observe in response to either IL17 or TNF are opposite to
ones that occur in lesional psoriatic skin [25]. In the skin of
lab animals, suppression of KRT17 that is often referred to as
a "key gene" of psoriasis [26,27] prevents hyperplasia, i.e.
thickening of the epidermis due to more intensive cell
division and lowering the intensity of inflammatory process.
In contrast, an induction of KRT17 stimulates the secretion
of Th1 chemokines, such as CXCL5, -9, -10, -11 [26]. For
this reason, downregulation of KRT17 caused by MMP1
silencing could be beneficial for the psoriasis patients.
Particularly, MMP1 silencing in epidermal keratinocytes
could attenuate the inflammatory response and suppress
hyperplasia in lesional psoriatic skin.

5. Concluding Remarks

In conclusion, we would like to summarize our key
findings:

1. In the cultured epidermal keratinocytes, MMP1-
deficiency shifted the balance between differentiation and
proliferation toward differentiation. Respectively, MMP1-

differentiation of epidermal keratinocytes in lesional skin.

2. Unlike the cells where MMP1 expression was not
affected by shRNA, MMP1-deficient cells were susceptible to
apoptosis in the presence of IFN-y. Respectively, MMP1-
deficiency can be used to promote apoptosis in lesional
epidermis where IFN-y is elevated.

3. In addition, MMPI targeting could be beneficial for
psoriasis due to its antiproliferative effect in the presence of
proinflammatory cytokines. Respectively, MMP1-deficiency
can be used to normalize the proliferation rate of epidermal
keratinocytes in diseased skin.

We would also acknowledge that delivery of MMP1
shRNA to diseased skin is a challenging task that requires an
optimization of existing delivery systems to make the genetic
material of interest (shRNA, genetically modified virions
etc.) capable of penetrating the skin barrier.

3akmroueHne

B 3akmoueHne, Mpl XoTemu Obl OOOOLIMTD OCHOBHBIE
Ppesy/IbTaThl Halllell pabOTBL.

1. «Hoxpayn» MMP1 B KY/IbTUBUPYEMbIX
3NNJIepMaIbHbIX KepaTMHOUMTAX INPUBOIUT K CMEIIEHMIO
OamaHca MeX[y uX AuddepeHInpoBKoit u nponudeparue
B cropony aupdepenuyposku. Ilo stoit mpuunne, PHK-
nntepdeperinio MMP1 MOXHO MCIONMB30BaTh /IS TOTO,
4TOOBI CTUMY/IMPOBATh TEPMUHATBHYIO Au(depeHIPOBKY
SMMIEPMaIbHBIX KePaTMHOLNTOB B OPaXKeHHO! 60J/Ie3HbIO
KOXe.

2. B oTmmume OT KIETOK C HOPMAlbHBIM YPOBHEM
skcrpeccun  MMP1  snmpepmanbHble  KEPaTMHOLMTBHL  C
NOHIDKEHHBIM ~ yYPOBHEM  3KCIpeccMyM  3TOTO  TeHa
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Figure 4 | Migration Expression of proapoptotic factors and cytokeratines in MMP1-deficient cells exposed to IFN-y. The cells were treated
with IFN-y (50 ng/mL) for 24h. A - expression of proapoptotic factors and B — expression of cytokeratins. Gene expression in HaCaT-KTR
cells treated with IFN-y, was referred to as 1-fold relative expression. YpoBeHb 3KCIpeccuu MapKepoB aIONTO3a J LIUTOKEPATMHOB B
smupepManbHbIX KeparyHonmTtax HaCaT-MMP1, ob6paborunbix IFN-y. Knerkm kymprusmpoBamy B mpucyrcrsum IFN-y (50 Hr/mm) B
TedeHMe 244. DKCIpeccrs MapKepoB amonTosa (A) ¥ TeHOB, KOMMPYIOIINX LMUTOKepaTuHbI (B). YpoBeHb sKcIIpeccuy yKasaHHBIX I€HOB B
knerkax HaCaT-KTR, o6pa6orannbix IFN-y, IprHIMany paBHBIM eIMHNLIE.
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3TOTO, CHIDKEHMe YpOBHA sKcupeccun MMP1  moxHO
VICIIONIB30BATh YIS TOTO, YTOObI MHUIMMPOBATH AMOITO3 B
IICOPMATIYECKOM 3IMfiepMIce, The KoHueHTpauusa IFN-y
IpeBbIIIaeT HOpMa/lbHbIe (HU3MOIOTIYECKe 3SHAYCHNUA.

3. Hakonern;, PHK-nuTepdepennns MMP1 mMoxeT umeTb
KIMHIYECKOe  3HaueHme Jyid  IICOpMAa3a,  ITOCKOJBbKY
OPUCYTCTBYE  IPOBOCHAIMTEIbHBIX  LUTOKMHOB B
Ky/IbTYpaJIbHOI Cpefie TPUBOAUT K CHIDKEHUIO CKOPOCTU
nponudepanuyu  kaetok ¢ gebunmrom  MMPIL.
CoOTBETCTBEHHO, «HOKJayH» MMP1 MOXHO 1CIIONIb30BaTh
WA TOTOo, 4YTOOBI CHUSUTB CKOPOCTb Tposnudepanuu
SMMJepMaIbHBIX KepaTMHOLMUTOB in vivo.

MBI Takxe XoTe/ Obl OTMETUTD, YTO B HACTOsAI[ee BPeMs
nposefenre PHK-uHTepdepeHunm B TepameBTUYECKMX
LeNAX BCe elle ABIAETCA TPYSHOBBIIIONHMMOMN 3ajaveit,
IIOCKOJIPKY SIUJIEPMIC, ABJIAACH €CTeCTBEHHBIM 6apbepoM
Ha HYTH YyXXEPOIHBIX OMOMOJIEKY/, 3(pPeKTUBHO MellaeT
X IIPOHMKHOBEHMIO B KOXYy. PemenHme sToit 3agaun
norpebyer paspaboTkm 6osnee 3PPEKTMBHBIX CIOCOOOB
TpaHcheKIMu KIeTOK, HaXOAIMUXCA B Ko>Ke O0/IbHOTO
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ABSTRACT

The presence of the thiaminase process in the brain of rabbits and bulls has been established. Most intensively this process takes place in the
pituitary gland. Production of adrenocorticotropic hormone is significantly reduced as a result of the formation of 4-methyl-5p-

oxyethylthiazole in this part of the brain.

AHHOTaIMA

YcTaHOB/IEHO HaMM4yMe TMaMUHA3HOTO Iponecca B MO3re KpoJ/IMKOB U 6b1KOB. Hanbosnee MHTEHCUBHO 3TOT Ipouecc NponucxoguT B I‘I/IHO(i)I/IBe.
HpO}IYKIU/IH AJPEHOKOPTUKOTPOITHOIO TOPMOHA 3HAYNTE/IPHO CHIMDKAETCA B PE3Y/IbTATE O6pa30BaHI/Iﬂ 4-MCTI/IH-5B-OKCIAQTI/IHTI/IaBOHa B 9TON

YacCTu Mo3ra.

Keywords: Thiaminase, brain, pituitary gland, 4-methyl-5p-oxyethylthiazole, ACTH, TSH

1. Introduction

Thiaminase is an enzyme that divides thiamine into two
parts-4-methyl-5p-oxyethylthiazole and 2,5-dimethyl-4-
aminopyrimidine. There are two forms of thiaminase -
thiaminase I and thiaminase IL

Thiaminase I catalyzes the cleavage of thiamine with
subsequent adherence to the pyrimidine fragment of the
nitrogenous base. Tiaminase II carries out the hydrolysis of
thiamine into the two above-mentioned components [1].

The presence of thiaminase I is proven in tissues of fish,
intestinal cavities, mumps, and some microorganisms [1].
Thiaminase II is present exclusively in microorganisms, in
particular Bac. alvei, Bac. brevis, Bac. firmus, Bac. subtilis
and some others [2].

Until recently, it was generally accepted that in human
and other mammals, the thiamine decompositiondown to
the thiazole and pyrimidine components was carried out

exclusively in the intestines at the expense of its microflora,
in particular Bac. aneurinolyticus [3], Clostridium
thiaminolyticum [4], Bacillus thiaminolyticus [5] and some
others.

However, since the 1960s of the last century, there were
single studies that showed the presence of 4-methyl-5p3-
oxyethylthiazole in the urine of sterile animals [6], which
proves the possibility of the thiaminase process
existencedirectly in the tissues. In our laboratory, a
significant increase in the level of 4-methyl-53-
oxyethylthiazole in the brain of rats after parenteral
administration of 14C-thiamine [7] was demonstrated.
Linkage of the thiazole with nervous system proteins has
been demonstrated in a recently published work [8].

Studies of thiaminase pathways are considered in the
works [9-11], however, studies on the functioning of
thiaminase and its physiological significance in the brain do
not exist.

*Corresponding author: Sergiy Anatoliyovich Petrov, doctor of biological sciences, professor of Odesa National Mechnykov I. I. University, Department of

Biochemistry, 2, Dvoryanska Str., Odesa, 65082, Ukraine.
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Table 1 | The content of thiamine and its metabolites in blood taken from the jugular vein, venae jugularis externa, after injection of thiamine
into the carotid artery (pg/ml of blood) n=8. * - the difference with the control group is significant (p<0.05). Conep>xaHue TMaMMHa U €ro
MeTabO0/INTOB B KPOBY, B3ATOI U3 IPEMHOII BEHBI, vende jugularis externa, moce BBeieHUs TUAMIHA B COHHYIO apTepuio (MKT / MJI KPOBH) N

= 8.* - pa3;muMA ¢ KOHTPOJIBHOI TPYIIIONt JocToBepHBI (p<0,05).

Parameter Control 1 minute 2 minutes 5 minutes 10 minutes
T-S-S-T 0.070+0.006 0.095+0.010 0.120+0.011* 0.155+0.017* 0.160+0.014*

TPP 0.355+0.037 0.470+0.048 0.595+0.061* 0.590+0.058* 0.590+0.062*
Thiamine 0.795+0.080 0.510+0.040* 0.400+0.038* 0.405+0.041* 0.410+0.039*
oxzﬁ:/rl‘t‘ll:i-:fc;le 0.030+0.003 0.055+0.004* 0.085+0.007* 0.085+0.009* 0.090+0.009*

2. Material and Methods

All studies were carried out on rabbits of 3-3.5 years old
and the brain of bulls. The norms of the European
convention on carrying out experiments with vertebrates
have been adhered to the current research.

The content of thiamine and TPP was measured by
fluorimetric method [12]. The content of 4-methyl-5p3-
oxyethylthiazole was determined after separation of
thiamine and its metabolites using spectrophotometry after
column chromatography at 253 nm [13].In this work, DEAE
-cellulose was used for the chromatographic separation of
thiamine metabolites, since the stability constants of their
complexes, which are formed, and, therefore, their
adsorption properties at certain pH differ very significantly.

Thiamine disulfide was determined by the fluorimetric
method [1].

Determination of adrenocorticotropic (ACTH) and
thyroid stimulating (TT) hormones was carried out by
immunoassay analysis [14, 15].

The obtained results are processed by methods of variation
statistics. The normality of distribution is rechecked using
[16]. Values are reported as means + SE. For further
analysis, the Student's t-test was used, or its modification -
Newman-Keuls method by Glantz S., 1999 [17]. Statistical
significance was considered to be p < 0.05.

3. Results

We started research on whether the thiaminase process in
the brain was present. For this, 1 mg of thiamine was
injected into the carotid artery (arteria carotis externa) of
rabbit and in 1, 2, 5, and 10 minutes blood samples from the
jugular vein (venae jugularis externa) were collected and the
content of thiamine, TPP, thiamine disulphide (TSST) and 4
-methyl-5p-oxyethylthiazole were determined.

The results of this study are presented in Table 1.

The obtained results indicate that injections of thiamine
into the carotid artery arteria carotis externa lead to its
rather rapid metabolism in the brain tissues. So, 1 minute
after injection, a significant increase in the content of 4-
methyl-5B-oxyethylthiazole was observed due to a decrease
in the thiamine content, indicating a rapid decay in the

brain. Two minutes after injection, the level of 4-methyl-5p3-
oxyethylthiazole continued to increase, the amount of TPP
and T-S-S-T also increased, while the thiamine level
continued to decrease. In 5 and 10 minutes, further
significant changes in the level of thiamine and its
metabolites in the blood were not observed.

Thus, this part of the research shows that after thiamine
entrance into the brain, the transformation of its part first
occurs due to thiaminasedecomposition. Later, the remnants
of free thiamine are converted into coenzyme (TPP) and
into the reserve form T-S-S-T.

The next step of our research was to find out in which part
of the brain thiaminase process is most intense. These data
are shown in Tables 2 and 3.

To solve this problem, the following parts of the brain of
the bull were separated: cortex, pons, cerebellum, pituitary
gland, thalamus + hypothalamus and corpus callosum. Each
department was perfused with glucose solution with
thiamine at a certain concentration for 5 minutes. The
content of thiamine, TPP and 4-methyl-5p-oxyethylthiazole
was determined before and after perfusion.

The results presented in Table 2 indicate that the highest
content of free thiamine was observed in the corpus
callosum.

In all other investigated brain departments, except for
cortex, it does not differ significantly. In the cortex, this
value was more than twice as low. The TPP content was the
largest in the corpus callosum, it was slightly lower in the
pons, the pituitary gland and thalamus + hypothalamus. The
smallest one was registered in the cortex. The level of 4-
methyl-5B-oxyethylthiazole was highest in the corpus
callosum, and the lowest in thalamus + hypothalamus.

Perfusion with thiamine and glucose increased the level of
free thiamine in the corpus callosum, while the level of TPP
significantly increased in all of the studied brain
departments, but the greatest effect was established in the
pons and thalamus + hypothalamus. Under these
conditions, the level of 4-methyl-5p-oxyethylthiazole was
significantly increased in the pituitary gland and cortex. In
the cerebellum this increase was less pronounced.

Thus, relatively high doses of thiamine resulted in its
accumulation in the unchanged form in the corpus
callosum. Subsequently, its part was converted into the
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Table 2 | The content of thiamine, TPP and 4-methyl-5p-oxyethylthiazole in the brain parts of the bull after perfusion with thiamine (1 mg /
ml) solution (mg/g of tissue) n=8. * - the difference with the baseline group is significant (p<0.05). Conep>xanne tramusa, TTIII u 4-meTnn-
5B-0KCHITMITHA30TIA B OT/ie/IaX T'OJIOBHOTO MO3Tra ObIKa Imocte mepdysun pacTBopoM taMuHa (1 mr / M) (Mr / T TKaHu) n = 8. * - pasnuuus
C COOTBETCTBYIOLIMM KOHTPO/IeM JocToBepHBI (p<0,05).

Thiamine TPP 4-methyl-5B-oxyethylthiazole

Brain department

baseline increase baseline increase baseline increase
Cortex 0.36+0.02 2.12+0.04* 0.66+0.05 5.54+0.23%* 0.64+0.08 4.46+0.05*
Pons 0.78+0.02 2.12+0.07* 0.92+0.04 4.46+0.20* 0.62+0.06 1.40+0.04*
Cerebellum 0.78+0.02 1.76+0.56* 0.80+0.17 1.82+0.45* 0.42+0.07 1.32+0.08*
Pituitary gland 0.64+0.07 2.64+0.24* 0.90+0.06 7.18+0.31%* 0.58+0.06 8.62+0.13*
Thalamus +hypo- |, 2.6 04 2.78+0.18* 0.9240.14 | 4.16£0.13* 0.14+0.02 0.50£0.03*
thalamus

Corpus callosum 0.88+0.02 6.24+0.10* 1.04+0.11 6.12+0.04* 0.86+0.02 1.204+0.11*

Table 3 | Increase of thiamine, TPP and 4-methyl-5p- Table 4 | Determination of the concentration of ACTH and TSH in
oxyethylthiazole content in the bovine brain sections with perfusion blood taken from the jugular vein after administration of 4-methyl-
of thiamine (0.1 mg/ml) (pg/g of tissue) n=8. VYeemmuenme 5P-oxyethylthiazole solution in the carotid artery at a concentration
conepxannsa tuammuna, TIII u 4-mermn-5B-okcustmnmnasona B of 1 mg/ml (uM/ml of blood) n=8. * - the difference with the control
OTJle/IaX TOJIOBHOTO MO3Ta KPYIIHOTO POTAaTOro CKOTa mpu mepdysun  group is significant (p<0.05). Onpenenenne konnentpammyu AKTI un
tramyHa (0,1 Mr / M) (MKr / T TKaHu) n = 8 TTT B xpoBU, B3ATON U3 APEMHOI BeHbI, II0C/Ie BBeJIleHUA PacTBOpa

4-MeTW1-5P-0KCUATHITHA30/Ia B COHHYIO apTepyIo B KOHI|EHTPALIMy
Brain department Thiamine TPP 4'methy'_'5ﬁ' 1 mr / M (MKM / M kpoBM) n = 8. * - pa3mnums ¢ KOHTPOIBHOI
oxyethylthiazole | 11yviimoii mocroeprsi (p<0,05).
Cortex 1.16+0.05 1.98+0.09 0.92+0.05 Ti
ime after ad-
inistrati ACTH TSH
Pons 1.10:0.03 | 2.10%0.08 0.86+0.02 ministration
Control 15.04£0.9 6.0+0.5
Cerebellum 0.96+0.05 1.760.05 0.84+0.04
5 minutes 10.14+0.8* 5.0£0.5
Pituitary gland 1.06+0.04 1.38+0.24 1.360.20 -
10 minutes 8.2+0.7* 4.240.4*
Thalamus + hypothala-
mus 1.06+0.04 1.98+0.19 0.60£0.10 15 minutes 6.1+0.7* 3.5+0.4*
Corpus callosum 2.1610.17 1.82+0.05 0.68+0.12 20 minutes 4.0+0.3* 1.0+0.2*

major coenzyme form of TPP in all parts of the brain, but to
a greater extent in the pons and thalamus + hypothalamus.
Intensive thiamine decompositionby thiaminase occurred in
the pituitary gland and cortex.

A decrease in the thiamine dose to 0.1 mg / ml resulted in
the following effects (Table 3).

The results presented in Table 3 indicate that with the use
of 0.1 mg/kg of thiamine, the highest amount of free
thiamine was present in the corpus callosum, as with after
the use of 1 mg / ml. In other parts of the brain its contents
did not differ significantly. The content of TPP in all studied
brain departments, except for the pituitary gland, was almost
similar. In the pituitary glandit was the smallest. As for 4-
methyl-5B-oxyethylthiazole, its content was significantly
higher in the pituitary gland than in other parts of the brain.

Thus, this part of our study suggests that thiaminase
pathway of thiamine decomposition takes place in the brain,
resulting in the formation of 4-methyl-5p-oxyethylthiazole.
This processis most intensive in the pituitary gland.

To find out the possible specific physiological function of
4-methyl-5B-oxyethylthiazole in the pituitary gland, we

conducted the next series of studies.

We injected 4-methyl-5B-oxyethylthiazole solution into
the carotid artery of the rabbit, and after 5, 10, 15 and 20
minutes, the blood from the jugular vein was taken out and
the content of ACTH and TSH was measured. The control
included administration of saline solution. Data for this
series are presented in Table 4.

As can be seen from the data presented in Table 4,
administration of 4-methyl-5p-oxyethylthiazole in the
carotid artery at a concentration of 1 mg/ml resulted in a
significant decrease in both ACTH and TSH levels in 20
minutes after administration. The level of ACTH was
reduced by almost 4-fold, and SH - 6 times in 20 minutes
after injection.

When the concentration of 4-methyl-5p-oxyethylthiazole
was reduced by 100 times to a concentration of 10 pg/ml,
which corresponds to the physiological concentration in the
blood, we obtained the following results (Table 5).

The results presented in Table 5 indicate that physiological
concentrations of 4-methyl-5B-oxyethylthiazole can reduce
the level of ACTH, while they do not affect the level of TSH.
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Table 5 | Determination of the concentration of ACTH and TSH in blood taken from the jugular vein after the introduction of 4-methyl-5p-
oxyethylthiazole solution in a carotid artery at a concentration of 10 ug/ml (uM/ml of blood) n=8. * - the difference with the control group is
significant (p<0.05). Onpenenenne konuentpanyy AKTT u TTT B KpoBM, B3ATOI U3 IPEMHOII BEHbI, [I0CTIe BBEIEHMS pacTBOpa 4-MeTUI-503-
OKCMATWITHMA30/Ia B COHHYIO apTepuio B KoHUeHTpauuy 10 Mkr / M (MKM / M KpoBM) n = 8. * - pasnmuus ¢ KOHTPOIBHOI IPYIIION

nocroBepHsI (p<0,05).

Time after administration ACTH TSH
Control 15.0+1.1 11.0+1.2
5 minutes 14.0+0.9 11.0+1.0
10 minutes 13.6%1.3 11.0+1.0
15 minutes 11.1+0.9* 10.2+1.1
20 minutes 12.0+0.9* 10.1£1.2

The obtained data confirm the presence of enzymatic
degradation of thiamine in the brain. The discovery of this 4-
methyl-5B-oxyethylthiazoledegradation product in the body
was reported in 1969 [6]. It is important to note that this
experiment was conducted on sterile animals, which
excluded the participation of microorganisms in this
process. In our laboratory, this fact has been confirmed [7].

In 2015, a large international team of researchers reported
the interaction of thiazole and its derivatives with proteins of
the nervous system [8].

In our study, it was established that the formation of this
product of thiaminase reaction in the brain occurs in its
different parts, but the most intensively this process is
conducted in the pituitary gland. According to our data, the
physiological role of this process includes inhibition of
adrenocorticotropic hormone adenohypophysis.

This fact agrees well with the observations of several
authors on the influence of thiamine on some processes with
the regulatory participation of adrenaline, in particular
carbohydrates metabolism [18].

In the future, we are going to isolate and purify thiaminase
using first classical methods, such as salting out, dialysis,
column chromatography on different carriers and
electrophoresis to assess the degree of purification of the
enzyme.

4. Concluding Remarks

Thus, the materials presented in this study indicate the
existence of hormone-mediated non-enzymatic function of
the product of the thiaminase process of 4-methyl-53-
oxyethylthiazolemammalian brain.

3aknroyeHne

Takum o6pasoM, MaTepuasbl, IpefcTaBIeHHbe B 9TOM
ucciaefoBanny, YKas3bIBalOT Ha CyLIeCTBOBaHME TOPMOH-
OIIOCPeOBaHHOI HedepMeHTaTMBHOM (PYHKIUY IIPOLYKTa
THAMMHA3HOTO mpoljecca  4-MeTuI-5B-0KCHITUITHAS0IA
MO3ra MJICKOIINTA N X.
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ABSTRACT

We studied the effect of thiochrome on the activity of DNA polymerase isolated from the liver of white rats. This article shows the possibility of
the influence of the most important thiamine metabolite — thiochrome on DNA polymerase activity. Roles of carboxyl groups of the enzyme
and hydrophobic and hydrogen bonds in it in the realization of the activating action of thiochrome on the enzyme have been studied. The
influence of thiochrome on the activity of DNA polymerase was studied. It was found that thiochrome is capable to activate this enzyme
through interaction with the enzyme.

AHHOTaus

Mpl usy4yanu BIMsIHYME THOXpOMa Ha akTuBHOCTb JJHK-monmmmepassl, BbIJeeHHON U3 IledeHM OebIX KpbIC. B HaHHOM cTaTbe HOKasaHa
BO3MOYXHOCTD B/IMAHMA BaXKHEJIIEro MeTabonmTa TMaMuHa — TMoXpoMa Ha akTuBHOCTb JJHK-monmmmepassl. Vi3ydeHa ponb KapOOKCUMIBHBIX
rpynn ¢epMeHTa M TUAPOGOOHBIX M BOMOPOAHBIX CBA3Ell B HEM B pealnsaluyl aKTMBUPYIOIETO MAEICTBUA TMOXpOMa Ha (hepMeHT.
ViccnenoBaHo BNMsHME THOXpoMa Ha akTuMBHOCTh JJHK-monmmepassl. BbIIO yCTaHOBIEHO, YTO TMOXPOM CIOCOOEH aKTMBMPOBATbh 3TOT

(epMeHT IyTeM B3aMMOJIEVICTBIA C PePMEHTOM.

Keywords: Thiochrome, DNA polymerase, enzyme

1. Introduction

The most of investigations in the field of biochemistry of
thiamine are devoted to its coenzyme form - thiamine
pyrophosphate and diseases associated with the deficiency of
this vitamin in the body. Studies on non-coenzyme
functions of both thiamine and its metabolites have been
published during last three years. In particular, the specific
role of thiamine triphosphate has been shownin the nervous
system [1]. The regulatory role of thiochrome (thiamine
catabolite) in the activity of a number of NAD-dependent
enzymes [2-5], pyruvate dehydrogenase complex [4] and
some proteolytic enzymes were demonstrated in our
previous studies [5].

According to the recent findings, thiamine itself and the
products of its oxidation and decomposition in the body can

affect the activity of many enzymes. So, it is known that
thiamine inhibits human saliva amylase at millimolar
concentrations[6]. The carbohydrate absorption process
depends on the thiazole moiety of thiamine. Thus, in the
study of the effect of thiamine and its phosphates on the
activity of the purified preparation of succinate
dehydrogenase, it was established that thiamine, TMP, and
TPF activate this enzyme [4]. In our laboratory the
regulatory role of thiamine and its metabolites in the
regulation of the activity of tissue and purified alcohol
dehydrogenase and lactate dehydrogenase was investigated.
In these experiments, it was shown that only thiochrome
among all thiamine metabolites, is able to inhibit the activity
of both studied enzymes effectively [4, 7]. It is important to
note that the cytoplasmic arrangement of these enzymes
coincides with that for thiochrome, and its effective

*Corresponding author: Sergiy Anatoliyovich Petrov, doctor of biological sciences, professor of Odesa National Mechnykov I. I. University, Department of

Biochemistry, 2, Dvoryanska Str., Odesa, 65082, Ukraine.
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concentrations are actually present in the cytoplasm after
loading with thiamine. These results gave us reason to
believe that the thiamine metabolite, thiochrome, can act as
an inhibitor of some NAD-dependent dehydrogenases [4].
The study of the binding of thiamine and its metabolites
with the purified alcohol dehydrogenase preparation in the
presence of various concentrations of NAD showed that
thiochrome binds to the enzyme 4-5 times stronger than
other metabolites of thiamine. In the presence of NAD in an
environment of equal or even superior doses to thiamine
and its metabolites, the binding of thiochrome remained
fairly high. In these studies, it was shown that thiochrome is
able to inhibit the activity of alcohol dehydrogenase even at
concentrations three times lower than that of NAD, and
only a six-fold excess of the concentration of NAD
compared to thiochrome removed the inhibitory effect of
the latter. The results suggest that inhibition of thiochrome
alcohol dehydrogenase is competitive with NAD. Since
thiochrome is a compound with pronounced hydrophobic
properties, it can be assumed that when it joins the
“hydrophobic pocket” of the active center of ADH, it
prevents the addition of NAD. This assumption is supported
by the same type of shifts to the shortwave region of the
NAD and thiochrome absorption maxima when they are
added to alcohol dehydrogenase, which we found in special
studies [4]. Data on the participation of thiamine in the
regulation of RNA synthesis have been obtained [8]. Thanks
to these studies, it was found that this effect can be achieved
by binding vitamin Bl to certain motifs of DNA, which
affects DNA-dependent RNA polymerase [9]. The direct
involvement of thiamine in the synthesis of RNA in tumor
cells is also shown. In this case, this vitamin should have a
potentiating effect on the transcription process [4].

The stimulating role of thiochrome in the reproduction of
a number of invertebrate organisms [10] and its effect on the
level of DNA and RNA in white rat tissues [7] are shown in
our previous studies. The purpose of this work was to study
the possibility of the thiochrome effect on the activity of
DNA polymerase.

2. Material and Methods
2.1 Method of DNA polymerase isolation

Isolation of DNA polymerase was carried out using the
method of isolation of Taq-polymerase [11].

The liver of a rat was homogenized and precipitated by
centrifugation at 6000g per 30 minutes. The pellet was
resuspended in 100 ml TE-buffer (10 mm Tris-HCI, pH 8.0,
1 mM EDTA), centrifuged for 6000g per 10 minutes. The
resulting precipitate was stored at -20°C. To destroy the
cells, 3g of the obtained liver pellet was resuspended in 30 ml
Tris-HCl buffer with the addition of the necessary
components (50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 1.25
mM PMSF, 2 mg/ml lysozyme). After 15 minutes incubation
at 20°C, the cells were destroyed in the ultrasonic

disintegrator UZDN-A ("sounding”, 1 minute with
interruptions) in theice bath. This procedure was carried out
until the optical density was reduced by a factor of ten at a
wavelength of 590 nm. To denature the proteins to the
suspension with constant stirring and 4°C, ammonium
sulfate was added to the crusts to a concentration of 0.2M.

The suspension of the destroyed cells was centrifuged for
10000g per 1 hour on a Beckman LS-75 centrifuge (T35,
Beckman rotor, USA). To denature the proteins, the
supernatant was heated at 75°C for 30 minutes. Then
polyimine P was added to the solution with constant stirring
to a concentration of 0.6% at 4°C. The solution was
incubated for 2 hours on ice, and then centrifuged for 10000
gper 1 hour. The supernatant was applied to the column
with 6 mL of phenyl sepharose, equilibrated with buffer A
(50 mM Tris-HCl, pH 7.5, 1 mM EDTA) containing 0.2 M
ammonium sulfate. The column was washed with bufferA
containing 20% glycerol (wt/vol). The bound proteins
elution was carried out with 100 ml of a linear gradient of
urea concentration (0 - 4 M) on buffer A at a rate of 10 ml/
hr, 5 mlfractions were collected. The optical elution profile
was determined from the absorbance at 280 nm on a
spectrophotometer.  Fractions containing the DNA
polymerase were pooled and dialyzed overnight against
buffer B (100 mM KCI, 50 mM Tris-HCI, pH 7.5, 0.1 mM
EDTA, 0.2% Tween 20). The dialyzed preparation was
applied to the column with heparin sepharose equilibrated
with buffer B. Elution was carried out with 60 ml of a
gradient of 100-700 mM KCI in buffer B at a rate of 10 ml/
hr. Fractions (3 ml)were collected. Fractions with DNA
polymerase were pooled and dialyzed against buffer for
preservation (20 mM Tris-HCI, pH 7.5, 100 mM KCI, 0.1
mM EDTA, 1 mM dithiothreitol, 0.2% Tween 20, 50%
glycerol). Dialysis preparation stored at -20°C.

2.2 Determination of the DNA polymerase activity

Determination of DNA-dependent DNA polymerase
activity was carried out in A, and A, systems.

System A;: 3 mM MgCl, 0.07 M KCl, 0.05 M tris-HCI
buffer (pH = 8.5), 2mM dithiothreitol, 40 mg of bovine
serum albumin, 10 pg of active DNA and 100 pM of each of
the four deoxyribonucleotides (ANTP).

System A,: 8 mM MgCl,, 0.12 M KCl, 0.05 M Tris-HCI
buffer (pH = 8.5), 2 mM dithiothreitol, 40 ug bovine serum
albumin, 10 pg of active DNA, and 100 pM of each of the
four deoxyribonucleotides (ANTP).

0.1 ml of DNA polymerase was added to each system, the
control groups were incubated for 30 minutes at 37°C.
During the pre-incubation tests, thiochrome was added with
concentrations: 1 nM, 10 nM, 100 nM, 1 uM.

Then, the reaction was stopped by the addition of 40 ul of
the mixture consisting of 0.2 M EDTA and a saturated
solution of Na,P,O, (1:1). 1 ml of 30% TCA was added to
each system in which 1/10 volume of Na,P,0, was
dissolved. It was centrifuged for 3000g per 10 minutes. The
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supernatant and sediment were separated.

The pellet was resuspended in the same volume as the
supernatant, centrifuged for 3000g per 10 minutes, and the
precipitates were determinedfor the DNA content

2.3 Determination of the binding rate of thiochrome to DNA
polymerase

Determination of the thiochrome binding rate to DNA
polymerase was carried out in two systems.

System A;: 3 mM MgCl,, 0.07 M KCl, 0.05 M Tris-HCI
buffer (pH = 8.5), 2 mM dithiothreitol, 40 mg of bovine
serum albumin, and 100 mM each of the four
deoxyribonucleotides (ANTP).

System A,: 8 mM MgCl,, 0.12 M KCl, 0.05 M Tris-HCI-
buffer (pH = 8.5), 2 mM dithiothreitol, 40 ug bovine serum
albumin, and 100 pM each of four deoxyribonucleotides
(dNTP).

DNA polymerase was added in a concentration of 100 pg/
ml and thiochrome in a concentration of 1 um. Then
inhibitors were introduced in the test samples: ether, urea,
formaldehyde, lead chloride in concentrations of 1, 2, 5, 10
pm (PbCl, for blocking sulthydryl groups, formaldehyde for
blocking amino groups, diethyl ether for blocking the
carboxylgroups, urea for partial destruction of hydrophobic
and hydrogen bonds). The samples were incubated in a
thermostat at 30°C for 30 minutes, then the samples were
centrifuged at 20000g per 30 minutes, the supernatants were
merged. The precipitates were washed twice with incubation
medium and the thiochrome content was determined by the
fluorimetric method.

All obtained data were processed statistically. All data
were analyzed by statistical data processing using the non-
parametric parameter Mann-Whitney [12]. Statistical
significance was considered to be p<0.05[13].

The bulk of used reagents meet the high purity

requirements (Reanal, Fluka, Sigma, Orion, Beloris), others
are Reahim production, with a characteristic of not less than
chemically pure, which, if necessary, are further refined.

3. Results

In our work, DNA polymerase of rat Rattus norvegicus
was used.

Inour previous studies [5, 14, 15] it was shown that
thiochrome is a thiamine metabolite that responsible for
activation of the process of reproduction in the mammals
and some invertebrates tissues. To find out the mechanism
of this action of thiochrome we studied the effect of this
metabolite on the activity of DNA polymerase isolated from
the liver of white rats. The results of these studies showed
(Figure 1) that thiochrome even at a concentration of 1 nm
is able to activate DNA polymerase in the A, system, and at a
concentration of 10 nm it activates the enzyme in both
systems. The greatest effect was observed at a concentration
of 1 um.t

Next it was necessary to establish which groups in the
DNA polymerase molecule participate in interaction with
thiochrome and are responsible for the activation of this
enzyme. To that case we used the inhibitor analysis method,
in which the following compounds were added to pre-
incubation medium.To block the sulthydryl groups of the
enzyme, we used PbCl,, formaldehyde blocked the amino
groups, diethyl ether blocked the carboxyl groups, urea
partially destroyed the hydrophobic and hydrogen bonds.

These inhibitors have been used in micromolar
concentrations in order to avoid a nonspecific effect on the
enzyme (Table 1).

The data in Table 1 indicate that when the PbCl, inhibitor
was introduced into the incubation medium, the activity of
the DNA polymerase decreased significantly in the A,
system. At the same time, the introduction of only

M System |

B System 2

DNA polymerase activity
pg DNA / mg protein
[ B S ¥ N = I+« B Vs

without 1 nm

thiochrome

10 nm

Thiochrome

100 nm 1pum concentration, nm

Figure 1 | The DNA polymerase activity in the presence of various thiochrome concentrations (ug DNA / mg protein)(n=8) *p<0.05 in com-
parison with control. JHK-nonmepasHas akTMBHOCTb B IIPUCYTCTBUM Pa3TNYHBIX KOHIleHTpamit Tmoxpoma (Mxr THK / mr 6enka) (n = 8)

* p<0,05 110 CpaBHEHUIO C KOHTPOJIEM
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Table 1 | The activity of DNA polymerase in the presence of thiochrome and functional groups blockers (ugt hiochrome /mg protein)
(n=8).* - p=0.05 in comparison with control. ** - p=0.05 in comparison with thiochrome. AxruHocts JTHK-n0NMMMepassl B IpUCYTCTBUN

THOXpOMa ¥ (QYHKIMOHAIBHBIX IPyNI (MKI TMOXpoMa / Mr 6enka) (n = 8) * - p = 0,05 Ho cpaBHeHMI0 ¢ KOHTponeM. ** - p = 0,05 mo
CpaBHEHMIO C TMOXPOMOM.
PbCl,
PbCl,+thiochrome
Control PbCl,1 pm Thiochrome 1 um
1 um PbCl, 2 um PbCl, 5 um PbCl, 10 um PbCl,
SystemA, 0,065 0,038 0,115 0,100 0,110 0,096 0,110
SystemA, 0,070 0,041 0,110 0,095 0,105 0,100 0,110
Formaldehyde
Formaldehyde +thiochrome
Control Formaldehyde
Thiochrome 1 um Lum 2 pm 5pm 10 pm
group 1 um
formaldehyde formaldehyde formaldehyde formaldehyde
SystemA, 0,065 0,085 0,115 0,110 0,100 0,111 0,118
SystemA, 0,070 0,041" 0,110’ 0,120’ 0,116’ 0,128 0,118
Ether
Ether +thiochrome
Control group Either 1 um | Thiochrome 1 ym
1 um ether 2 um ether 5 um ether 10 um ether
SystemA, 0,065 0,030° 0,115 0,048 0,042 0,033 0,030
SystemA, 0,070 0,032’ 0,110° 0,05 0,044 0,039 0,039
Urea
Urea +thiochrome
Control group Urea 1 um Thiochrome 1 um
1 um urea 2 um urea 5 um urea 10 um urea
SystemA, 0,065 0,040 0,115 0,055™ 0,050 0,048 0,033
SystemA, 0,070 0,041 0,110° 0,058 0,054"" 0,049 0,032%"

thiochrome led to the activation of this enzyme in both
systems. The most interesting results were obtained when
PbCl, was introduced into the incubation medium together
with thiochrome. This inhibitor in concentrations from 1
pum to 10 pm did not reduce the activating effect of
thiochrome, except at the concentration of 1 pm in system
A,

When using formaldehyde, it was found that this inhibitor
reduced the activity of DNA polymerase only in the A,
system. The introduction of only thiochrome into the
incubation medium increased the activity of the enzyme in
both systems. The combined use of formaldehyde and
thiochrome did not reduce the activating effect of
thiochrome.

The addition of diethyl ether to the incubation medium as
well as in the previous cases led to the decrease in activity of
the enzyme, and the addition of thiochrome led to its
activation. However, unlike previous inhibitors, diethyl ether
inhibited the activity of DNA polymerase even in the
presence of thiochrome.

A similar pattern was observed when using urea, which
reduced the activity of the enzyme under study. The
introduction of thiochrome into the incubation medium did
not prevent this effect.

Proceeding from the data given in the table, it should be
noted that both PbCl, and formaldehyde at concentrations
from 1 to 10 um did not decrease the activating effect of
thiochrome on DNA polymerase. Diethyl ether and urea

already at a concentration of 1 um removed the activation
effect of thiochrome on DNA polymerase. Higher
concentrations of these two compounds exerted a greater
inhibitory effect. Thus, these data indicate the role of
carboxyl groups of the enzyme, hydrophobic and hydrogen
bonds in the realization of the activating effect of
thiochrome on this enzyme. To clarify the obtained data, we
studied the binding of thiochrome to DNA polymerase in
the presence of the above inhibitors at the same
concentrations.

So, from Table 2 it can be seen that diethyl ether caused a
tendency to decrease for the registered parameters already at
its introduction in the concentration of 1 and 2 um in
comparison with the control. Higher concentrations, such as
5 and 10 pm, caused a significant decrease in these
parameters by an average of 40.1% in the A, and A, systems
at 5 pm, and at 10 um this average was lower by 49.8% in
both systems compared with the control option.

It is noted that when added to the medium, urea at all
concentrations is capable of reliable reduction of the binding
of thiochrome to the DNA polymerase. Thus, from Table 2 it
can be seen that even with the introduction of urea at a
concentration of 1 um, the recorded value on average in the
two systems was reduced by 39.2% with respect to the
control, and at urea concentration of 2 pm, the value was on
average 53.4% lower than in the control version.
Introduction of the investigated blocker into the medium at
a concentration of 5 pum led to the decrease in the indices in
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Table 2 | Thiochrome binding to DNA polymerase in the presence of different functional groups blockers (ug thiochrome/mg protein)
(n=8). * - p=0.05 in comparison with control. CpsassiBanne tnoxpoma ¢ JHK-monumepasoit B mpucyrcTBuyu 6710KaTOPOB PasIMUHBIX
(bYHKIMOHAIBHBIX TPy (MKT TMOXpoMa / Mr 6enka) (n = 8). * - p = 0,05 10 CpaBHEHMIO C KOHTPOJIEM ).

Ether
System Control
1pm 2 um 5pum 10 um
A 0,90 0,70 0,65 0,58 0,32
A, 0,94 0,74 0,69 0,52 0,61
U
System Control i
1pm 2 um 5pum 10 um
A 0,90 0,54 0,44 0,32 0,21
A, 0,94 0,58 0,42 0,29 0,19°
PbCl
System Control 2
1pm 2 um 5um 10 um
Ay 0,90 0,99 0,85 0,86 0,78
A, 0,94 0,93 0,87 0,83 0,85
F Idehyd
System Control orfha menyae
1pm 2 um 5pum 10 pm
A 0,90 1,11 0,94 0,88 0,83
A, 0,94 0,92 0,99 1,02 0,95

systems Al and A2 below the control by 66.8% on average.
When urea was introduced at a concentration of 10 um, a
similar pattern was observed. So, in systems A, and A,, on
average, the binding intensity decreased by 78.3% in relation
to the control.

Table 2 shows the data on the binding of thiochrome to
DNA polymerase. After the analysis of data, it was
determined that their concentrations fully correspond to the
content of thiochrome in animal tissues [4].

4. Concluding Remarks

It can be assumed that the binding of thiochrome to
certain sites of DNA polymerase is carried out using
hydrophobic interactions.

In this way, probably, thiochrome is capable of activating
the DNA polymerase through interaction with specific sites
of the enzyme containing amino acids with hydrophobic
radicals.

3aknroyeHne

MoskHO IIpeAIoO/gI0XNTDb, YTO CBA3bIBaHME TMOXpOoMa C

onpenenéHHbIMI caiiTaMu JHK-monmmmepasb
OCYLIeCTB/IACTCA €  UCIONb30BaHMEM  IMAPOGOOHBIX
B3aMMOJENCTBUN.

Takum  o6pasoM, BepoATHO, THOXPOM  CIIOCOOEH

akTuBupoBarh [JHK-nonuMepasy nyrem B3auMopeicTBUA C
KOHKDeTHBIMM  caiiTamum  ¢epMeHTa,  COepIKalero
AMUHOKMUCTIOTHI € TUAPO(POOHBIMI pafyIKaTaMI.
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ABSTRACT

Revealing the mechanisms of animal adaptation to different habitats is one of the central tasks of evolutionary physiology. A particular case of
such adaptation is the visual adaptation of marine species to different depth ranges. Because water absorbs more intensively longer
wavelengths than shorter wavelengths, the increase of habitat depth shifts the visual perception of marine species towards the blue region. In
this study, we investigated the molecular mechanisms of such visual adaptation for two squid species — Alloteuthis subulata and Loligo forbesi.
These species live at different depths (200 m and 360 m, respectively) and the absorption maximum of A. subulata visual rhodopsin is slightly
red-shifted compared to L. forbesi rhodopsin (499 and 494 nm, respectively). Previously, the amino acid sequences of these two species were
found to differ in 22 sites with only seven of them being non-neutral substitutions, and the S270F substitution was proposed as a possible
candidate responsible for the spectral shift. In this study, we constructed computational models of visual rhodopsins of these two squid species
and determined the main factors that cause the 5 nm spectral shift between the two proteins. We find that the origin of this spectral shift is a
consequence of a complex reorganization of the protein caused by at least two mutations including S270F. Moreover, the direct electrostatic
effect of polar hydroxyl-bearing serine that replaces non-polar phenylalanine is negligible due to the relatively long distance to the
chromophore.

AHHOTaIMA

OrmpepienieHne MeXaHM3MOB afJaNITAIIMY >KVBOTHBIX K PAs/IMYHBIM YCTIOBVAM CPeJibl ABJIAETCA OJHON U3 LIeHTPAIbHBIX 3ajlad SBOMIOLVIOHHO
¢busnonormy. YacTHBIM C/TyyaeM TaKoil afaNTallvy ABIAETCA 3pUTeNbHAA afJalTalA MOPCKMX KMBOTHBIX K Pa3/MYHbIM ITyOuHaM. Tak Kak
BOJIa IIOIJIOLIAET JUIMHHOBOJIHOM CBeT 60J/lee MHTEHCUBHO, YeM KOPOTKOBOIHOBOIA, TO C YBeIMYeHNeM ITyOMHbI OOUTaHNUS MIPOUCXOJUT CABUT
BUJMMOJ 4acTM CHEKTpa MOPCKMX >KMBOTHBIX B CMHIOIO 00/1acTh. B JJaHHOM MCClIeOBaHMM MBI M3YUMIM MOJIEKY/IAPHbIe MEeXaHV3MBI,
obecrieunBaoIe 3pUTETIbHYIO afialTalvio AByX KanbmapoB — Alloteuthis subulata m Loligo forbesi. 9T KambMapbl >KMBYT Ha pasHBIX
rry6uHax (200 M m 360 M COOTBETCTBEHHO), M MAaKCMMyM IIOITIOIIEHNs 3PUTENIbHOTO pomoncuHa A. subulata crnerka CHBMHYT B
IIVIHHOBOJTHOBYIO 00/1aCTh OTHOCUTENBHO poporcyuHa L. forbesi (499 u 494 HM cOOTBETCTBEHHO). B Gonee paHHelt paboTe y>ke IMPOBOAMICA
aHa/IM3 aMMHOKJVIC/IOTHBIX IIOC/IeIOBATE/IbHOCTEN STUX JBYX BUJIOB, KOTOPBIiI IOKa3aa Hamuyuye 22 aMIHOKIC/IOTHBIX 3aMeH, TONIbKO CeMb 13
KOTOPBIX OBUIM HEKOHCEPBATUBHBIMM. BBIIO BBIABUHYTO IPEAIIONIOXKEHMe, YTO aMUHOKMCIOTHas 3aMeHa S270F sABmsdeTcs BO3MOXKHOI
HPUYMHOI HAabII0NAeMOro CIIeKTPaTbHOTO CABUIA. B MaHHOI paboTe MBI CreHepyMpoOBaIy KOMIbIOTEPHbIE MO/ BU3YaIbHBIX POJIONICHIHOB
IBYX KaJIbMapoB J OINIpefie/ININ OCHOBHBIE (DaKTOPBI, KOTOPbIE OTBEYAIOT 3a 5 HM CIIEKTPANbHBIN CABUT MeXAy OenkaMu. Mbl 06Hapyxmm,
YTO NPUYMHON CIIEeKTPATbHOTO CHBMTA SB/IAETCA CIOKHAsA peopraHmsanys Oe/ka, BhI3BaHHAas KaK MMHMMYM ABYMs MyTaLVSAMM, BKIIOYas
S270F. Bonee TOro, Mbl IIOKa3alyu, 4TO IPAMON 37IEKTPOCTATUMYECKMI 3PQEKT MOIAPHOTO CepUHA, KOTOPBIN 3aMEeHAETCS HEIOJIAPHBIM
(beHMIaHNHOM, He3HAUNTeIeH, TaK KaK JaHHasA aMMHOKMC/IOTA HAXOMMUTCA Ha 3HAYMTETbHOM PacCTOAHMM OT XpoModopopa.

Keywords: Visual adaptation; squid rhodopsins; molecular mechanisms of visual adaptation; L. forbesi vision; A. subulata vision; non-direct
tuning in rhodopsins; spectral tuning in rhodopsins
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1. Introduction

Understanding the molecular mechanisms of visual
adaptation is an essential problem of evolutionary
physiology that allows for deriving general patterns of
rhodopsin alterations during the evolution of vision. A
prime example is the visual adaptation of marine species to
the habitat depth. An increase of habitat depth correlates
with a blue-shifting of visual range of marine animals, which
can be rationalized by the fact that longer wavelengths are
more intensively absorbed by water. For example, the rod
pigments of a majority of deep-sea fish exhibit A,,,, around
480 nm close to the maximum of oceanic water light
transmission. A similar blue shift has been found both in the
rod and cone pigments of cottoid fish species that live in
fresh-water Lake Baikal, in visual pigments of rockfishes and
crustacean.[1-3]

In this study, we consider a particular case of such visual
adaptation by comparing the visual rhodopsins of two squid
species. While Alloteuthis subulata squid lives at the depth
range around 200 m and its rhodopsin demonstrates an
absorption maximum at 499 nm, Loligo forbesi lives at the
depth around 360 m and the absorption maximum value of
its thodopsin is 494 nm. The origin of this shift has already
been studied experimentally.[4] According to this study, the
amino acid sequences of these two rhodopsins differ only in
22 sites, and only seven of them are non-neutral
substitutions. The substitution S270F was attributed as a
possible candidate responsible for the 5 nm difference. The
S270F substitution was singled out as a reasonable candidate
because it is the only substitution of a polar hydroxyl-
bearing serine located relatively close to the chromophore
with the non-polar phenylalanine. In this study, we
constructed a series of computational Quantum Mechanics/
Molecular Mechanics (QM/MM) models for rhodopsins of
A. subulata and L. forbesi and their mutants.

We found that direct electrostatic effect of the S270F
substitution cannot lead to any spectral shift due to the
relatively long distance from the chromophore. However,
the S270F substitution, along with other substitutions, is
responsible for the significant reorganization of the
hydrogen bond network in the protein that leads to change
in the position of the polar and charged residues including
the counterion E180. Thus, the spectral shift between A.
subulata and L. forbesi rhodopsins is an example of complex
non-direct spectral tuning rather than a direct electrostatic
effect of substituted residues. In addition, the spectral shift
between A. subulata and L. forbesi rhodopsins cannot be
explained completely by a single S270F substitution, and
other non-neutral substitutions are involved in the tuning of
the spectral shift.

2. Material and Methods

The structures of A. subulata and L. forbesi visual

rhodopsins were generated using a homology modeling
approach on the basis of their primary sequences (UniProt
codes Q17094 and P24603, respectively).[4, 5] The X-ray
structure of Todarodes Pacificus visual rhodopsin (RCSB
code 2773) was used as a template.[6] To align primary
sequences we used AlignMe program package.[7] The
obtained values of sequence identity between target proteins
and the template (83% and 85% for A. subulata and L.
forbesi, respectively) were very high, i.e. the structures of all
three proteins are very similar. To generate the three-
dimensional structures of target rhodopsins we applied the I
-TASSER program package.[8] Because I-TASSER can
generate several structures based on its scoring
functions and does not take into consideration the
membrane environment, we used visual inspection to sort
out the structure(s) with the correct fold. For each of the
studied rhodopsins and mutants, all structures except a
single one folded incorrectly, i.e. they could not exist in the
membrane environment. The final structures were subjected
to additional processing and optimization. We inserted the
retinal chromophore in rhodopsin models bound to the
K305 residue. Proteins were hydrated with Dowser++
program.[9] Then we used pdb2pqr (version 2.1.1)[10] and
propka (version 3.0)[11] programs to calculate pKa values
for the titratable amino acids in proteins, assign their
protonation states (pH=7.0) and add hydrogen atoms. These
complete models were subjected to geometry optimization
first at the MM level (AMBER force field)[12] and then
applying a  hybrid = quantum-mechanics/molecular-
mechanics approach [QM:MM (SORCI+Q//B3LYP/6-31g
(d):AMBER-96)] implemented in Gaussian09 program
package.[13] To calculate absorption maxima values of the
retinal chromophore in protein environment we applied
SORCI+Q/6-31G* level of theory implemented in ORCA 4.0
program package.[14] The same methodology was applied to
perform all other spectral calculations performed in the
current work. All applied protocols have been successfully
tested in a number of previous studies.[15-24]

For both proteins amino acid numbering is in accordance
with the published L. forbesi amino acid sequence.[5] .

3. Results

The absorption maxima values calculated for the generated
three-dimensional rhodopsin models were in good
agreement with experimental values and reproduced the
experimentally observed spectral red shift of A. subulata

Table 1 | The comparison of calculated and experimental absorption
wavelengths of rhodopsins from A. subulata and L. forbesi.
CpaBHeHMe PACCUMTAHHBIX ¥ 9KCIIEPYMEHTATbHBIX 3HAYEHMI Apgy
IIsL POLOIICUHOB KanbMapoB A. subulata u L. forbesi.

A. subulata Ao, nm L. forbesi Apay, NM

experimental 499 494
calculated 473 467

273|1-68: 45



JIOMICS | VOL 9 | ISSUE 1 | JUNE 2019 | 273 | 1-68

Table 2 | Absorption maxima values for several computational models of visual rhodopsins from A. subulata, L. forbesi, A. subulata S270F
mutant and L. forbesi rhodopsin F270S mutant. a) Model 2 is the retinal chromophore with geometry optimized in corresponding protein
environment of rhodopsin in the absence of external charges. b) Model 3 is the retinal chromophore in the presence of charges correspond-
ing to the E180 residue, the rest of AMBER charges of protein atoms are set to zero. c¢) Model 4 is the retinal chromophore in the presence of
charges corresponing to the E180 residue, polar residues and water molecules located within 5 A from the retinal chromophore. d) Model 5
is the model that contains all residues of the protein. 3HaueHMs M. JI1 HECKONBKMX BBIUMCINMTENBHBIX MOJe/IeNl M3Y4aeMbIX OeIKOB:
3PUTENTbHBIX POLONICKHOB KanbMapoB A. subulata, L. forbesi, myranta pogoncuna A. subulata S270F u myranTa pogorncusa L. forbesi F270S.
a) Mogenb 2 mpezcrasisieT co601 peTMHANBHBIA XPOMOGOp, TeOMeTpysi KOTOPOTro GbUIa ONTUMM3MPOBAHA B COOTBETCTBYIOLEN 6eIKOBOI
cpesie poponcuHa. b) Mopens 3 mpepcraBisieT co60i peTHMHAIBHBIT XpOMOGOP UM 3apsibl, COOTBETCTBYMOLIMe amuHokucnore E180,
ocranbHble AMBER sapsijipl Ha aToMax Gefka IpupaBHEHbI HY/IIO. €) Mogienb 4 mpeicTasisieT co60i peTHHANBHBIN XpOMOGDOP 1 3apsifibl,
COOTBeTCTBYyIOIMEe aMMHOKMCToTe E180, a TakKe TMOMAPHBIM aMUHOKMCIIOTAM M MOJIEKY/IaM BOJIBI, PAacIOIOKEHHBIM B Ipefienax 5 A or
peruHanbHOro XxpoMmodopa. d) Mopens 5 npeficTabisieT co60i1 peTMHAIBHBIA XpOMOGDOP U 3apsAfibl BCEX aMMHOKHUCIIOT OenKa.

A. subulata S270F L. forbesi F270S

Model A. subulata \,,,,, nm L. fobesi A, N Ao nm Ao nm
Model 22 603 601 596 603
Model 3P 525 501 524 532
Model 4¢ 487 467 487 501
Model 5¢ 473 467 476 485
full protein with charges of S270/F270 set to zero 471 465

rhodopsin relative to L. forbesi rhodopsin (Table 1). To
analyze the origin of this spectral shift we performed a series
of additional calculations for each rhodopsin model (Table
2).

A-L _ jAsubulata _ jL.forbesi
ﬂ“:l’mnx - “:l’mnx ":l’mn.r

Eq. 1
To discern the impact of different factors to the 5 nm
spectral shift between two proteins (Equation 1), we
performed the following analysis (see Figure 1). First, we

calculated A, for the gas-phase chromophore (11-cis
protonated Schiftf base, PSB11) (Model 1). After that, we
evaluated the spectral shift caused by the retinal geometry
modification by a protein environment. To accomplish this
task, we calculated the absorption maxima of retinal
chromophores (with geometries optimized in corresponding
protein environments of two rhodopsins) in the absence of
external charges (Model 2). These calculations provide the
+2 nm absorption red shift of retinal from A. subulata
rhodopsin compared to retinal from L. forbesi rhodopsin.

a) )

—24

) -0 = A. subulaia | '
— 0 — L. forbesi . 1o ;
=huss (A subulata) - |
E E 15 bnay (L forbesi)
— L] - I
= .r‘.
j-E: - 55 E 10 '
. -6
S00 —_— 0 | 5L |
—T ] —3 |
—ar =g o —0 |
i i 1 i 1 i | | 1
Model Model Model Model Model Model Model Model Model Model
1 1 3 4 5 1 2 3 4 5

Figure 1 | a) A, of the investigated computational models of rhodopsins from A. subulata (blue) and L. forbesi (green). b) The values for the
models. Model 1 is the gas-phase chromophore (11-cis protonated Schiff base, PSB11). Model 2 is the retinal chromophore with geometry
optimized in corresponding protein environment of rhodopsin in the absence of external charges. Model 3 is the retinal chromophore in the
presence of charges corresponding to the E180 residue, the rest of AMBER charges of protein atoms are set to zero. Model 4 is the retinal
chromophore in the presence of charges corresponding to the E180 residue, polar residues and water molecules located within 5 A from the
retinal chromophore. Model 5 is the model that contains all residues of the protein. a) PaccunranHble 3HaYeHMA A,y IS M3YYEHHBIX
Mofpenelt pogoncuHoB A. subulata (cvumit) and L. forbesi (3enenstit). b) CrekTpanbHble CIBUTY MeXAY Mopensamu. Mopens 1 mpefcrasser
coboit xpomodop (11-1mc nporoHnposanHoe ocHoBaHye IlIndda), reoMerpusa KOTOporo 6pIa ONTUMU3MPOBAHA B OTCYTCTBUY 3apPATOB.
Mogenp 2 mpepcraBisgeT cobo0il peTMHANbHbI XpoModop, reoMeTpys KOTOpOro Oblla ONTMMMU3MPOBAHA B COOTBETCTBYIOIIE 6elTKOBOII
cpene poporicutaa. Mogpenb 3 npefcTaBisieT co60il peTHHATbHBIN XpoModOp U 3apsifibl, COOTBETCTBYOIIE aMuHOKucnoTe E180, ocranbHble
AMBER 3apsappl Ha aToMax OefKa IpMpaBHEHbI Hymo. Mopenb 4 IpefcTaBisfeT co00il peTMHAIbHBII XpoModop M 3apspbl,
cooTBeTCTByIOIME aMyuHOKMCToTe E180, a Takxke TIONAPHBIM aMUHOKMCTOTAM M MOJIEKYZIaM BOJIbL, PACTIONIOKEHHBIM B TIpefienax 5 A ot
peTUHaIBbHOTO XpoModopa. Mofiens 5 mpeficTaB/sieT cOO0I PeTHHATBHBIN XpOMO(Op 1 3apsAAbI BCeX aMMHOKICTIOT OefKa.
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Next, we evaluated the effect of a negatively charged
residue located in the retinal-binding pocket (counterion
E180). We calculated the absorption maxima of retinal
chromophores in the presence of charges corresponding to
the E180 residue, setting the rest of AMBER charges of
protein atoms to zero (Model 3). The results showed that, in
A. subulata rhodopsin, the counterion causes a smaller
spectral blue shift than in L. forbesi rhodopsin (-78 and -100
nm relative to absorption of the retinal model without
external charges). Analysis of rhodopsin structure reveals
that E180 of A. subulata rhodopsin is located further from
the NH part of the chromophore than E180 of L. forbesi
rhodopsin. The distance measured from the closest oxygen
atom of E180 to the carbon atom C15 of the chromophore is
6.03 A vs 3.99 A for A. subulata and L. forbesi, respectively
(see Figure 2). This trend is in full agreement with previous
studies[19,25,26] that state the importance of the counterion
distance to NH moiety for spectral tuning. Adding polar
residues and water molecules located within 5 A from the
retinal chromophore to the model containing only E180
residue (Model 4) gives the total +20 nm spectral shift of A.
subulata model relative to L. forbesi model. Thus, all residues
and water molecules in the retinal-binding pocket except the
counterion only slightly decrease the spectral red shift
between A. subulata and L. forbesi rhodopsins caused by the
change of the distance from NH moiety to the E180
counterion. In the Figure 3 we show some of the polar
residues in the binding pocket with most prominent
reorganization. The impact of these residues on A, is
estimated by setting the charges of the corresponding
residues to zero. The calculated A, shifts are given in the
Table 3. It worth mentioning that total 4 nm effect for the
polar residues reorganization is due to the complex
reorganization of many residues, and each of them is
responsible for much larger shift than 4 nm. For example,
the impact of N87 residue, which is connected to the -N-H
part of the chromophore through the hydrogen bond, is -49

\ a)

6.01i% 6.17

0&:1@
OE27% 180

Figure 2 | The comparison of structural differences between four
investigated proteins: visual rhodopsins from A. subulata (a), L.
forbesi (b), A. subulata rhodopsin S270F mutant(c) and L. forbesi
rhodopsin F270S mutant (d). All distances are given in A. CpaBuenue
CTPYKTYp deTbIpeX W3yYeHHBIX MOJe/eil (eNKOB: 3pUTeNbHOrO

Table 3 | The impact of polar residues in the retinal-binding cavity of popmoncuna A. subulata (a), L. forbesi (b), myranta A. subulata S270F

A. subulata and L. forbesi rhodopsins that show the most prominent
reorganization (see Figure 3) on A, The effect was estimated by
setting the charges of the corresponding residues to zero. dddexr
HOJIAPHBIX AMMHOKMCIOT B XpPOMO(OPHOIT IMOMOCTU POSOIICKHOB U3
A. subulata wn L. forbesi, KoTopble HE€MOHCTPUPYIOT Hambonee
CHIBbHYI0 peopraHmsanuio (cM. PrucyHok 3), Ha 3HadeHust Amax. s
pacdera  addexra  3apAmbl,  COOTBETCTBYIOLIME  IIe/IeBOIl
AMMHOKMCIIOTe, OBITN IIPUPABHEHBI HYITIO.

A. subulata A\,

Residue L. forbesi A\,
nm
N87 -49 -33
N185 -19 13
C186 -16 -7
S187 16 -12
Y190 17 6

(c) u Myranrta L. forbesi F270S (d). Bce paccTrosnns npuseyieHst B A.

nm and -33 nm for A. subulata and L. forbesi models,
respectively. This A\, difference can be explained by the
change in the orientation of the ~-C(O)NH, part of the N87
residue relative to the -N-H part of the chromophore (see
Figure 2 a,b). Another striking example is the reorganization
of the ~OH part of the S187 residue: due to the change of the
dipole moment orientation, the AA,,, sign changes from
positive to negative for A. subulata and L. forbesi models,
respectively. Similarly, a flip of the -C(O)NH, part of the
N185 residue leads to the change of the AA,,, sign. The
above-described effect of polar residues reorganization is
also well-known and it has been reported before.[19, 27]

.ﬂ..-;LA —L

Eq.2 max

The Model 5 is the model that contains all residues of the
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N185

Y190

S187% (186

Figure 3 | Polar residues in the binding pocket of A. subulata (tan)
and L. forbesi (gray) rhodopsins that demonstrate the most promi-
nent reorganization. Hambomee CMIBHO peopraHM30BaHHbBIE
TIOJIAPHbIE aMUHOKMCIIOTBI B XpOMOCbOpHOI?I IIOJIOCTU POOIICMHOB A.
subulata (xxenrto-kopuuHessiit) and L. forbesi (cepsiit).

protein. The difference in the (Equation 2) values between
models containing the 5 A cavity and the complete protein
models (i.e. -14 nm) can be explained by the reorganization
of the charged residues outside the binding pocket.

We also tested the hypothesis proposed in a previous
experimental study[4] that the spectral shift is caused by
S270F substitution. First, we analyzed the direct electrostatic
effect of S270 and F270 residues on the absorption
maximum value of retinal chromophore in A. subulata and
L. forbesi rhodopsins, respectively. To perform this task, we
constructed new models by setting to zero charges of S270
and F270 in our models of A. subulata and L. forbesi
rhodopsins, and recalculated the absorption maxima
without preliminary geometry optimization. The results are
given in Table 2. One can see that the above-described
elimination of charges does not lead to any change of
(Equation 2) value. Moreover, the charges on these residues
have a negligible effect on the absorption maxima of the
corresponding rhodopsins. The analysis of the predicted
rhodopsin structures showed that S270 and F270 residues
are located too far from the retinal chromophore (8.13 A
and 7.75 A, see Figure 2 a,b) to produce a detectable direct
electrostatic effect.

As the next step, we investigated if the F270S substitution
in L. forbesi rhodopsin or S270F substitution in A. subulata
rhodopsin lead to notable structural reorganization and,
consequently, to a spectral shift for the absorption band of L.
forbesi and A. subulata rhodopsins. To address this issue, we
predicted a three-dimensional model of F270S and S270F
mutants of L. forbesi and A. subulata rhodopsins respectively
starting from their amino acid sequences following the
protocol described in the “Materials and methods” section.

The analysis of the obtained structures reveals that the
F270S substitution causes the structural reorganization of
the L. forbesi rhodopsin binding pocket including
counterion. The distance from the oxygen atom of the
counterion E180 to the C15 atom is 5.16 A (Figure 2d) that

is between 6.03 A and 3.99 A found for A. subulata
rhodopsins and L. forbesi rhodopsin, respectively. On the
contrary, the S270F substitution in the A. subulata
rhodopsin does not change the distance from the oxygen
atom of the counterion E180 to the C15 atom of the
chromophore that is 6.01 A comparing to 6.03 A (see Figure
2¢). Additional analysis of the obtained structures reveals
(see Figure 4) that in the A. subulata rhodopsin, the M126
residue located in the a-helix III (shown in orange in Figure
4a) is connected by a hydrogen bond network through a
water molecule to the S270 residue located in the a-helix VI
(shown in green in Figure 4a) and, finally, to the counterion
E180, which is located on the relatively flexible P-sheet
(shown in red in Figure 4a). For the L. forbesi rhodopsin and
both studied mutants, M126 does not make a hydrogen
bond that is connected the a-helix III and the counterion
through the residues of the a-helix VI (Figure 4b). For the L.
forbesi rhodopsin and the S270F mutant of the A. subulata
rhodopsin, the F270 residue does not have a part to make a
hydrogen bond (Figures 4b, c). For the F270S mutant of the
L. forbesi thodopsin, M126 is H-bonded to another residue
but not to S270 (Figure 4d). Thus, one of the roles of the
S270 residue is an adjustment of the counterion position
and, therefore, its distance to the chromophore through an
H-bond network.

To summarize, a comparative analysis of the spectral
tuning mechanism for the F270S and S270F mutants, L.
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Figure 4 | The differences in hydrogen-bond network that is related
to the orientation of E180 counterion in four investigated proteins:
visual rhodopsins from A. subulata (a), L. forbesi (b), A. subulata
rhodopsin S270F mutant (c) and L. forbesi rhodopsin F270S mutant
(d). All distances are given in A. CpaBHeHMe ceTeil BOOPOTHBIX
CBsA3€l, KOTOpble BBI3BIBAIOT peopMeHTanuioo KoHTpuoHa E180 B
YeThIpeX M3y4eHHBIX 0Oe/Kax: 3pUTeNbHBIX pORONCMHOB A. subulata
(a), L. forbesi (b), myranra poponcuna us A. subulata S270F (c) n
MyTaHTa popmoncuHa u3 L. forbesi F270S (d). Bce paccrosams
npuBeneHst B A.
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tuning mechanism for the F270S and S270F mutants, L.
forbesi and A. subulata rhodopsins shows that the
reorganization of the charged and polar residues in the
binding pocket, which is caused by F270S substitution, is
responsible only for a part of the spectral shift between L.
forbesi and A. subulata rhodopsins. The rest of the spectral
shift is due to the reorganization of residues located outside
of the binding pocket. According to our models, this
reorganization is caused by other substitution/substitutions
than F270S. Additional computational/experimental work
has to be performed to locate these mutations.

4. Concluding Remarks

In this study we investigated the origin of a spectral shift
between visual rhodopsins from two squid species - A.
subulata and L. forbesi that live at different depths in the
ocean. To accomplish this task, we constructed a series of
QM/MM models for these two rhodopsins, the F270S
mutant of L. forbesi rhodopsin and the S270F mutant of A.
subulata rhodopsin. We calculated A, values for these
proteins, and performed an extensive analysis of their
spectral tuning mechanisms. We showed that the origin of
the 5 nm spectral shift between rhodopsins from A. subulata
and L. forbesi is the consequence of the protein
reorganization (non-direct tuning) caused by at least two
mutations including S270F rather than an effect of a single
specific amino acid substitution. Also, we find that the effect
of the S270F substitution cannot be explained by the direct
electrostatic effect of polar hydroxyl-bearing serine that
replaces non-polar phenylalanine due to its far location from
the chromophore.

Generally, these two squid rhodopins provide a striking
example of non-direct tuning mechanism. The obtained
results can be useful for the rational design of modern
rhodopsin-based tools with altered optical properties that
can be used in the fields of optogenetics and molecular
visualization.[28,29] .

3akmroueHne

B manHOJ pab6oTe MBI M3y4MIM HPUYMHY CHEKTPaJbHOTO
COBUIA  MEXJy  3pUTE/bHBIMU  PONONCHHAMM  OBYX
KampMapoB — A. subulata u L. forbesi, KoTopble XUBYT Ha
pas/mM4HOl IMyOuMHe B OKeaHe. A pelleHMA NaHHONM
3ajjlauyl MBI CTeHEPUPOBAIN PAN KBAHTOBO-MeXaHUYECKUX/
MOJIEKY/LIPHO-MeXaHMYeCKNX MOfie/iell I 9TUX [JBYX
POLOIICKHOB, a TaKXXe MyTaHTa poponcumHa us L. forbesi
(F270S), paccumranu Oasi HUX 3HAUEHUSA Ay, U MPOBENN
HeTa/IbHBI/ AaHAIM3 MEXaHM3MOB, OTBEUAIOIINMX 3a UX
CIeKTpa/IbHble CBOJCTBAa. Mbl mOKasamu, YTO IPUYMHON 5
HM CIIeKTPaJIbHOTO CABUIA MeXAy poponcuHamn A. subulata
u L. forbesi sBnsercst peopranmsaius Oenka (Hempsmas
peryiAnusa CHeKTPaIbHBIX CBOJCTB), BbI3BaHHAad Kak
MUHMMYM OBYMS MYTalUsAMU, BKMo4asa 3ameHy S270F, a He
olpefie/ieHHasA OfMHOYHAsA MyTauuA. Taxoke MblI ITOKa3alu,

4T0 3¢ PeKT aMUHOKUCTOTHOI 3aMeHbl S270F He sBrsiercs
OpsAMBIM ~ 9NIEKTPOCTATUYECKUM  3P(PEKTOM  3aMeHbI
MOJIIPHOTO CEPMHA, COJlep KALIero IUAPOKCUIbHYIO IPYIIILY,
Ha  HeNOJApHBII  (DeHMWIaHWH, TaKk Kak  JiaHHad
AMIHOKIC/IOTa HAXOUTCSA Ja/IeKO OT XpoModopa.

Takum 06pasoM, W3ydYeHHBIE POMOICUMHBI KalbMapoB
HpeNCTaB/AIT co00il MOKa3aTebHbI IpUMep HEIPsIMOii

perysaumyu  CHeKTPaIbHBIX  CBOMCTB.  IlonydeHHbIe
pesy/IbTaThl MOTYT  OBITh ~ WCIOJBb30BAHBI  JUIA
pallMOHAIBHOTO  [iM3aliHa  COBPEMEHHBIX  YCTPOICTB
OIITOTEHETUKNU ¥ MOJIEKY/IIPHON BU3Ya/lM3al[M}i Ha OCHOBE
POJOICMHOB C  MOAM(UIMPOBAHHBIMU  ONTHYECKUMM
CBOJICTBaMI
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ABSTRACT

Phenotypic plasticity of vascular smooth muscle cells (VSMCs) is a functional property that is essential for vascular remodeling in vessel injury healing. During
phenotypic switch, quiescent VSMCs loss contractile capacity but acquire ability to proliferate and migrate to the injured site where they differentiate again to
the quiescent state. However, in pathological conditions such as endothelial dysfunction or atherosclerosis, phenotypic changes in arterial VSMCs become
deregulated leading to elevated VSMC dedifferentiation, proliferation, excessive extracellular matrix deposits, and intimal thickening. VSMC hyperplasia is a
complex mechanism that is coordinated by a network of various regulatory factors. Long non-coding (Inc)RNAs represent an important part of this regulatory
network. Some of IncRNAs are involved in VSMC differentiation, apoptosis, and maintenance of quiescence, while other IncRNAs promote VSMC
dedifferentiation, proliferation, and motility. In this review, we characterize these IncRNAs and their function in the context of possible involvement in
atherosclerosis.

AHHOTanusA

I'MajiKoOMBIIIeYHbIe KI€TKM KPOBEHOCHBIX COCYIOB XapaKTepU3YIOTCS IUIACTUYECKMM (DEHOTMIIOM, KOTODBIi MIpaeT BaKHYI POJIb B BOCCTAHOBUTENTBHBIX
npoleccax. DTy KJIeTKM MOTYT MeHSTb CBON (eHOTHII, Tepsissi COKpaTUTe/bHbIe CBOIICTBA 1 Ipuobperas ClIocOOHOCTh MPO/MQepupoBaTh ¥ MUTPUPOBATD K
HOBPEXX/ICHHBIM Y4aCTKaM TKaHM, I7ie OHY CHOBA 1 depeHIMpyIoTcs M IPUXOJAT B COCTOAHME 1OKOsA. OJ{HAKO, IPY Pa3BUTUM PA3/IMYHBIX IIATONOIMI, B TOM
4yIC/Ie, ATEPOCK/IEPO3a, Pery/Iauusa GeHOTUIINYECKOI MIACTUYHOCTY TTIAJKOMBIIIEYHBIX K/IETOK COCY/I0B HApYLIAETCsA, YTO NPUBOAUT K HEKOHTPONMPYEMOIt 1
130BITOYHOI TpoMMepalyy, OTIOXKEHUI0 MEXKIeTOYHOTO MaTPMKCa M, B KOHEYHOM WTOTe, YTONMIEHMIO CTEHKM COCyAa. B 3TOM ClOXXHOM mpolecce
NPUHUMAIOT y4yacTye pasianyHbie (aktopsl. [lmHHble Hekopmpytomme PHK (mmukPHK) sBnswoorcsa opumm m3 takux ¢akropos. Hekoropsie mmHkPHK
y4acTByOT B auddepeHnmanmy IaKOMbIIEYHbIX K/IETOK, aNoNTo3e ¥ MOjjep)KaHumy (eHoTMIia IOoKos, B TO BpeMs KaK Jpyrue CHOCOOCTBYIOT
nennddepeHLaLy KIeTOK, uX nponudepaunn 1 Murpanyun. B atom 063ope obcysxaarorcs pasmndHble Bisl IHKPHK, BO3MOXHO urpaioiie BaXHYI0 pojib
B Pa3BUTUM aT€POCK/IEPO3a.

Keywords: long non-coding RNA; VSMC; phenotype switch; proliferation; hyperplasia; atherosclerosis

VSMCs exhibit a quiescent phenotype characterized by
contractility and a lack of proliferation and motility.
However, adult VSMCs can acquire proliferative phenotype
through the mechanism of hyperplasia under specific

1. Introduction

Vascular smooth muscle cells (VSMCs) reside in the

arterial wall, in the layer called tunica media. These cells
produce a variety of contractile proteins, ion carriers, and
intracellular signaling components all involved in the
regulation of vascular tone. Under normal conditions,

conditions such as vascular injury or hypoxia. Under stress,
VSMCs are able to dedifferentiate to non-contractile cells
that have a capacity to proliferate and migrate [1].
Dedifferentiated cells are also characterized by higher

*Corresponding author: Alexander N. Orekhov; a.h.opexob@gmail.com; +7 903 169 08 66; Laboratory of Angiopathology, Institute of General Pathology and

Pathophysiology, Moscow 125315, Russia
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production of extracellular matrix (ECM) proteins and
lower expression of contractile proteins, such as smooth
muscle myosin heavy chain (SM-MHC), smooth muscle
actin-a (SMA-a), sm-22a, calponin, caldesmon, i.e. typical
markers of differentiated SMCs [2].

During vascular tissue repair, dedifferentiated VSMCs
undergo several rounds of proliferation and participate in
vascular remodeling. This process is characterized by
neointima formation, medial stiffening, and intimal
thickening, a phenomenon observed in vascular pathologies,
such as atherosclerosis or pulmonary hypertension [3, 4]. In
atherosclerosis, the phenotypic switch of VSMCs is a
frequent event that may involve over 80% of plaque VSMCs
[5]. Several studies aimed to understand the abundance of
VSMC hyperplasia and identify molecular factors that drive
both SMC-specific gene expression and differentiation. This
work resulted in the discovery of a complex network of
regulatory proteins and non-coding RNAs controlling the
phenotypic switch of VSMCs [6-8]. However, precise
molecular mechanisms that prime phenotypic changes in
VSMCs during vascular remodeling remain to be elucidated.
Long non-coding RNA (IncRNA) is a very diverse group of
non-protein coding RNA molecules that are present in
different organisms, from viruses to mammals [9]. However,
it was noted that the abundance of IncRNA increases with
the organism’s complexity, even exceeding that of protein-
coding genes [10]. According to current understanding,
IncRNAs perform important regulatory and other functions
that are only partly known to date. In this review, we will
focus on the role of IncRNA in the control of the VSMCs
phenotypic switch.

Origin and functions of long non-coding RNAs

Non-protein-coding IncRNAs are transcripts with a length
over 200 nucleotides that are distinct from small non-coding
RNA, such as microRNAs that are less than 25 nucleotides
long. So far, over 167K and 130K IncRNA genes were
identified in human and mouse respectively (NONCODE
database version 6.0, http://www.noncode.org) [11]. These
numbers exceed greatly the number of human protein-
coding genes (circa 20K according to the GENCODE
database  version 19,  http://www.gencodegenes.org/
stats.html). However, it is unclear whether all these RNA
sequences have a biological function because of the lack of
categorizing and validating data about IncRNAs. Current
criteria for categorization of IncRNAs are based on
association with adjacent protein-coding genes (Figure 1).

The origin of IncRNA remains obscure, largely because of
the elusive definition of this RNA class and its remarkable
variety [9]. However, a recent hyporthesis proposed a
possibility of an evolutionary path between enhancer-
derived RNAs (eRNAs), which are short, unspliced and cis-
acting, and IncRNAs that are much longer, undergo splicing
and can be trans-acting [12]. Examples of intermediate

forms were found, such as Lockd [13] and Bloodlinc [14]
that support this suggestion. More details on eRNA
functions are given below.

The localization of IncRNA genes can vary within the
genome. Sense IncRNAs overlap with protein-coding genes
and usually share the same promoter. Anti-sense IncRNAs
are localized on the opposite strands to protein-coding
genes. Intronic and intergenic (linc) RNAs reside in introns
of protein-coding genes or between protein-coding genes
respectively. Enhancer RNAs (eRNAs) span the enhancer
regions of protein-coding genes. Circular RNAs (circRNAs)
represent covalently enclosed RNAs that are usually
originated from splicing of protein-coding genes. However,
this classification does not reflect IncRNA function since
only a few IncRNAs were functionally characterized so far.
In general, IncRNA functions can be divided into four
categories: imprinting, activation of enhancer, molecular
sponges, and serving as scaffold/guide for epigenetic/
transcription factors.

Imprinting

Imprinting can be generally defined as parental-specific
gene expression in diploid cells when only one allele is
active, and the other allele is epigenetically silenced [15]. The
first IncRNA discovered was X-inactive specific transcript
(XIST) [16]. The XIST sequences literally cover a whole
chromosome X and perform X-inactivation mainly through
interaction with polycomb-repressive complex 2 (PRC2)
[17]. Other examples of well-studied IncRNAs involved in
imprinting are Airn [18], KCNQ1OT1 [19, 20], and H19
[21]. Generally, imprinting-associated IncRNAs inhibit the
expression of neighboring genes, acting as cis-regulators.
Imprinting is of great importance for embryogenesis (as in
the case of murine Xist) [22]. Therefore, imprinting
IncRNAs are functionally significant in the developmental
processes.

SENSE ANTISENSE INTRONIC
) Exon Exon
—  — —dm — —EEDH —
INTERGENIC ENHANCER RNA (eRNA) CIRCULAR RNA (circRNA)
} I\ Promoter
\
A

Enhancer Enhancer Exon  Exon Exon
I
eRNA Splicing / \ Backsplicing

5UTR 3UTR
m B cicrih
mMRNA

Figure 1 | Nomenclature of non-coding RNAs. Green and orange
indicate non-coding RNA and protein-coding genes respectively.
UTR, untranslated region. Homenknarypa gnukPHK. 3enénsiv n
opamxkeBbIM oTrMmedeHbl HIHKPHK m kopupymomme 6enok resi,
cootBercTBeHHO. UTR — HeTpaHC/ImpyeMblil y4acTOK.

A A—
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Enhancer activation

eRNAs have a compact size that does not exceed 2000
nucleotides. They are transcribed in association with the
regulated gene. For eRNAs, several possible mechanisms of
action were suggested, including serving as decoys for major
transcription factors or their binding sites, facilitating the
interaction between the promoter and the enhancer through
loop formation, and nucleosome depletion at the promoter
region [23]. eRNAs are widely distributed across the
genome. For example, in a primary mouse neuronal culture,
about 12,000 activity-regulated enhancers were found [24].
Expression levels of these enhancers correlated with
expression of adjacent protein-coding genes indicating the
presence of enhancer-promoter interaction. Another study
showed that 60% of transcribed enhancers are
polyadenylated whereas the rest is transcribed without
polyadenylation [25]. Similar situation was described for
other types of IncRNAs. Polyadenylated eRNAs are
unidirectly transcribed to the enhancer and therefore called
1d-eRNAs. By contrast, non-polyadenylated eRNAs (or 2d-
eRNAs) are bidirectionally transcribed [26].

The so-called super-enhancer regions of the genome
contain enhancer clusters marked by the presence of key
tissue-specific transcription factors and mediators. For
example, in embryonic stem cells, most genes that control
the pluripotent state, have enhancer elements for binding
Oct4, Sox2 and Nanog. These transcription factors are
responsible for maintenance of the characteristic stem cell
properties. After binding to an enhancer, these factors
recruit Mediator, a transcriptional coactivator, to induce the
expression of target genes [27]. For instance, PR (PRD1-BF1
-RIZ1 homologous) domain-containing 16 (PRDM16), a
transcriptional coregulator, recruits MED1, a component of
the Mediator complex, to super-enhancers at brown fat-
selective genes to initiate a brown fat differentiation program
[28].

Molecular sponges

circRNAs can originate from introns or exons
(ecircRNAs) of coding genes. Circular intronic RNAs are
predominantly present in the nucleus, while those
originating from the exons are preferentially cytoplasmic
[29]. In human fibroblasts, more than 25000 distinct
circRNA species were found, that contained non-colinear
exons and increased in numbers after exonuclease
degradation of linear RNA [30]. CircRNAs are abundant,
stable and evolutionary conserved (especially ecircRNAs),
however, their function remains largely unknown. Some
ecircRNAs may serve as RNA-binding proteins and
contribute to miRNA regulation, and, presumably, to the
control of parental gene expression and cell proliferation
[31].

The detection of miRNA-binding sites in circRNAs
allowed suggesting that circRNAs may act as molecular

sponges for miRNAs, regulating their function by
sequestration [32]. Circular RNA sponges for miR-7 (ciRS-7,
also known as CDR1as) may serve as an example of miRNA-
binding circRNA [33]. Linear IncRNAs can also act as
sponges for miRNA. A muscle-specific linc-MD1 catches
miR-133 and miR-135 to induce a differentiation switch in
myoblasts [34, 35]. IncRNAs highly up-regulated in liver
cancer (HULC) promote tumorigenesis by sequestering miR
-372 [36]. Imprinting IncRNA H19 binds let-7 family of
miRNAs, which in turn increases invasiveness of many
cancers [37]. Protein-coding transcripts termed competing
endogenous RNAs (ceRNAs), which are able to compete
with miRNAs, also exist. These transcripts express
concordantly with PTEN and possess regulatory properties
by suppressing or supporting tumor growth [38].

Scaffolds for epigenetic/transcription factors

Scaffolding function of nuclear IncRNAs was first
described in a study focusing on two histone modification
complexes and polycomb repressive complex 2 (PRC2) and
the LSD1/CoREST/REST complex binding to chromatin
[39]. In mouse embryonic cells, the expression of IncRNAs is
controlled by key transcription factors including stem cell
markers Oct4 and Nanog while lincRNAs transcripts
interact with numerous chromatin regulatory proteins to
influence shared gene expression programs [40].
Inactivation of dozen of lincRNAs caused either loss of the
pluripotent state or induction of alternative differentiation
programs. These data indicated the importance of IncRNAs
in the processes directing pluripotency and lineage
commitment programs [41, 42]. A model was proposed, in
which lincRNAs act as cell-type-specific flexible scaffolds to
bear protein complexes (i.e. epigenetic factors) to induce
specific transcriptional programs [40].

Other functions

Small conserved open-reading frames that encode
micropeptides were found in annotated IncRNAs. For
example, a putative skeletal muscle-specific IncRNA encodes
a functional micropeptide termed myoregulin, which
regulates muscle contractility by interaction with the
endoplasmic reticulum Ca*-ATPase (SERCA) and
inhibition of Ca>* uptake into the sarcoplasmic reticulum
[43]. Later, another micropeptide called DWORF was
discovered, encoded by a putative skeletal muscle-specific
IncRNA. Compared with myoregulin, DWORF possesses
opposite functional properties by activating SERCA and
enhancing Ca?* load to the endoplasmic reticulum. These
findings suggest that many annotated IncRNAs are ‘hidden’
mRNAs. Finally, IncRNAs may be involved in protein
translocation between the nucleus and the cytosol and in the
regulation of the stability of protein-coding genes [44].
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Long non-coding RNAs that promote vascular smooth muscle
cell proliferation and migration

Hi19

The gene encoding this imprinted IncRNA resides on
chromosome 11p15.5, immediately downstream of the IGF2
gene encoding the insulin-like growth factor II (IGF2) [45].
H19 and IGF2 are imprinted in a mutual way. In the
maternal chromosome, H19 is expressed but IGF2 is not. In
the paternal chromosome, IGF2 is expressed, while H19 is
not [21]. While IGF2 supports cell growth and proliferation,
H19 exhibits anti-proliferative activity. The IGF2-H19 locus
is involved in the regulation of embryogenesis.
Hypomethylation of the IGF2-H19 locus on both
chromosomes leads to the abolishment of imprinting
accompanied by activation of H19 expression and decrease
of IGF2 expression. This phenomenon is essential for the
maintenance of quiescence of adult pluripotent stem cells.
At the same time, hypermethylation of the IGF2-H19 locus
on both chromosomes (i.e. loss of imprinting) results in
IGF2 overproduction and is associated with tumorigenesis
[46].

Expression of H19 was found at highest levels in the fetal
muscle, in aortic smooth muscle, and at almost undetectable
levels in adult VSMCs [47]. Up-regulation of this IncRNA
was observed in the arterial neointima after acute vascular
damage [48] and in atherosclerotic lesions [49]. In cell
culture, H19 transcripts were undetectable in proliferating
neointimal cells, but were highly abundant in differentiated
neointimal cells. The first exon of H19 contains miR-675-
encoding gene [50]. H19 regulates the processing of miR-675
and cooperates with this miRNA in physiological effects. For
example, in the fetus, H19/miR-675 limits the prenatal
placenta growth by inhibiting insulin-like growth factor 1
receptor (Igflr) gene, a target for miR-675 [50]. However,
overexpression of H19/miR-675 was shown to enhance
proliferation and invasiveness of breast cancer cells by down
-regulating members of ubiquitin ligase E3 family (c-Cbl and
Cbl-b) and thereby increasing the stability of pro-oncogenic
receptors EGFR and HGFR [51]. In the neointima of balloon
-injured artery, both regulatory RNAs are overexpressed and
promote neointimal formation and arterial restenosis by
inhibition of phosphatase and tensin homolog (PTEN), a
suppressor of cell growth and proliferation [52]. It seems
that pathologic conditions such as vascular proliferative
disorders (like atherosclerosis) and cancer, induce global
epigenetic reprogramming accompanied by a loss of
imprinting at the IGF2-H19 locus. In such conditions, this
locus supports VSMC proliferation. In normal conditions,
IGF2-H19 imprinting exists that is associated with
suppression of VSMC proliferation.

ANRIL

The antisense noncoding RNA in the INK4 locus (ANRIL;

also known as CDKN2BAS) is located on chromosome
9p21.3. This IncRNA shares the promoter with the CDKN2A
(p14ARF) gene. The first ANRIL exon overlaps with two
exons of the CDKN2B (p15INK4B) gene. Both CDKN2A
and CDKN2B encode negative cell cycle regulators that
target cyclin-dependent kinases CDK4 and CDK6
respectively. This disrupts binding of CDK4/CDK6 to D-
cyclins and leads to the cell cycle arrest [53]. In addition,
CDKN2A interacts with the E3 ubiquitin-protein ligase
MDM2 that results in MDM2 degradation and derepression
of p53 [54]. Expression of ANRIL and CDKN2A is
coordinated both in steady-state and pathological conditions
[55]. ANRIL silences the expression of CDKN2A by
recruiting the polycomb repressive complex-2 (PRC2), a
chromatin-modifying complex, to the shared promoter
thereby permitting the cell cycle progression and cell
proliferation [56].

The results of early studies suggested that ANRIL acts as a
scaffold for PRC1 and PRC2 mediating the repression of the
CDKN2B/ CDKN2A/CDKNI1B locus in a cis manner [56,
57]. However, ANRIL exhibits a more complicated
regulatory pattern displaying the ability to regulate gene
expression in a trans manner as well. Genome-wide
association studies showed a strong association of the
ANRIL locus with coronary artery disease (CAD), type 2
diabetes, cancer, and intracranial aneurisms [58].
Association between ANRIL and cardiovascular diseases is
complex and mediated by extended haplotypes located in the
58-kb region (so called CAD interval) that lacks any known
protein-coding gene [40]. Disease-associated ANRIL
variants were shown to influence the expression of this
IncRNA. It was found that the association between ANRIL
and atherosclerosis can be modulated in trans by Alu
elements located in ANRIL and the promoters of its target
genes [59].

Another study showed that the C/C genotype of single
nucleotide polymorphism (SNP) rs1333049, a CAD risk
ANRIL variant, was associated with the lowest expression of
this IncRNA in VSMCs, increased VSMC proliferation, and
the highest content of VSMCs in atherosclerotic plaques
[60]. The risk allele C of rs1333049 can decrease the
expression of the long ANRIL transcript but increase that of
short transcripts, which in turn leads to CDKN2A/B down-
regulation and VSMC proliferation [61]. The significance of
this genomic region in the pathogenesis of vascular diseases
was confirmed by the experiments, in which the orthologous
70-kb non-coding CAD interval was deleted from murine
chromosome 4. That led to increased proliferation of
VSMCs, reduction of cardiac expression of Cdkn2a/b [62],
and vascular aneurism progression [63]. Loss of the CAD
interval also resulted in reduced transforming growth factor
(TGF)-p-dependent canonical Smad2 signaling [63]. This is
consistent with recent observations that alterations in Tgf-f
signaling in Cdkn2b-deficient VSMCs due to down-
regulation of the inhibitor Smad7 impairs vessel maturation
and VSMC recruitment to neovessels under hypoxic
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conditions. However, inhibition of CDKN2B in hypoxic
VSMCs leads to up-regulation of Tgf-p itself [64]. These
findings suggest that overexpression of ANRIL in VSMCs
promotes dedifferentiation, growth, proliferation, and
profibrotic activity in a TGF-p-dependent manner.

Up-regulation of ANRIL contributes to atherogenesis. It
was demonstrated that knockdown of ANRIL in VSMCs
correlated with reduction of cell growth [65]. However,
while linear forms of ANRIL appear to promote VSMC
proliferation, a recently identified atheroprotective circular
ANRIL (circANRIL) isoform exhibits opposite effects by
inducing VSMC apoptosis and inhibiting proliferation.
Mechanistically, circANRIL binds to pescadillo homologue 1
(PES1), an essential 60S-preribosomal assembly factor, that
leads to the abnormalities in exonuclease-mediated pre-
rRNA processing and ribosome biogenesis in VSMCs and
macrophages. As a result, this circular RNA induces
nucleolar stress and p53 activation with subsequent
apoptosis [66]. In summary, ANRIL exerts complex effects
on VSMC behavior and function. In human aortic SMCs,
different ANRIL splice variants may have distinct roles by
influencing the expression of genes involved in cell
proliferation, apoptosis, vascular remodeling, and
inflammation.

SMILR

The intergenic IncRNA (chromosome 8q24.13) has been
recently identified in VSMCs stimulated with interleukin
(IL)-la and platelet-derived growth factor (PDGF) [67].
Followed stimulation, levels of this RNA called smooth
muscle-induced IncRNA enhances replication (SMILR).
SMILR activates VSMC proliferation. Interestingly, SMILR
depletion led to down-regulation of hyaluronan synthase 2
(HAS2), an enzyme involved in the extracellular matrix
synthesis during neointimal formation [68]. High levels of
SMILR were observed in vulnerable atherosclerotic plaques
suggesting for a possible proatherogenic role.

HAS2-AS1

Hyaluronan synthase 2 antisense RNA1 (HAS2-AS1) is
located on chromosome 8q24.13, in the vicinity to the HAS2
gene, but seems to have a distinct promoter [69]. Expression
of this antisense RNA is coordinated with that of HAS2. In
renal proximal tubular epithelial cells, expression of both
genes can be induced by IL-1B or TGF-P. Furthermore, for
HAS2-AS1 and HAS2, the possibility to form a heterodimer
was shown in silico [69]. O-GlcNAcylation modulates HAS2
-AS1 promoter up-regulation through mobilization of the
NF-kB subunit p65, while HAS2-AS1 itself performs cis-
regulation of HAS2 expression by chromatin remodeling
about the proximal HAT2 promoter via O-GlcNAcylation
and acetylation [70]. Overactivity of HAS2/HAS2-AS1 may
contribute to diabetic macrovascular complications by
stimulating dedifferentiation and proliferation of VSMCs

since diabetic vessels are rich of matrix hyaluronan, a
stimulator of HAS2 synthesis.

MIR222HG

The non-coding miR-222 host gene (MIR222HG; also
known as Lnc-Ang362) is located on chromosome Xp11.3
and serves as a host transcript for miR-221 and miR-222,
two RNAs that stimulate proliferation of VSMCs. In
VSMCs, MIR222HG expression can be induced by
angiotensin II. MIR222HG knockdown reduces VSMC
proliferation thereby suggesting that this IncRNA possesses
proproliferative properties [71].

Long non-coding RNAs that promote vascular smooth muscle
differentiation or inhibit proliferation

SENCR

The gene encoding this cytoplasmic IncRNA is located on
chromosome 11q24.3. SENCR (Smooth muscle and
Endothelial cell-enriched migration/differentiation-
associated long non-coding RNA) is transcribed antisense at
5’end of the Friend leukemia integration 1 transcription
factor (FLI1) and contains two splice variants [72]. This
IncRNA is enriched in vascular cells such as VSMCs and the
endothelial cells. Despite the overlap with the FLI gene, little
or no cis-effect of SENCR to FLI1 or neighboring gene
expression was observed [72]. SENCR knock-down was
accompanied with significant down-regulation of the
expression of myocardin and multiple smooth muscle
contractile genes. Accordingly, down-regulation of SENCR
also led to the activation of VSMC proliferation and
migration mediated through up-regulation of the
transcription factor Forkhead box protein O1 (FoxO1) and
transient receptor potential cation channel C6 (TRPC6) [73].
These data indicate that this SMC-enriched RNA is involved
in the regulation of SMC differentiation program.
Overexpression of SENCR could reverse proproliferative
effects of high glucose on VSMC suggesting for a potential
vasculoprotective function in diabetes. Recently, it was
reported that expression of SENCR significantly correlated
with left ventricular (LV) mass to LV end-diastolic volume
ratio, a marker of cardiac remodeling, in type 2 diabetic
patients [74]. This indeed indicates a role of SENCR as an
independent predictor of remodeling in diabetes. In
summary, SENCR supports VSMC differentiation and is
expected to play an anti-atherosclerotic role. Further studies
are required to identify the molecular targets and signaling
pathways regulated by this IncRNA.

MYOSLID
Recently, a new SMC-specific IncRNA was identified,

named MYOcardin-induced Smooth muscle LncRNA,
Inducer of Differentiation (MYOSLID) [75]. The MYOSLID
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gene is situated on chromosome 2q33.3, upstream the
LINCO01802 gene that encodes long intergenic non-protein
coding RNA 1802. Myocardin drives the transcription of
MYOSLID. In VSMCs, this RNA is involved in propagation
of the VSMC differentiation and inhibition of proliferation.
MYOSLID did not influence expression of any transcription
factors. However, knock-down of this RNA in VSMCs
abolished formation of actin stress fibers and prevented the
translocation of MYOCD-related transcription factor A
(MKL1) to the nucleus. In addition, down-regulation of
MYOSLID inhibited TGF-B-mediated activation of SMAD2,
an intracellular effector that mediates the effects of this
growth factor on cell differentiation [75].

LincRNA-p21

LincRNA-p21 (also known as tumor protein p53 pathway
corepressor 1, TRP53COR1) is a p53-induced intergenic
IncRNA located on chromosome 6p21.2. By binding to
MDM?2, lincRNA-p21 derepresses p53 and stimulates p53
interaction with p300. P53/p300 complex then binds to the
promoters or enhancers of target genes to promote their
expression [76]. LincRNA-p21 inhibits VSMC proliferation
and induces apoptosis of cultured VSMCs and macrophages.
Expression of this RNA is decreased in CAD patients. In in a
murine carotid artery injury model, lincRNA-p21
knockdown promoted neointima formation [77]. Together,
these data indicate that lincRNA-p21 suppresses neointimal
hyperplasia of VSMCs and may therefore have anti-
atherosclerotic properties.

HIF1A-ASI

This IncRNA spans the 5’ region of the hypoxia-inducible
factor-la-encoding HIFI1A gene in the antisense direction
(chromosome 14q23.2). It is unknown whether HIF1A-AS1
influences HIF1A expression in cis. In VSMCs, this RNA is
induced by Brahma-related gene 1 (BRG1), a transcription
factor. Both BRG1 and HIF1A-ASI are overexpressed in the
aortic media of patients with thoracic aortic aneurysms that
leads to increased apoptosis and suppressed proliferation of
aortic SMCs in a p53-dependent manner and finally to aortic
dissection [78]. It was found that inhibition of HIF1A-AS1
in VSMCs resulted in suppression of caspase-3 and caspase-
8, both are proapoptotic proteins, and stimulation Bcl2, an
anti-apoptotic protein [79]. It is likely that HIF1A-AS1 plays
a pathogenic role in aortic aneurism by suppressing
proliferation and activating apoptosis of VSMCs.

GAS5

LncRNA Growth arrest specific 5 (GAS5) is located on
chromosome 1q25.1 within the cluster of 11 small nucleolar
(sno)RNAs. According to current understanding, snoRNAs
act as guide non-coding RNAs, which are involved in
biogenesis (modifications) of other small nuclear RNAs [80].

GAS5 and the cluster of GAS5 resides between two protein-
coding genes, namely DARS2 (encodes aspartyl-tRNA
synthetase 2, mitochondrial) and ZBTB37 (encodes zinc
finger and BTB domain containing 37, a transcriptional
regulator). However, it is unknown whether GAS5 controls
the expression of ZBTB37 and DARS2 in a cis manner. The
cluster also contains a gene encoding GAS5-AS1 RNA that
may potentially be responsible for the control of GAS5
expression. GAS5 exhibits multiple functions. The most
prominent role of this RNA is to serve as a tumor
suppressor, since GAS5 blocks the growth and spreading of
tumor cells in many cancer types [81]. Overexpression of
GAS5 is able to suppress the proliferation of non-cancer
cells, for example, vein SMCs. It was found that GAS5
overproduction inhibited proliferation and migration, but
also reduced apoptosis of human saphenous vein SMCs [82].
However, when expressed at low levels, this RNA
contributes to the formation of primary varicose great
saphenous veins by stimulating VSMC proliferation and
motility. In the vascular wall, GAS5 is expressed in the
endothelial cells and VSMCs, and can contribute to
controlling functional activity of these cells. In hypertension,
vascular expression of GAS5 was shown to be reduced [83].
GAS5 plays a vasculoprotective role by repressing
neointimal hyperplasia of VSMCs. Hypertension-induced
down-regulation of GAS5 leads to microvascular
dysfunction associated with the vessel leakage and retinal
neovascularization. In hypertension, GAS5 regulates
vascular remodeling by controlling function of endothelial
cells and VSMCs through pB-catenin-dependent pathway
[83].

Other IncRNAs

Recently, at least three IncRNAs (i.e. ADCY5, ARHGEF12,
and FGF12) were found to influence the expression of
myocardin, a key transcription factor in launching SMC-
specific differentiation program [84]. Depletion of these
competitive endogenous RNAs resulted in down-regulation
of myocardin and phenotypic transformation of VSMCs
from contractile cells to undifferentiated cells characterized
by advanced proliferation, enhanced ECM production, and
mural thrombi formation. These characteristics may cause
an abnormal tissue repair and chronical maintenance of
intracranial aneurysms. Therefore, these IncRNAs appear to
be involved in the regulation of mature SMC contractility.

Long non-coding RNA detection and use

Numerous studies have identified particular IncRNAs as
clinically useful biomarkers, mostly, for detection of various
cancers [85, 86], but also for other human diseases, such as
ischemic stroke [87] and other cardiovascular disorders [88].
Correspondingly, the interest in improved methods of
IncRNA detection is growing. To date, the two most
commonly used methods for IncRNA detection are
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microarrays that were first developed to detect protein-
coding RNAs, and RNA sequencing (RNA-seq) [89].
Microarrays are well-characterized and powerful tools for
detection of particular IncRNA with previously known
sequences. RNA-seq approach requires a more complicated
analysis, but has a broader coverage of IncRNA
transcriptome than microarrays. Libraries for RNA-seq can
be created using oligo dT beads to enrich and detect
polyadenylated IncRNAs (together with mRNAs) or via
depletion of rRNA to analyze all other IncRNAs, including
circRNAs. The methodological difference between the two
methods naturally suggests using RNA-seq approach mostly
for screening for novel IncRNAs associated with various
human diseases, and microarrays — for robust detection of
established IncRNA biomarkers.

The discovery of new IncRNAs and better characterization
of the known ones increases the number of novel biomarkers
and potential therapeutic targets for treatment of
cardiovascular diseases, including atherosclerosis. The
IncRNAs discussed in this review likely represent only the
beginning of the long list of IncRNAs implicated in
cardiovascular diseases that remains to be established.
Recently, the diagnostic and therapeutic potential of
circRNAs for treatment of cardiovascular diseases has been
discussed [88]. Silencing disease-associated IncRNAs that
promote cell proliferation appears to be an attractive
therapeutic possibility, which has already been explored in
animal models of some cancers. Inhibition of IncRNAs can
be achieved by different modern methods, such as the use of
small interfering RNA (siRNAs) or short hairpin RNAs
(shRNAs) and knock-down via CRISPR/Cas9 editing. Some
of these methods have already been employed at pre-clinical
level and are described in a recent review [90]. More studies
are needed, however, to translate the accumulating
knowledge of regulatory IncRNAs into clinical applications.

5. Concluding Remarks

Phenotypic switch of VSMCs followed by hyperplasia and
neointima formation is an essential stage of pro-
atherosclerotic vascular remodeling. LncRNAs play an
essential role in controlling this process. Some RNAs
suppress  proliferation/migration of VSMCs thereby
preventing phenotype changes, while others up-regulate
VSMC  proliferation and hence support VSMC
dedifferentiation and neointimal formation. Expression of
proproliferative ~ VSMCs can be up-regulated in
atherosclerotic plaques and therefore inhibition of their
expression may have therapeutic interest in order to target
aberrant arterial wall remodeling in atherosclerosis.
However, at present, using IncRNAs for clinical purposes is
not yet considered. Only a few IncRNA are functionally
characterized so far. In VSMCs, IncRNAs form a complex
regulatory network that controls VSMC function and
behavior. This network becomes even more complex since
IncRNAs interacts with miRNAs and regulatory proteins. In

addition, not all IncRNAs exclusively expressed or enriched
in VSMCs. Therefore, targeting widely distributed IncRNAs
may increase risk of target-off effects and adverse influences
on other cells. Using cell-type specific delivery approaches
may reduce off-target effects since quiescent and
hyperplastic VSMCs express distinct sets of biomarkers.
Circulating IncRNAs can probably be also used as diagnostic
and prognostic biomarkers, and this possibility is already
being explored in some studies. In conclusion, although
IncRNAs have promising therapeutic potential, they have
not attained the stage that would provide an option of easy
clinical application.

3akmroueHne

CmeHa denoTumna I7TaIKOMBIII€YHBIX KJIETOK
KPOBEHOCHBIX COCYTIOB, COIIPOBOKAAOIAACS
TUNepIUIalyeil ¥ YTONIIEHMeM COCYAMCTON  CTE€HKM
ABJIAETCA BaKHBIM 3TaIloM B pasBUTUM
arepockimeporudeckoit  6Omsmku, u gnHKPHK  wurpasot
BAXHYI0O pPOIb B 3ToM TIipouecce. OTpmenbHble BU[bI
nmukPHK  mopmasistior  mponmmudepanio M MUTPALNIO
[JIAfKOMBIIIEYHBIX KIETOK, TaKMM 00pa3oM, NpPeIATCTBY
cMepe (peHOTHIIA, B TO BpeMs Kak APyrue BUAbI HA000POT,

CHOCO6CTBYIOT nponmbepaunm n Murpagum u, T€M CaMblIM,

¢dbopmupoBaHuI0 HEOMHTVMBIL. [Tpormdepanns
I[/IafKOMBIIIEYHbBIX K/IETOK Hab/roaeTcs B
aTepOCK/IepOTHYEeCKUX OJAIIKAX, M IIOfjaB/ieHNe 9STOro
mpolecca MOXeT UMeTb BaXXHOe TepaleBTIYecKoe

3HavyeHne. OHAKO, B HAaCTOslIlee BpeMs ellle paHO TOBOPUTD
0 TepameBTMueckoM npumeHeHuyu mnHKPHK. JInmb
HECKOJIbKO mnakPHK O6bUIN (YHKIMOHANIBHO
OXapaKTepM30BaHbBl K HACTOsAIleMy MOMeHTy. B To ke
BpeMdA, B IJIAHKOMBILIEYHBIX K/IE€TKaX COCYIOB MOXeT
CyILIleCTBOBATb Pa3BUTas PETYNMPYIOLIAs CETh, BKIIOYAIONINA
pasnu4Hble nmakPHK, KOTOpbIE TaKXe MOTYT
B3aMIMOJIeIICTBOBATh ¢ MalbIMu MHTepdepupyomumu PHK
u perynaTopHeiMu  Oenkamyu. Kpome Toro, He Bce
OIIMICaHHbIE nmakPHK 9KCIIPECCUPYIOTCA
IPeUMYILIECTBEHHO B ITafKOMBILIIEYHBIX KJIETKAX, YTO
cosfaeT pUcK mMo60YHbIX 3(DHEKTOB IpM NMPUMEHEHUN ITUX
nnHkPHK. Pemenmem 3T0il 1po6neMbl MOXXET CTarh
paspaboTka METOJI0B HalpaB/IeHHON TOCTaBKI
TepaNeBTUYECKMX MOJIEKY/l B IJIAKOMBIIIEYHbIE KJIETKU
aTepOCK/IePOTHYECKNX OJIAIIeK, TaK KaK 9T KITKM MMEIOT

HEKOTOpPble  XapaKTepHbIE 61oMapKepsI, KOTOpbIE
N03BOJIAIOT pa3/iNyaTh KJIETKU, HAXOMAIINMECA B COCTOSIHUM
mokoss orT mpomudepupyoomux — kiaerok.  aHKPHK,

IPUCYTCTBYIOIIME B CHUCTeMe KpOBOOOpAIeHNUA, MOIYT
TaK)Xe CHOY)KUTb B  KayecTBe [IMArHOCTUYECKUX U
MIPOTHOCTUYECKMX (PAKTOPOB, M 3Ta BO3MOXKHOCTb B
HacToslee BpeMs aKTMBHO MccaefyeTcsa. Takmm ob6pasow,
nnmHkPHK  o6nagaloT  MHTEpecHbBIM IOTEHIMANIOM s
IOVIAaTHOCTUKU Y JIEYE€HUs aT€POCK/IEPO3a, KOTOPBIN, OJHAKO,
B HaCTOSIIMIT MOMEHT ellle He JOCTaTOYHO MCCIeNOBaH.
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ABSTRACT

Systemic hypertension leads to renal damage known as hypertensive nephrosclerosis without obvious clinical symptoms in the initial stages
and it has a profound impact on the renal vascular physiology. Despite its major role in End Stage Renal Disease, many aspects of hypertensive
nephrosclerosis remain unknown. In order to elucidate the biological pathways and macromolecules deregulated by hypertension, renal vessels
were obtained by Laser Capture Microdissection (LCM) from Spontaneously Hypertensive Rats (SHR) and age-matched controls (20 weeks).
Proteomic analysis was performed aiming to detect molecular alterations associated with hypertension at the renal vessels before the onset of
vascular damage. This analysis identified 688 proteins, of which 58 were differentially expressed (15 up-regulated and 43 down-regulated) in
SHR. Many of these proteins are involved in vascular tone regulation by modulating the activity of endothelial Nitric Oxide Synthase (eNOS)
(Xaa-Pro aminopeptidase 1 (XPP1), N(G) N(G)-dimethylarginine dimethylaminohydrolase 1 (DDAHI1), Dehydropteridine reductase
(DHPR)) or in blood pressure control by regulating the renin-angiotensin system (Glutamyl aminopeptidase/Aminopeptidase A (AMPE),
Aminopeptidase N (AMPN)). Moreover, pathway enrichment analysis revealed that the eNOS activation pathway is deregulated only in SHR.
Our study demonstrates that hypertension causes early proteomic changes in the renal vessels of SHR. These changes are relevant to vascular
tone regulation and consequently may be involved in the development of vascular damage and hypertensive nephrosclerosis. Further
validation and interference studies to investigate potential therapeutic impact of these findings are warranted.

Keywords: Laser Capture Microdissection; Vascular proteomics; essential hypertension; Endothelial dysfunction; Spontaneously hypertensive
rats.

hypertension has been the subject of many studies [3]. The

1. Introduction

Chronic hypertension is the second leading cause of End
Stage Renal Disease (ESRD) [1]. It leads to renal damage
known as hypertensive nephrosclerosis without specific
clinical presentation in the initial stages. Despite its major
role in ESRD, many aspects of hypertensive nephrosclerosis
remain unknown. For instance, alterations in the vascular
wall may be involved in the pathogenesis of hypertension at
an early stage, while at the same time may be considered a
consequence of hypertension at a late stage [2]. Endothelial
function is impaired in hypertensive individuals in several
arterial beds, including the renal arteries and their branches.
Whether endothelial dysfunction is a cause or consequence of

mechanisms that lead to endothelial dysfunction may be
associated with a decrease of endothelium-derived relaxing
factors (EDRFs) (mainly nitric oxide) and/or an increase of
various endothelium-derived constricting factors (EDCFs).
Spontaneously Hypertensive Rat (SHR) is a well-
established animal model of hypertension [4]. The
importance of this model has been attributed to the similarity
of its pathophysiology with essential hypertension in humans
[2,5]. In a recent publication, we used proteomic analysis of
renal parenchyma to identify processes and organelles
affected from the early stages of the development of
hypertension. Among many molecules and pathways
identified, we showed over-expression of the chloride
channel CLIC4 in the brush border of proximal tubules and

*Corresponding author: Jerome Zoidakis, Biomedical Research Foundation, Academy of Athens, Department of Biotechnology, Soranou Efessiou 4, 11527
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we suggested that this molecule could be involved in the
pathogenesis of hypertension and could be used as a useful
early marker jof renal tubular alterations during
hypertension [6]. Other investigators have focused their
attention in vascular wall of SHR and found inconsistent
results regarding the role of nitric oxide (NO) and
endothelial dysfunction in the development of hypertension.
Despite hypertension, endothelium-dependent vasodilatory
responses were similar or even augmented in SHR compared
with the control normotensive animals [7]. Age, gender, the
vascular type studied and methodological aspects may all
contribute to the variability among various reports.

In this communication we focused our attention to the
arterial wall in the kidney of SHR at an early stage of
hypertension before the development of hypertensive
nephrosclerosis. To this end, we combined Laser Capture
Microdissection (LCM) technology and high resolution
GeLC-MS/MS  proteomic analysis followed by a
bioinformatics approach to compare the arterial wall
between SHR and their normotensive counterparts Wistar-
Kyoto (WKY) rats [8]. Our results demonstrate that
significant proteomic changes occur in the renal vessels of
SHR compared to WKY prior to the development of
structural damage and that these changes are relevant to
vascular tone regulation, which eventually lead to the
development of hypertensive nephrosclerosis.

2. Material and Methods
2.1. Experimental animals:

The Male WKY and SHR rats were purchased from
Charles River Laboratories (Germany) and housed in the
animal facility of the National Center for Scientific Research
Demokritos (EL25 BIO 019020022). Male SHR rats were
outbred WKY rats with marked elevation of blood pressure
(Charles River from NIH in 1973). The animals were
maintained in polycarbonate cages and were fed with
standard rodent diet with free access to water and with a 12
h light-dark cycle. Mean blood pressure was measured using
a computerized rat tail-cuff technique (Kent Scientific co,
USA) as described previously [6]. Following blood pressure
measurements, the animals were deeply anesthetized with
ether and the kidneys were removed as reported in our
previous study [6]. The experimental protocols were
approved by the Institutional Animal Care and were carried
out in agreement with the ethical recommendations of the
European Communities Council Directive of 22 September
2010 (2010/63/EU).

2.2 Laser Capture Microdissection

Laser Capture Microdissection was performed using a
PALM MicroBeam Laser System (Carl Zeiss Microscopy
GmbH, Germany). The laser capture system is equipped
with an UV-A laser and a computer. Frozen unfixed renal

tissue samples from 20 weeks of age SHR and WKY rats
(N=4 for each group) were cut into 14 um cryosections,
mounted on glass slides coated with a biochemically inert
membrane (PALM Membrane slides NF 1.0 PEN, Carl Zeiss
Microscopy, Germany) and lightly stained with Gill’s
hematoxylin according to standard procedures. Renal vessels
and a limited number of glomeruli which exhibited
prominent afferent and efferent arterioles were outlined with
the drawing tool on the computer view of the field. The laser
cut the selected area of renal parenchyma, following the
drawn outline, and blew the microdissected sections off the
slide by a higher energy laser pulse, to be captured onto 500-
il AdhesiveCap Touch opaque tube (Carl Zeiss Microscopy,
Germany) placed over the sample area. Approximately
10,000,000 - 14,000,000 pm2 of microdissected segments
were collected from each sample.

2.3. GeLC-MS analysis:

2.3.1. Sample preparation for LC-MS/MS (Liquid
Chromatography coupled with tandem Mass Spectrometry):

Microdissected segments of renal parenchyma were
homogenized and proteins were extracted in sample buffer
(7M Urea, 2M Thiurea, 4% CHAPS, 1% DTE). Protein
concentration was determined by the Bradford assay. Equal
amounts of protein from each sample (6 ug) were analyzed
by SDS PAGE. The electrophoresis was terminated when the
samples just entered into the separating gel. In this way each
sample was represented by a single band including its total
protein content and processed for LC-MS/MS analysis. In
brief, Coomassie Colloidal Blue-stained bands were excised
from the gels and cut in small pieces (1-2 mm). Gel pieces
were destained in 40% Acetonitrile, 50 mM NH4HCO3,
reduced in 10 mM DTE, 100 mM NH4HCO3, and alkylated
in 50 mM IAA, 100 mM NH4HCO3. Samples were dried
and trypsinized overnight with 600 ng trypsin in 10 mM
NH4HCO3. Peptide extraction was performed with one
wash of the trypsinized gel pieces with 50 mM NH4HCO3,
followed by two washes with 50% acetonitrile, 5% formic
acid for 15 min at room temperature. Extracted peptides
were dried and kept at -800C.[9]

2.3.2. LC-MS/MS

Dried peptides were solubilized in 10 yuL mobile phase A
(0.1% formic acid) and separated on a nano HPLC Dionex
Ultimate 3000 RSLS system (Dionex™, Camberly, UK). Five
uL of each sample were loaded on a Dionex 0.1x20 mm, 5
pm C18 nanotrap column at a flow rate of 5 yL/min in 98%
mobile phase A (0,1% formic acid) and 2% mobile phase B
(100% acetonitrile, 0,1% formic acid). At a next step the
sample was injected into an Acclaim PepMap C18
nanocolumn 75 umx50 cm (Dionex™, Sunnyvale, CA, USA),
at a flow rate of 0,3 pL/min. The samples were eluted with a
gradient of solvent B: 2% B-80% B within 120 min LC run
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time. The eluted peptides were ionized using a Proxeon
nanospray ESI source, operating in positive ion mode, and
injected into an Orbitrap Elite FTMS (ThermoFinnigan,
Bremen, Germany). The mass-spectrometer was operated in
MS/MS mode scanning from 380 to 2000 amu. The
resolution of ions in MS1 was 60,000 and 15,000 for HCD
MS2. The top 10 multiply-charged ions were selected from
each scan for MS/MS analysis using HCD at 35% collision
energy. Data analysis was performed with Proteome
Discoverer 1.4 software package (ThermoScientific, Hemel
Hempstead, UK), using the SEQUEST search engine and the
Uniprot rat reviewed database including 7,928 entries. The
search was performed using carbamidomethylation of
cysteine as static and oxidation of methionine as dynamic
modifications. Two missed cleavage sites, a precursor mass
tolerance of 10 ppm and fragment mass tolerance of 0.05 Da
were allowed. SEQUEST results were filtered for false-
positive identifications.

2.3.3. Quantification and statistical analysis

Reliable protein identifications (e.g. based on at least one
high confidence peptide, FDR <1%) which were present in at
least 3 of the available 4 samples were retained for
quantification analysis performed at the peptide level. The
intensity for each protein in each sample was normalized in
ppm (quotient of intensity for the particular protein to the
sum of all intensities of all proteins of the specific sample
multiplied with 106). The average normalized intensity for
each protein was then determined for all the samples of the
two groups (SHR and WKY).

As differentially expressed proteins selected for further
analysis, were considered those with a fold change of > 1.5
(up-regulated in SHR compared to WKY) or < 0.66 (down-
regulated in SHR compared to WKY), and a p-value of <
0.05 (Mann Whitney).

A comparison of all identified proteins with the online
available Rat IMCD Proteome database (https://
hpcwebapps.cit.nih.gov/ESBL/Database/
IMCD_Proteome_Dev/) was performed.

A heat map of differentially expressed proteins was
generated using the online tool available in the link: http://
www.heatmapper.ca/. The Row Z-score was calculated for
each row using the formula:

z;=(x;—x)/s
2.4. Bioinformatics analysis

In order to unveil the pathways that may be associated
with the identified proteins in both SHR and WKY animals,
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis was performed using Cytoscape software
[10] with the ClueGO plugin [11] using Rattus Norvegicus
as organism. P-value (corrected with Bonferroni) < 0.05 was
set as the threshold.

3. Results

In the present study, we used LCM technology and GeLC-
MS/MS analysis in order to characterize the proteomic
profile of renal vessels in the SHR model compared to
control. Detailed information on the experimental animals,
such as blood pressure measurements and histopathology
are described in our previous study [6]. The experimental
approach we followed is outlined in Figure 1.

3.1. GeLC-MS/MS analysis reveals differentially expressed
proteins in renal vessels of hypertensive rats compared to
control

Proteomics techniques were applied to investigate the
differences in the proteomic profiles of the renal vessels
between SHR and WKY rats. 688 proteins were identified
based on at least one high confidence peptide; of these, 550
proteins were detected in both SHR and WKY rats, 71
proteins were found exclusively in WKY and 67 exclusively
in SHR rats. We refer to exclusively identified proteins as
those identified in at least three biological replicates of one
condition and in no replicates of the other. A comprehensive
list of the identified proteins including the fold change is
shown in the Supplementary Table 1. A comparison of all
688 identified proteins in renal vessels with the available Rat
IMCD Proteome database revealed 517 overlapping
proteins.

Of the 550 proteins identified in both SHR and WKY
samples, 58 proteins were differentially expressed, of which
15 proteins were up-regulated and 43 were down-regulated
in SHR (listed in Supplementary Table 2). A volcano plot
representing the distribution of identified proteins according
to p-value and fold change is shown in Figure 2a. Plotting
the negative log10 function of the unadjusted p-value against
the log2 function of fold change, visualizes all the identified

Microdissection of
renal vessels

Protein

Kidney
extraction

Cryosections

!

(NN NN YN

intensity

-V

In-gel
digestion

SDS-PAGE

LC-MSMS Coomassie staining

Bionformatics

Figure 1 | A. Graphical overview of the experimental approach. Renal
vessels were microdissected from kidney tissue cryosections using an
UV-A laser. Extracted proteins were analyzed by SDS-PAGE and the
resulting single bands were stained with Coomassie Colloidal Blue
and excised from the gel. Proteins were in-gel digested and the result-
ing peptides were analyzed by LC-MS/MS. Identified molecules were
used for further bioinformatics analysis.
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proteins and the statistically significant up-regulated and
down-regulated proteins. Figure 2 (b) presents a heat map of
the statistically significant differentially expressed proteins.

3.2. Bioinformatics pathway analysis

Pathway enrichment analysis was performed for all
proteins identified in each group in order to uncover
significant biological processes relevant for blood vessels
functions. 114 and 111 KEGG pathways were identified in
WKY and SHR respectively and 106 pathways were common
in both groups. Among the common pathways identified
were pathways associated with normal functions of vascular
cells e.g metabolism, oxidation, signaling, membrane
trafficking, detoxification of Reactive Oxygen Species (ROS),
VEGFR2 mediated cell proliferation and smooth muscle
contraction. These data are presented in Supplementary
Figures 1 and 2 for SHR and WKY respectively and a
comprehensive list is given in the Supplementary Tables 4
and 5. It is worth mentioning that the eNOS (endothelial
nitric oxide synthase) activation pathway was identified only
in SHR samples. eNOS is an enzyme responsible for the
generation of nitric oxide (NO) in the vascular endothelium,
a key player in the regulation of the vascular tone [12].

3.3. Prominent proteomics findings:

GeLC-MS/MS analysis revealed a large number of
identified proteins in renal vessels of SHR and WKY

(a)
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animals. The most prominent findings relevant to vascular
tone and blood pressure regulation, along with the
corresponding P-value and fold change are presented in
Table 1. These proteins may play significant roles in the
context of vascular physiology.

4. Discussion

Our study aimed to identify early proteomic changes in
the renal vessels of SHR involved with pathogenesis of
hypertension. The applied protocol consisted of LCM
coupled to high resolution GeLC-MS/MS analysis. The high
number of identified proteins verifies that this method was
highly efficient and capable of identifying canonical
proteomic alterations in microdissected renal parenchyma
segments of SHR animals compared to controls.
Furthermore, a comparison of our data with the available
Rat IMCD Proteome database revealed 75% (517 out of 688
proteins of our dataset) overlap of identified proteins in
renal vessels with the IMCD database. A recent report on
LCM coupled with LC-MS/MS in the study of mouse brain
sections following a protocol comparable to our approach
resulted in the identification of a similar number of proteins
(on average 322 proteins) in the microdissected tissue
samples [13]. However, the application of the SP3 method
(single-pot  solid-phase-enhanced sample preparation)
yielded a significantly higher number of protein
identifications, on average 5744.

In the SHR model, alterations in vascular structure and

-2 0 2
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Figure 2 | (a) Volcano plot of proteomic data, presenting the negative log10 of P-value against the log2 of the fold change. All the proteins
with fold change <1 have negative X-values and the proteins with fold change >1 have positive X-values. The proteins with fold change > 1.5
and P-value < 0.05 are considered significantly up-regulated in SHR in comparison to controls. The proteins with fold change < 0.66 and P-
value < 0.05 are considered significantly down-regulated in SHR. (b) Heat map of 58 differentially expressed proteins. A list of proteins
along with their normalized area and the corresponding protein name used in the heat map is presented in the Supplementary Table 3.
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Table 1 | Differentially expressed proteins relevant to vascular tone and blood pressure regulation.

. Fold change X
Gene Protein p-value Function Reference
(SHR/WKY)
Qdpr Dihydropteridine reductase 0.03 3.05 BH4 regeneration [32,33]
N(G), N(G)-dimethylarginine
Ddah1 ,( ) N( ), y'arg 0.05 1.77 ADMA hydrolase [34]
dimethylaminohydrolase 1
Cfll Cofilin-1 0.03 1.6 Cytoskeletal remodeling [35]
Xpnpepl Xaa-Pro aminopeptidase 1 0.05 0.64 Bradykinin degradation [23,24]
Pah Phenylalanine-4-hydroxylase 0.04 0.62 Tyrosine generation [36]
Glutamyl ami tidase/
Enpep u.amy ar.nlnopep idase 0.05 0.53 Metabolism of AngII [20]
Aminopeptidase A
Anpep Aminopeptidase N 0.03 0.37 Metabolism of AngIII [19]
Calbl Calbindin 0.05 0.46 Calcium-binding protein [37]
Calb2 Calretinin 0.05 0.55 Calcium-binding protein [38]
Phb Prohibitin 0.03 0.24 ROS formation [39,40]
Phb2 Prohibitin-2 0.03 0.43 Mitochondrial function [41]

functions related to hypertension are not present in young
animals but are observed in adult animals (older than 25
weeks) [7]. In the present study, focusing on an early
interval, we provide evidence that early molecular changes
occur in the renal vessels of SHR animals at 20 weeks of age.
The proteomic analysis yielded 58 proteins differentially
expressed between SHR and WKY animals that play
important roles in the context of vascular dysfunction.

Many of the interesting differentially expressed proteins
identified in our study are relevant to vascular tone
regulation. Thus, proteins involved with NO and
vasodilation and affecting eNOS include Xaa-Pro
aminopeptidase 1 (XPP1), N(G) N(G)-dimethylarginine
dimethylaminohydrolase 1 (DDAHI1), Dehydropteridine
reductase (DHPR), whereas proteins affecting
vasoconstriction and blood pressure regulation by renin-
angiotensin system [14] include Glutamyl aminopeptidase/
Aminopeptidase A (AMPE), Aminopeptidase N (AMPN).
These molecules may be involved in the pathogenesis of
hypertensive nephropathy.

Angiotensin metabolism is critical for blood pressure
regulation since in addition to Ang II, peptide fragments
derived from this hormone also have diverse and important
physiological roles. Ang III has been shown to be a major
effector peptide; in the intrarenal Renin—Angiotensin system
it has been reported to increase angiotensinogen levels and
TGEF-B, fibronectin and monocyte chemoattractant protein-1
gene expression [15,16]. Furthermore, Ang III formation is
critical for the AT2 receptor-mediated natriuresis in rats
contributing in reduction of blood pressure [17] and

endothelial metabolism of Ang II to Ang III boosts the
vasorelaxation response in adrenal cortical arteries [18]. In
our analysis, both AMPE and AMPN responsible for Ang III
and Ang IV formation respectively [19,20], were down-
regulated in SHR most likely enhancing the vasoconstrictor
effect of Ang II, decreasing the Ang Ill-induced sodium
excretion [17], and thus inducing hypertension. These
results are consistent with the high mean blood pressure
(160 - 170 mmHg) measured in SHR animals used in our
study [6].

Nevertheless, despite the established high blood pressure,
our analysis revealed several differentially expressed
molecules that may have a protective role against
hypertension. In other words, defensive mechanisms may be
activated in the renal vessels of SHR at an early phase of the
development of hypertension, possibly to counteract the
vasoconstricting effects of Ang II and other constricting
substances. In this regard, other investigators have studied
the role of NO in hypertension and kidney damage in SHR
and found elevated levels of iNOS in SHR, but not in WKY
rats [21,22]. Molecules such as XPP1, DDAH1 and DHPR
may affect the synthesis of endothelium-derived relaxing
factors (EDRFs) increasing NO levels and vasodilatation. In
this regard, XPP1 was found to be down-regulated in SHR
compared to WKY reducing the degradation of bradykinin
which stimulates endothelial cells to produce and release
EDRFs that cause blood vessels to dilate and therefore
reduce blood pressure [23,24]. Other protective molecules,
such as DDAH1 and DHPR appear to be up-regulated in
SHR presumably as a defense mechanism to hypertension.
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DDAH 1 is a methylarginine-metabolizing enzyme that
reduces asymmetric dimethylarginine (ADMA) levels.
ADMA is an endogenous compound derived from the
proteolysis of proteins containing methylated arginine
residues that inhibits nitric oxide synthase (NOS) catalytic
activity. Moreover, ADMA is accumulated in plasma during
CKD [25] and reduced renal tubular ADMA synthesis
protects against progressive kidney function decline [26].
DHPR is an enzyme that catalyzes the regeneration of
tetrahydrobiopterin (BH4). BH4 is a cofactor of a set of
enzymes including NOS and plays an essential role in
neurovascular homeostasis and has anti-inflammatory
activity [27]. DHPR converts BH2 to BH4 which is necessary
for NO production by NOS. If BH4 is insufficient, NOS
becomes uncoupled and generates superoxide [28,29]. The
up-regulated DHPR in SHR model favors the regeneration
of BH4 allowing the enzymatic synthesis of NO.

Collectively, the validity of our proteomic results is
supported by the relevance of the proteins identified as
differentially expressed in the context of hypertension. The
trend observed for the differentially expressed proteins is
supported by related literature and existing knowledge on
regulatory mechanisms of blood pressure (e.g. renin-
angiotensin system [14-17]). An overview of these molecules
and their putative action on vascular tone and consequently
blood pressure regulation is presented in Figures 3 and 4.

Using LCM for renal research provides an important
advantage. It gives us the ability to separate different
compartments and sub-compartments of renal parenchyma
to almost total purity. This is not the case with already

T DDAH1 Dimethylamine

+ Citrulline

Bradyklnm

Vasodilation «—— | =blaiE: <—|

Figure 3 | Putative activation of vasodilation mechanisms via NO
and EDRFs production. ADMA: asymmetric dimethylarginine,
BH2: dihydrobiopterin, BH4: tetrahydrobiopterin, DDAHI: dime-
thylarginine dimethylaminohydrolase 1, DHPR: dehydropteridine
reductase, EDRFs: endothelium-derived relaxing factors, eNOS:
endothelial nitric oxide synthase, NO: nitric oxide, XPP1: Xaa-Pro
aminopeptidase 1.

described methods that employ different types of sieves in
order to separate glomeruli from tubules [30]. In addition,
these methodologies are expensive and cannot discriminate
between different types of tubular compartments (e.g.
proximal vs. distal) [31]. LCM has been used in our study for
proteomic analysis but it can also be useful for in depth
transcriptomic analysis of different renal compartments in
the future. Therefore, use of LCM material in future studies
will lead to a more in depth understanding of renal
pathophysiology.

5. Concluding Remarks

In summary, combining LCM technology and high
resolution GeLC-MS/MS analysis in the renal blood vessels
of SHR, a well-established model of hypertension, we offer
insights on proteomic profiles of renal vessels with regard to
hypertension. Significant early proteomic changes occur in
the renal blood vessels of SHR compared to WKY before the
onset of vascular dysfunction and structural damage.
Whether these changes are of decisive importance in the
development of hypertensive nephropathy and endothelial
dysfunction due to hypertension needs to be investigated
further. Moreover, our data suggest that AMPE, AMPN,
XPP1, DDAHI1, DHPR are moderators and mediators of
renal vascular tone modulation contributing in blood
pressure regulation. These molecules may be potentially
important therapeutic targets for the hypertensive
nephropathy and should be studied further.

lAMPE
Angll —>  Anglll

\—> Vasoconstriction

Figure 4 | Putative activation of vasoconstriction mechanism via
Angiotensin II (Angll). Down-regulated Aminopeptidases A
(AMPE) and N (AMPN) in SHR lead to impaired Ang II and Ang
IIT degradation respectively, enhancing possibly the levels and the
vasoconstrictor effect of Ang II.

lAMPN

—> AnglV
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6. Supplementary material

Supplemetary Figure 1: Pathway analysis of all identified
proteins in SHR

Supplementary Figure 2: Pathway analysis of all identified
proteins in WKY

Supplementary Table 1: List of all identified proteins

Supplementary Table 2: List of statistically significant
differentially expressed proteins in renal vessels of SHR
compared to WKY

Supplementary Table 3: List of differentially expressed
proteins presented in Figure 2 (b) along with their
normalized area per sample and the corresponding
ascending number.

Supplementary Table 4: SHR pathway analysis

Supplementary Table 5: WKY pathway analysis

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE [40] partner repository with the dataset identifier
PXD008792.
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