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Aim. This study aimed to investigate the changes in hemodynamic parameters and expression
of IncRNAs H19 and TUGI in a rat model of myocardial infarction (MI). Methods. The ef-
fects of MI (ligating the LAD during 4 weeks) on the hemodynamic parameters were evalu-
ated using a specific recording catheter. Additionally, we assessed the changes in myocardial
and plasma levels of IncRNAs H19 and TUG1 using quantitative PCR. Pearson’s correlation
coefficient analysis was employed to understand the relationship between the IncRNAs expres-
sion and hemodynamic parameters. Results. Our study revealed significant alterations in
several hemodynamic parameters post-MI. The expression levels of H19 significantly decreased,
while TUGI increased in the myocardium and blood plasma of rats following MI. A strong
correlation was identified between these IncRNAs and several hemodynamic parameters.
Conclusions. The data suggest that H19 and TUGI are potentially important regulators of
cardiac function post-MI, with their altered expression levels being associated with significant
changes in key hemodynamic parameters. These findings underscore the importance of IncR-
NAs in the cardiac response to MI and pave the way for future studies to further elucidate their
precise role and potential as therapeutic targets or biomarkers in heart disease.
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Introduction

Cardiovascular diseases (CVDs) remain a le-
ading cause of death worldwide, despite the
significant advancements in medical science
and technology [1]. Among these diseases,
myocardial infarction (MI) or heart attack is
particularly fatal and debilitating. Understan-
ding the molecular mechanisms of MI is vital
in developing effective diagnostic and thera-
peutic approaches.

In recent years, long non-coding RNAs
(IncRNAs) have emerged as crucial compo-
nents in the pathogenesis of various diseases,
including CVDs [2]. IncRNAs are a class of
transcripts longer than 200 nucleotides that do
not encode proteins. Previously considered
“transcriptional noise,” IncRNAs are now
known to mediate numerous cellular functions,
such as chromatin remodeling, transcriptional
control, post-transcriptional processing, and
intracellular trafficking [3].

Two such IncRNAs, H19 and TUG1, have
been implicated in the cardiovascular field.
H19, an imprinted gene product, is highly
expressed in cardiac tissues and has been as-
sociated with the pathological processes of MI
[4]. It has been found to play a role in cardiac
fibrosis and hypertrophy, two significant events
following MI, suggesting its influential role in
cardiac pathophysiology.

Similarly, TUG1 (taurine upregulated
gene 1) has been linked with cardiovascular
diseases, specifically MI [5, 6]. The studies
have shown that TUG1 can modulate cardio-
myocyte apoptosis, a critical event in myocar-
dial ischemia/reperfusion injury, indicating its
potential as a target in the MI therapy.
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However, despite the identified associa-
tions of H19 and TUG1 with cardiovascular
diseases, particularly MI, many facets remain
unexplored. For instance, their expression
changes in MI and their correlation with
hemodynamic parameters are not yet fully
understood.

Therefore, this study was designed to in-
vestigate the changes in the expression of
IncRNAs H19 and TUG1 in a rat model of
myocardial infarction. We also sought to
explore the correlation between the expres-
sion of these IncRNAs and the hemody-
namic parameters, thereby adding to the
growing body of knowledge on the role of
IncRNAs in CVDs and potentially paving
the way for novel diagnostic and therapeutic
strategies.

Materials and methods

Animals

Adult male Wistar rats with 350-380 g body
weight were obtained from the vivarium of
A.A. Bogomoletz Institute of Physiology,
NAS of Ukraine. The rats were divided into
two groups of 9 animals each: the experi-
mental group, which underwent an acute
myocardial infarction (AMI) model, and the
control group, which underwent a sham ope-
ration.

All study procedures were conducted in
compliance with the EU directive 86/609/EEC
and the ethical guidelines sanctioned by the
Ethics Committee at the A.A. Bogomoletz
Institute of Physiology, NAS of Ukraine.
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Rat AMI model

Rats were anesthetized via an intraperitoneal
injection of ketamine (0.8 mg/100 g). A special
volume-controlled animal respirator was used
to maintain the animals’ respiration through a
tracheal cannula. The heart was exposed
through a left thoracotomy, followed by pas-
sing a 60 silk suture on a small curved needle
through the myocardium underneath the left
arterial descending (LAD) branch of the coro-
nary artery. Myocardial ischemia was induced
by ligating the LAD.

For the sham-operated group, the same pro-
cedure was carried out, but the suture was not
tied. Four weeks post-surgery, the animals
were euthanized and their hearts and blood
plasma collected for the subsequent analysis.

Determining the level of fibrosis

To determine the development of fibrosis in
the myocardium, we used Van Gieson staining
for connective tissue. Frozen hearts were cut
into 4 parts, each 3—4 mm thick (cross-sec-
tions), and then the thin frozen slices, 10—
12 pm thick, were obtained from each part of
the heart using a microtome. The slices were
fixed in 96 % ethanol for 20 minutes and in-
cubated in a saturated solution of picric acid
for 1 hour. The following steps were then
performed sequentially: incubation in a 0,5 %
solution of glacial acetic acid for 10-30 se-
conds, incubation in a mixture of acidic fuch-
sin and a saturated solution of picric acid
(1:10) for 1-2 minutes, rinsing in distilled
water, and fixation in 96 % cthanol. The stained
slices were scanned, and the resulting images
were analyzed using the specialized morpho-
metric software ImageJ (“National Institutes
of Health”, USA).

Recording of hemodynamic parameters

The rats were anesthetized with urethane, se-
cured, and the right carotid artery was pre-
pared. A standard 2F pressure recording ca-
theter (SPR-838; Millar Instruments, USA)
was calibrated by volume by immersing it in
a cuvette (P/N 910-1048) filled with hepari-
nized rat blood.

The ultra miniature catheter was introduced
retrogradely through the right carotid artery
into the left ventricle (LV), allowing simulta-
neous recording of LV pressure and volume
with visualization of the dependency curves of
these parameters throughout the cardiac cycle.

The software ChartTM v.5.4.2 (ADInstru-
ments, Millar Instruments, USA) was used to
record hemodynamic parameters under condi-
tions of a closed thoracic cavity [7]. The LV
pressure-volume relationship was analyzed
using the PVAN 3.6 software package (ADIn-
struments, Millar Instruments, USA). Calcu-
lations were made taking into account the
initial and repeat catheter calibration values of
the MPVS 400 Systems device. The basic
real-time hemodynamic parameters were re-
corded, namely maximum and minimum pres-
sure, heart rate (HR), LV volume, as well as
the first derivative of pressure — dP/dtmax
based on decoding the curves describing the
pressure and volume dependence throughout
each cardiac cycle.

The main hemodynamic indicators were
grouped for convenience and, thus, pump func-
tion, diastolic function, contractility, pre- and
afterload of the heart were analyzed. Conclu-
sions were also made about the changes in the
end-systolic (ESP) and end-diastolic pressure
(EDP), end-systolic (ESV) and end-diastolic
volume (EDV).
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RNA extraction

The protocol used for RNA extraction from
the samples involved a guanidine isothiocya-
nate-phenol-chloroform extraction method
using Trizol reagent (Invitrogen). The extract-
ed RNA was then diluted 50 times in dH20O,
and its concentration was determined with a
Nano-Drop ND1000 spectrophotometer. To
isolate total RNA from blood plasma, miR-39
was added at a concentration of 1 fM/1 pl
(miRNeasy Serum/Plasma Spike-In Control,
Syn-cel-miR-39 miRNA, Lot No. 227926630,
a product of the United States).

Reverse transcription

The process of reverse transcription was car-
ried out in two stages. Initially, 6 ul of total
RNA were combined with 1 pl of Random
Hexamer Primer and 5 pul of dH20O. The sam-
ples were then incubated for 5 minutes at
70 °C in a GeneAmp® PCR System 2700
thermal cycler, Applied Biosystems (USA).
Following this, 2 pl of ANTP (x10), 4 pl of
Buffer RT, 0.5 pl of RiboLock RNase inhibitor,
and 0.9 pl of Revert Aid RT (ThermoFisher
Scientific, USA) were introduced to the sam-
ples. The samples were then incubated for
60 minutes at 42 °C, followed by 10 minutes
at 70 °C. The reverse transcription of plasma
RNA was carried out using specific loop prim-
ers for synthetic cel-miR-39 miRNA as a nor-
malization control added before RNA extrac-
tion (miR Neasy Serum/Plasma Spike-In
Control, Syn-celmiR-39 miRNA, Lot
No. 227926630, USA).

Quantitative real-time PCR

A 7500 Fast Real-Time PCR thermal cycler
by Applied Biosystems (USA) and a 96-well
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plate were employed for qPCR. The utilized
mix consisted of 5 pl of SybrGreen max, 2 pl
of cDNA, 0.08 ul of specific primers for rat
H19 and TUGI, 0.2 pl of Rox (1:9), and
2.72 wl of H,O, resulting in a final reaction
volume of 10 pl. DNA denaturation was car-
ried out at 95 °C for 15 seconds. The annealing
and elongation of probes were conducted at
60 °C for 1 minute, and the number of cycles
was set at 50.

The specific sequences for the primers used
in the real-time RT-PCR are provided below:
H19 forward — 5"-GCACAGGATGAAGCC
AGACAAGG-3", H19 reverse — 5 -TCTCC
GAGACACCGATCACTGC-3"; TUGI for-
ward — 5'-ACAGTTTCCCTCTACCCAG
TG-3"; TUGI reverse — 5 -GCCTATGTCAA
ACTTTGCCCA-3"; beta-actin forward (refer-
ence gene) — 5 -CTTGCAGCTCCTCCGTC
GCC-37; beta-actin reverse (reference gene) —
5-CTTGCTCTGGGCCTCCTCGTCGC-3".

The level of relative expression was cal-
culated using the 2-AACT method, where
AACT = ACT (a target sample) — ACT (a refe-
rence sample).

Statistical analysis

Statistical analysis was carried out using a
t-test, assuming the data followed a normal
distribution (as confirmed by the Shapiro-
Wilk test) and equal variances (as confirmed
by the Levene’s test). In the cases where
these conditions were not met, the Mann-
Whitney test was utilized for analysis. The
changes in IncRNAs expression were evalu-
ated with a one-way ANOVA test. The cor-
relation analysis between IncRNAs expres-
sion and hemodynamic parameters was esti-
mated using Pearson correlation coefficient.
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A p-value less than 0.05 was deemed statis-
tically significant.

Results and Discussion

Hemodynamic parameters

To confirm myocardial infarction, we deter-
mined the level of cardiac fibrosis using the
described method (Fig. 1). According to our
findings, the average fibrosis level in the hearts
of AMI group rats was 13.2 %=+1.28. In the
SHAM group, this value was 3.4 %+0.31.
Thus, the fibrosis area in the AMI rat group
was almost four times larger than in the SHAM
group.

The effects of MI on hemodynamic param-
eters are complex, reflecting both the direct
impact of the loss of myocardial tissue and the
compensatory mechanisms that the body de-
ploys in response (Tab. 1).

According to the data obtained, in the AMI
group, we observed a deterioration in dia-
stolic and systolic functions. This is indicated
by a significant increase in the end-systolic
volume (ESV), end-diastolic volume (EDV)
and end-diastolic pressure (EDP) in AMI rats
(p<0.05). This is consistent with the develop-

Fig. 1. Slices of rat heart
stained using the Van Gie-
son method: 4 — SHAM,;
B—AMI.

ment of post-MI ventricular remodeling, a
process characterized by dilatation of the ven-
tricle and increased volumes [8—10].

The ESP indicator also increased, but this
is not significant (p>0.05). The Tau W param-
eter in AMI rats significantly increases (from
7.06 to 10.49 msec), indicating an increase in
relaxation time during infarction. A deteriora-
tion in systolic heart function is also indicated
by a significant decrease in dV/dtmax, preload
adjusted maximal power parameters (p<0.05),
as well as a decrease in cardiac output, al-
though this parameter decreased insignificant-
ly (p>0.05) [11, 12]. The arterial stiffness in-
dicator in rats of the AMI group surprisingly
significantly decreased from 0.47 to 0.32
mmHg/puL (p<0.05), which remains unclear to
us. Insignificant changes in cardiac output and
decreasing arterial stiffness might occur as a
compensatory response to maintain blood flow
following myocardial infarction [13, 14].

H19 and TUGI expression in myocardium

We analyzed the expression of long non-
coding RNAs (IncRNAs) H19 and TUGI in
the myocardium, as well as in the plasma of
rats in both groups. The analysis of the results
showed that the level of IncRNA H19 expres-
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Table 1. Main hemodynamic parameters in rats with SHAM surgery and an AMI model (values are

mean+SEM)
Parameter SHAM group (n=9) AMI group (n=9)

Heart rate (bpm) 322.89+39.6 323.334+22.62
End-systolic Volume (uL) 210.87+18.74 303.63+39.83*
End-diastolic Volume (uL) 377.96+47.98 537.9+£35.34%
End-systolic Pressure (mmHg) 88.22+8.52 94.88+5.97
End-diastolic Pressure (mmHg) 2.07+2.17 8.13+1.51*
Stroke Volume (pL) 219.47+20.4 234.94+19.69
Ejection Fraction (%) 50.93£2.52 53.29+3.24
Cardiac Output (LL/min) 74766.21+6332.87 68149.4+9932.8
Stroke Work (mmHg*uL) 16187.33+2537.83 17629.67+2334.41
Arterial Elastance (Ea) (mmHg/uL) 0.47+0.06 0.32+0.02*
dP/dt,,,, (mmHg/sec) 9556.56:1269.88 9582+1712.99
dP/dt,;, (mmHg/sec) —7013.11+436.15 -6116+552.67
dVv/dt,,,, (uL/sec) 17312+2879.34 13239.89+2512.24*
dV/dt,;, (uL/sec) —12490.7+1611.54 —11365.8£1470.14
Tau W (msec) 7.04+1.04 10.49+0.56*
Preload adjusted maximal power (mWatts/pL?) 8.26+1.78 3.26+0.26*

*p<0.05

sion in the myocardium drops almost twofold
in rats from the AMI group (p<0.05) (Fig. 2).

Numerous studies have already been pub-
lished demonstrating the cardioprotective
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properties of IncRNA H19, therefore, its de-
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pre
Wa

B

dictable. Specifically, in the study by
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Fig. 2. H19 (a) and TUGI (b) myocardial expression in Wistar rats with AMI model.
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IncRNA H19 suppresses cardiac hypertrophy
by sponging microRNA-145 [15]. Gong LC
et al. showed that IncRNA H19 protects car-
diomyocytes from hypoxia-induced injury
[16]. This effect is achieved through the acti-
vation of the PI3K/AKT and ERK/p38 path-
ways, which are important for protecting myo-
cardial cells against ischemic injury. In the
study by Zhang L et al., it was demonstrated
that overexpression of H19 slows down the
apoptosis of cardiomyocytes in neonatal rats
[17]. An experiment with mice demonstrated
that H19 has protective properties for the heart
during myocardial infarction by activating
autophagy through upregulating the ratio of
LC3-II/I and the expressions of Beclin-1 and
ATG-7 [18].

Noteworthy, the cardioprotective properties
of H19 are still a subject of discussion. This
long non-coding RNA can be involved in var-
ious pathways, and each specific case is a
subject for deep study. For example, in the
study by Tao H et al., a molecular mechanism
was proposed in which IncRNA H19 promotes
the development of fibrosis in heart tissues
[19]. In the study by Choong OK et al., it was
shown that H19 can form a nucleoprotein com-
plex with Y box-binding protein (YB-1) under
hypoxia, which induces fibrosis and cardiac
remodeling after infarction [20].

Given the significant decrease in the level
of H19 in our myocardial infarction model, we
suggest that H19 overexpression (as a variant
of RNA therapy) could improve the hemody-
namic indicators of animals and also reduce
the level of post-infarction fibrosis.

As for IncRNA TUGI, its expression was
almost twice as high in the rats from the AMI
group. This likely indicates the involvement

of IncRNA TUGI in the development of the
pathological process in the heart.

Possibly, interference with this IncRNA
will contribute to the normalization of hemo-
dynamic parameters of the post-infarction
heart, as well as the reduction of fibrosis. This
is also indicated by a number of other studies.
In the study by Su Q et al., it was shown that
TUGI1 mediates ischemic myocardial injury
by sponging miR-132 [21]. Wang YW et al.
demonstrated that transcription factor HIF-1a
binds to the promoter region of TUGI up-
regulating its expression in cardiomyocytes
during hypoxia/reoxygenation [5]. In this
study it was demonstrated that the detrimen-
tal effect of TUGI is caused by its direct
interaction with the FUS (fused in sarcoma)
protein, which is involved in cardiac repair
after MI. Fu D ef al. showed that TUG1 en-
hances the apoptosis of cardiomyocytes in
ischemia-reperfusion myocardial injury [22].
And through sponging microRNA 29b-3p and
miR-34a, TUG] contributes to cardiac hyper-
trophy [23, 24].

HI19 and TUGI levels in plasma

We also analyzed the levels of IncRNAs H19
and TUGI in the blood plasma of rats from
both groups. The level of H19 expression in
the plasma significantly drops 2.42-fold
(p < 0.01) (Fig. 3). Meanwhile, the level of
TUGTI increases insignificantly by 46.7 %
(p > 0.05).

These results suggest that IncRNA H19 can
be considered as a potential marker for isch-
emic heart damage. At the same time, a num-
ber of questions remain open. For example,
does the decrease in the expression of IncRNA
H19 in the blood plasma relate to its decreased
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Fig. 3. H19 (a) and TUGI (b) plasma expression in Wistar rats with AMI model.

level in the myocardium, since H19 is not a relationship between specific hemodynamic
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Correlation analysis between hemody- AMI (Fig. 4).
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(r=0.73). This suggests that the expression of
H19 may be associated with systolic function
and the rate of left ventricular pressure rise and
fall, implying a potential role in contractility
and relaxation following AMI.

For IncRNA TUGI, there were strong pos-
itive correlations with more measured para-
meters. The highest correlation was observed
with stroke volume (r = 0.93), indicating that
TUGTI expression may strongly associate with
the volume of blood pumped out of the heart
per beat in the AMI model. Similarly, EDV, a
measure of the total amount of blood in the
heart at the end of diastole, also showed a very
strong positive correlation (r = 0.87). The cor-
relations with cardiac output (r = 0.78) and
stroke work (r = 0.69), indicate a possible as-
sociation of TUGI expression with the overall
function and workload of the heart in AMI
conditions.

These findings suggest that both H19 and
TUGTI1 could potentially serve as important
regulators of cardiac function post-AMI, either
directly influencing these hemodynamic pa-
rameters or being regulated in response to their
changes. However, further research is needed
to elucidate the exact mechanisms of their
involvement and to explore their potential as
therapeutic targets in AMI.

Conclusion

In conclusion, our study provides valuable
insights into the intricate hemodynamic chan-
ges and molecular responses in a rat model of
AMI. We observed significant alterations in
several hemodynamic parameters following
M1, including increased end-systolic and end-
diastolic volumes, stroke volume, cardiac out-
put, and stroke work. Additionally, we noted

a significant decrease in arterial elastance and
the maximal rate of volume change during
systole, dV/dtmax.

At the molecular level, we demonstrated
that the expression of IncRNAs H19 and
TUGT1, which have been implicated in various
cardiac pathological processes, significantly
changes in both the myocardium and blood
plasma following MI. Specifically, we report-
ed a significant decrease in H19 and an in-
crease in TUGI expression. Furthermore, our
correlation analysis revealed strong associa-
tions between these IncRNAs and various he-
modynamic parameters, potentially suggesting
a crucial role for H19 and TUGI in the car-
diac response to MI.

Though our results highlight the potential
of H19 and TUGI1 as markers for ischemic
heart damage and their potential roles in mo-
dulating hemodynamic parameters following
MI, several questions remain open. Future
studies are warranted to elucidate the exact
mechanisms by which these IncRNAs influ-
ence cardiac function following MI, and
whether these IncRNAs could serve as effec-
tive therapeutic targets or biomarkers for the
diagnosis, prognosis, or treatment of ischemic
heart disease. This study underscores the com-
plex interplay between molecular and physio-
logical responses to myocardial infarction and
represents an important step forward in our
understanding of the pathophysiology of this
disease.
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3minu B excnpecii IncRNAs H19 ta TUGI1 Ta ix
KOpeJisilisi 3 reMOAMHAMIiKOI0 IpH iHpapKTi
Miokapaa

M. Xenypiani, T. I. IpeBunbka, JI. B. TymaHOBCBKa,
I'. B. IloprHiueHKO, . l'erens-BanenTtnus,
B. O. Hexpacosa, A. M. Illum, B. €. [TJocenko

MeTta. MeTor0 1bOro JOCTIPKeHHS OyJ10 TOCHIIUTH 3Mi-
HU TEeMOIWHAMIYHUX mapameTpiB i ekcrpecii IncRNAs
H19 ta TUG1 y mozeni indapkry miokapaa (IM) y urypis.
MeTtonu. Brums IM (itirarypa Ha J1iBiii KOpoHapHiii apre-
pii potsiroM 4 TIDKHIB) Ha TeMOIWHAMIYHI TTapaMeTpH
OyJ10 OIIIHEHO 32 JIONIOMOTOIO CIELialIbHOTO KareTepa Juis
3anucy. JlomarkoBO MM OLIHIOBAJIM 3MIiHHM Y PIBHSIX
IncRNAs H19 ta TUG1 y miokapai i m1a3mi KpoBi 3a go-
nomororo kinbkicHoro ITIHP. Kopesnsmiiiauii aHami3 i3
koediuierrom Ilipcona OyB BUKOpHCTaHWIT Ul BU3HA-

YEeHHS B3a€MO3B 3Ky MiXk ekcrpeciero mux IncRNAs Ta
reMOIMHaMIYHUMH napaMmerpamu. PedyiabraTu. Bymo
BUSIBJICHO 3HAYHI 3MIHU y JIEKUTHKOX TEMOIUHAMIYHUX
mapamerpax micns IM. Pieai ekcripecii H19 3naunO 3HU-
swmics, Tofi sk TUG1 30imbpimiacs B Miokap/i 1 ruiasMi
KpoBi mypiB micist IM. JToctoBipHa kopersitist Oyia Bcra-
HoBJieHa MK UMH IncRNAS Ta nekiibkoMa reMoIiHa-
MIYHUMH TTapameTrpamu. BucHoBku. JlaHi cBiguars mpo
te, mo H19 ta TUGI € NOTEHITIIHO BOXKIIUBUMH PETYIIsi-
Topamu QyHKIII ceprist micis 1M, a 3MiHM iX ekcrpecii
ACOIUIOIOTHECS 13 3HAYHUMH 3MIHAMHU KJITFOUOBHX T'€MOJIH-
HaMIYHUX TlapaMeTpiB. lle migKpeciroe BaKIUBICTh
IncRNASs nipu MI Ta BiKpHBarOTh IUIAX IS MAHOYTHIX
JIOCITI/KEHb, CIIPSIMOBAaHUX Ha ITOJAJIbIIE BUBYCHHS X
TOYHOI pOJIi Ta MOTEHIliATY SIK TepalleBTUYHUX MillleHei
abo GioMapKepiB MPH CEPIEBUX MATONOTIsIX.

Knrwuosi camora: H19, TUGI, nosri vekomyroui PHK,
iH(apkT Miokapaa, remoanHamika, PHK.
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