YIAK 616.127-005.8:085.22:546.34:57.085.14
https://doi.org/10.20538/1682-0363-2025-1-52-59

Mechanisms of the cardioprotective effect of lithium

Mukhomedzyanov A.V.', Plotnikov E.V.2**, Maslov L.N.", Chernov V.l.>%, Naryzhnaya N.V.',
Slidnevskaya A.S.', Yusubov M.S.?, Larkina M.S.%3, Artamonov A.A.5, Belousov M.V.?3

!Cardiology Research Institute, Tomsk National Research Medical Center (NRMC), Russian Academy of Sciences
111 A, Kievskaya Str., Tomsk, 634012 Russian Federation

? National Research Tomsk Polytechnic University (NR TPU)
30, Lenina Av., Tomsk. 634050, Russian Federation

3 Siberian State Medical University
2, Moscow Trakt, Tomsk, 634050, Russian Federation

* Mental Health Research Institute, Tomsk National Research Medical Center (NRMC), Russian Academy of Sciences
4, Aleutskaya Str., Tomsk, 634021, Russian Federation

3 Cancer Research Institute, Tomsk National Research Medical Center (NRMC), Russian Academy of Sciences
5, Kooperativny Str., Tomsk, 634009, Russian Federation

% Institute of Biomedical Problems, Russian Academy of Sciences
76 A, Khoroshevskoe Highway, Moscow, 123007, Russian Federation

ABSTRACT

Background. A study of the mechanisms of infarct size-limiting effects of lithium chloride (LiCl) on a model of
myocardial infarction in vivo. Myocardial infarction is one of the main causes of death among the adult working
population in economically developed countries. Currently, there are no drugs in clinical practice that would
effectively protect the myocardium against ischemia — reperfusion injury, so there is a need to develop new drugs
that can limit infarct size and reduce mortality.

Aim. To study the mechanisms of infarct size-limiting effects of lithium chloride.

Materials and methods. A study was performed in anesthetized Wistar rats with coronary artery occlusion (45
min) and reperfusion (120 min). The molecular mechanism of the protective effects of LiCl was examined in
this model using appropriate blockers, including non-selective and selective blockers of ATP-sensitive potassium
channel and NO synthase.

Results. Administration of LiCl before ischemia significantly reduced infarct size as well as the as the incidence
of ventricular arrhythmias. Administration of LiCl after ischemia also promoted a decrease in infarct size. NO
synthase, cycloxigenase-2, protein kinase C, and endogenous opioids were not involved in the cardioprotective
effect of lithium. The cardioprotective effect of LiCl is mediated via sarcolemmal ATP-sensitive potassium channel
(sarcK, , channel) opening.

Conclusion. LiCl reduced infarct size and prevented reperfusion cardiac injury. The main cellular ways of the
infarct size-limiting effects of LiCl are mediated through the sarcK, , channel opening.
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PE3IOME

Hens. VccnenoBanne MexaHn3MOB MH(ApKTa — JUMUTUpYIomiero aeictsust xinopuzaa autust (LiCl) Ha monenn
nHpapkTa MuOKapna in vivo. IHpapkT MuOKap/a sBISETCS OJHOM U3 OCHOBHBIX MIPUYMH CMEPTH B3POCIIOTO TPY-
JIOCTIOCOOHOTO HACeJIeHHsI B 9KOHOMHUYECKH Pa3BUTHIX CTpaHaxX. B HacTosmee BpeMs B KIIMHUYECKOI PaKTHKE He
CYIIECTBYET IpenapaToB, KOTOPbIE ¢ BEICOKOW 3(peKTHBHOCTHIO 3aIlUIIaiy ObI MHOKAp]] OT MileMuu/penepdy-
3HH, II03TOMY HMEETCsl HEOOXOIMMOCTh B Pa3pabOTKe HOBBIX JIEKAPCTBEHHBIX CPEACTB, CIOCOOHBIX OrPaHUYUTh
pa3Mep HH(APKTA U CHU3UTh CMEPTHOCTb.

MarepuaJjbl ¥ MeToAbl. MoenupoBanue HH(papKTa MHOKapa MPOBOJWIN HA KpbIcax JHHUM Bucrap mytem
OKKITFO3UH KOPOHApHOI apTrepuu (45 MuH) U periepdysun (120 MuH). MonekyIsipHBIA MEXaHU3M 3aIIUTHOTO JeH-
CTBHS XJIOPHJA JINTHS MCCIICIOBAIN HA MOJCIN MH(APKTa C MOMOIIBI0O COOTBETCTBYIONIUX OJIOKATOPOB, B TOM
YHCIIe HECENEKTUBHBIX U CEeNeKTHBHBIX O1okatopoB ATd-uyBcTBHUTENBEHOTO KaneBoro kaHana 1 NO-CHHTa3HI.

PesyabTatel. Beenenne LiCl 1o nmemnun 3HaYUTENFHO YMEHBLIATO pa3Mep HHbapkTa, npu 3ToM NO-cuHTa3a,
LUKJIOKCUT'€HA3a-2, IpoTeMHKHHa3a C, SHAOTCHHBIE OIMHOM/BI HEe OBUIM BOBJICYEHBI B KapIUONPOTEKTOPHBINA (-
ekt autus. Kapauonporexropusiit 3¢ dext LiCl omocpenoBan yepe3 oTkpbiTHE capkoneMManbHOro AT®d-uys-
CTBHUTENBHOTO KanueBoro kanana (capkKATd-kanana).

3akaoyenne. XJIOpH] JUTHS MOXET IPEJOTBPATUTh MIIEMHYECKOe U pernepdy3nOHHOE TOBPEKICHUE Cep/la.
OCHOBHBIE KJIETOYHBIE ITyTH UHDapKT-muMuTHpYoniero aeiicteus LiCl peanu3yroTcs B OCHOBHOM 4Yepe3 OTKpPbI-
tue capkKATP-kanabl.

KnroueBble ciioBa: muThii, HHGapKT MHOKAp/a, KapAUOIPOTEKIIHS, KaTNEeBbIe KaHAIIBI, HIIeMUst/penepdy3ust
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INTRODUCTION

Acute myocardial infarction (AMI) is one of
the main causes of death among patients with
cardiovascular diseases [1, 2]. Lethality in ST-
segment elevation myocardial infarction (STEMI) is
4.6-6.8% [3,4],and in patients with cardiogenic shock
within 30 days, it exceeds 20% [5, 6]. The probability
of death in patients with AMI is primarily related to
infarct size, concomitant rhythm disturbances, and
the time of pharmacologic or surgical reperfusion.
Reperfusion provides restoration of coronary blood
flow, but also contributes to reperfusion damage of
the heart.

Currently in clinical practice, there are no drugs
that can significantly increase cardiac resistance to
reperfusion and, consequently, reduce infarct size.
The most effective method of treatment of AMI is
percutaneous coronary intervention; nevertheless,
mortality remains at a high level [3, 4, 7, 8]. Therefore,
there is an urgent need to develop new drugs that can
reduce infarct size. Lithium (Li* ) and its salts are of
particular interest in this regard. Lithium has a wide
range of biological activities, including normothymic,
cytoprotective, antioxidant, and antiapoptotic effects
[9-11].

It has been previously reported that Li* can
increase the resistance of rat heart to ischemia —
reperfusion injury in vitro [12, 13]. However, it
was unclear whether Li* could limit infarct size in
vivo. The receptor and signaling mechanisms of the
infarct size-limiting effect of Li* have not yet been
studied in detail. A number of studies have shown
that the cardioprotective effect of LiCl depends on
the activation of cyclooxygenase [12, 13]. There are
data that indicate the participation of opioid receptors
(ORs) in the antinociceptive effect of Li*, and that Li*
is able to activate ATP-sensitive K™ -channels (K, -
channels) [14, 15]. K, -channels, ORs, protein

kinase C (PKC), cyclooxygenase-2 (COX-2), and
NO synthase (NOS) are known to play important
roles in the mechanisms of cardiac tolerance to
ischemia — reperfusion [16-20]. In the present study,
we investigated the infarct size-limiting effect of
lithium and determined the molecular mechanism of
cardioprotection in in vivo models.

MATERIALS AND METHODS

The study design was planned according to
ARRIVE guidelines 2.0 for reporting animal studies
[21]. Outbred male Wistar rats weighing 250-300 g
were used. One animal was considered as one
experimental unit. The animals were maintained
under standardized conditions at 24 + 2 °C. The rats
received pellets of normal feed and drinking water
ad libitum. Division of animals into groups was
done randomly. Simple randomization was used,
with animals numbered and assigned to groups by
selecting a set of numbers for each group using a
random number generator. Twelve experimental
animals were included in each experimental group
and were processed by parametric statistical methods.

The control group (ischemia — reperfusion injury
model without pharmacologic treatment) consisted
of 12 experimental rats. The study was conducted
using the blinding strategy. Surgical procedures
and infarct size measurements were performed by
different specialists who did not know to which
group the animal belonged. Experimental procedures
were performed in accordance with Directive
2010/63/EU of the European Parliament and the
Guidelines for the Care and Use of Laboratory
Animals. Pharmacologic effects in the experimental
groups included the use of lithium salts and other
pharmacologic agents described in detail below. LiCl
solution was administered intravenously as a bolus in
avolume of 1 mL of saline solution. Lithium solution
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was administered 15 minutes before coronary
occlusion. Other pharmacologic agents were
administered intravenously 25 min before coronary
artery occlusion.

The animals were anesthetized with a-chloralose
(50 mg / kg, intraperitoneally) and connected to a
SAR-830 ventilator (CWE Inc., Ardmore, USA).
Blood pressure (BP) was recorded using an SS13L
pressure transducer (Biopac System Inc., Goleta,
USA) paired with an MP35 electrophysiologic study
device (Biopac System Inc., Goleta, USA). This
device was also used for ECG recording. Coronary
occlusion (45 min) was performed according to the
method of Neckar et al [22]. The animals underwent
thoracotomy and pericardium removal, then ligature
was applied to the coronary artery. After 45 minutes
of'ischemia, the ligature was removed, the restoration
of blood flow was confirmed by the appearance of
epicardial hyperemia. The duration of reperfusion
was 2 hours.

After completion of the reperfusion period, the
hearts were removed and flushed with saline solution
through the aorta. The risk zone was determined
by staining the myocardium through the aorta with
5% potassium permanganate solution. Then slices
perpendicular to the longitudinal axis of the heart
(1 mm thick) were made. The area of necrosis was
distinguished from the area at risk by staining with
1% 2,3,5-triphenyltetrazolium chloride solution
[22]. Heart slices were scanned and infarct area was
calculated using the Imagel] program (NIH, USA).
Myocardial infarct size was expressed as a percentage
from the risk area size as the ratio of infarct area to
risk area.

The compounds used were lithium chloride,
L-NAME, glibenclamide, naltrexone, 5-GD and
celecoxib (Sigma-Aldrich, USA), chelerythrine
(MedChemExpress, USA), and hydroxypropyl
B-cyclodextrin (Tocris Bioscience, UK). HMR
1098 was synthesized and provided by Sanofi-
Aventis Deutschland GmbH (Frankfurt, Germany).
Drug solutions for administration were prepared

in saline ex fempore. Water-insoluble compounds
(glibenclamide, chelerythrine, celecoxib) were first
dissolved in 0.1 ml of dimethyl sulfoxide, and then
0.9 ml of 20% hydroxypropyl B-cyclodextrin was
added.

We have previously found that hydroxypropyl
B-cyclodextrin  has no effect on animal
hemodynamics, heart rhythm, and infarct size.
Lithium chloride was used at doses of 40 mg / kg
and 200 mg / kg intravenously. The other drugs
were also administered intravenously. Naltrexone
(a nonselective OR antagonist) was administered
at a dose of 5 mg / kg. Chelerythrine (a selective
PKC inhibitor) was administered at a dose of 5 mg
/ kg. The NOS inhibitor L-NAME was administered
at a dose of 10 mg / kg. The non-selective K,
-channel blocker glibenclamide was administered at
a concentration of 1 mg / kg. 5-Hydroxydecanoate
(5-HD, a blocker of mitochondrial K, , (mitoK,
) channels) was administered at a dose of 5 mg /
kg. HMR 1098 (a selective blocker of sarcolemmal
(sarK, ) channels) was administered at a dose of 3
mg / kg. The selective COX-2 inhibitor celecoxib
was administered at a concentration of 0.24 mg / kg.
A.M. Stevens et al. demonstrated that celecoxib at
this dose inhibits COX-2 [23].

The results of the study were processed using the
Statistica 13.0 program (Stat Soft, USA). Data were
presented as the mean and the standard deviation M
+ 0. Normality was checked by the Shapiro — Wilk
test. One-factor analysis of variance (ANOVA)
with the Bonferroni correction was used to compare
differences between the groups. The differences
between the groups were considered statistically
significant at p < 0.005.

RESULTS

No significant changes in hemodynamic
parameters were detected in animals of the control
group (Table). L-NAME increased systolic blood
pressure and decreased heart rate. The other drugs
had no effect on hemodynamic parameters (Table).

Table

HR (beats / min) and BP (mm.Hg) in rats during coronary occlusion (45 min) and reperfusion (120 min)

Group Dose, Before ischemia 45 min of ischemia 30 min reperfusion 120 min reperfusion
mg/ kg HR AD HR AD HR AD HR AD

Control 363+4 124+3 357+4 120+ 3 352+5 117+3 342+ 6 113+ 4

LiCl 200 364+4 126 +3 359+4 121 +4 355+3 116 +4 346 £5 111+6

LiCl 40 361 +4 122+3 355+5 118 +3 350+ 4 114 +3 341 +5 110+ 6

Celecoxib 0.24 364+3 121+3 357+4 117+3 350+ 4 113+£3 340+ 5 109 + 4
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Table (continued)

Group Dose, Before ischemia 45 min of ischemia 30 min reperfusion 120 min reperfusion

mg / kg HR AD HR AD HR AD HR AD
L-NAME 10 364 +4 125+3 334+ 5" 145+ 3" 326+ 6" 147 £ 4* 320+ 6" 149 + 6"
Chelerythrine 5 363 +4 123+3 357+3 120+ 4 353 +4 115+5 340+ 6 109 +4
Glibenclamide 1 367+3 122+4 3634 119+3 357+4 115+5 347+ 4 110+4
HMR 1098 3 365+4 122+3 359+5 119+4 355+5 120+ 4 34745 112+5
5-HD. 5 362+5 124 +4 358+3 120+ 3 353+4 117+4 341 +4 114+5
Naltrexone 5 365+4 126+ 4 361 +£4 122+3 356+3 118+ 4 345+4 1135

Note: LiCl - lithium chloride; 5-HD — 5-hydroxydecanoic acid; HR — heart rate, BP —blood pressure; * p <0.005 compared to the control group.

Necrosis zone / risk zone, %

Control LiCl LiCl LiCl +
(200 mg/kg) (40 mg/kg)  Celecoxib

Fig. 1. Participation of COX-2, NO synthase, protein kinase C, K

* * #*
30 4
* * “ *
20
10
0 } + " " N - - T Ve +

LiCl + LiCl + LiCl +
L-NAME  Chelerythrine Glibenclamide 1098 5-HD

LiCl+ HMR  LiCl + LiCl +
Naltrexone

-channels, and opioid receptors in the infarct size-limiting effect

of LiCl. Here and in Fig.2, the data are shown as M = 6. * p <0.005 compared to the control group

Pre-injection of LiCl (40 mg / kg) statistically
significantly (p = 0.00045) reduced the necrosis zone /
risk zone ratio by 48% compared to the controls
(Fig. 1). Increasing the dose of lithium chloride
to 200 mg / kg did not significantly enhance the
cardioprotective effect (Fig. 1). Therefore, in further
studies, lithium chloride was used at a concentration
of 40 mg / kg.

As shown in Fig. 1, the COX-2 inhibitor celecoxib
and the NOS inhibitor L-NAME did not affect the
infarct size-limiting effect of LiCl, i.e., there was
a statistically significant reduction in the infarct
size compared to the controls (p = 0.00088 and p =
0.00021, respectively). A similar result was observed
with the PKC inhibitor chelerythrine (p = 0.00011).

60 4
40

30 4

Necrosis zone / risk zone, %

However glibenclamide (a non-selective blocker of

K, ,-channels) and HMR 1098 (a selective blocker
of sarcK  -channels) abolished the cardioprotective
effect of lithium chloride (Fig. 1), in both cases
the infarct zone size was not significantly different
from the control values (p = 0.303 and p = 0.206,
respectively). Pre-administration of the selective
mitoK, -channel inhibitor 5-HD did not affect
lithium-induced cardiac tolerance to ischemia —
reperfusion injury (a statistically significant reduction
in infarct area was observed, p = 0.00041). The OR
antagonist naltrexone also did not affect the infarct
size-limiting effect of lithium chloride (p = 0.0035)
(Fig. 1). All inhibitors used had no significant effect
on the size of the infarct area (Fig. 2)

]

Control Celecoxib L-NAME

Chelerythrine

Glibenclamide HMR 1098 Naltrexone

Fig. 2. Estimation of the intrinsic effect of the drugs used (inhibitors) on myocardial infarction size
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DISCUSSION

The cardioprotective effect of lithium was
previously shown in ex vivo studies [12, 13].
Cyclooxygenase may be involved in the realization
of the infarct size-limiting effect of lithium [13].
Several studies have shown that COX-2 activation
improves cardiac tolerance to ischemia [19, 20, 24].
We found that celecoxib (COX-2 inhibitor) did not
eliminate the cardioprotective effect of LiCl. This
may be due to the fact that M.Faghihi et al. conducted
their studies on the isolated rat heart and used the
non-selective COX inhibitor indomethacin, which
also inhibits COX-1 [13].

We hypothesized that COX-1 is involved in
the cardioprotective effect of LiCl. However, this
hypothesis contradicts the current opinion that
COX-2 activation increases cardiac tolerance to
ischemia [19, 20]. Activation of PKC definitely
plays an important role in the cardioprotective effect
of ischemic preconditioning [16] and opioids [25].
Therefore, it was surprising that PKC is not involved
in the infarct size-limiting effect of LiCl, since
chelerythrine exposure did not affect the efficacy
of lithium. NOS has been reported to be involved
in the development of delayed (24 h) ischemic
preconditioning [20]. However, the NOS inhibitor
L-NAME did not affect the LiCl-induced increase in
cardiac tolerance to ischemia — reperfusion.

The results of our study are in agreement with
the data of Y. Terashima et al. who showed that
the infarct size-limiting effect of LiCl ex vivo is
independent of PKC activation [12]. Our data are in
agreement with the work of M. Faghihi et al. [13],
where it was shown that L-NAME does not attenuate
lithium cardioprotection in vitro.

K, -channels are known to be involved
in cardioprotection due to ischemic pre- and
postconditioning [16, 17]. It has been reported that
LiCl can induce the opening of K, -channels [15].
Summarizing the obtained results, we concluded that
the infarct size-reducing effect of LiCl is partially
realized through K, -channels. This version is
confirmed by the revealed effects of non-selective
blocker of K, _-channels glibenclamide and selective
blocker of sarcK, -channels HMR 1098, which
completely eliminated the cardioprotective effect of
LiCl. Hence, sarK, -channels are involved in the
infarct size-limiting effect of LiCl. In this case, it
remains unclear whether activation of the sarK

ATP
channel is the result of a direct action of Li* on this

channel or whether its opening is mediated by the
effect of kinases.

In our study, lithium chloride demonstrated an
infarct size-limiting effect. The antinociceptive
effect of lithium chloride depends on the release
of endogenous opioids [17]. However, the results
showed that endogenous opioids were not involved
in the cardioprotective effect of LiCl. Lithium
carbonate is used orally in psychiatry with achieving
blood concentrations of 0.4—1.2 mmol / 1 in patients
[26]. This concentration is comparable to the dose of
LiCl used in our study. Consequently, these results
indicate the feasibility of conducting a clinical trial
on the treatment of AMI with lithium salts.

CONCLUSION

It has been shown that lithium chloride reduces
the myocardial infarction zone in vivo and increases
cardiac resistance to ischemia — reperfusion. The
infarct size-limiting effect of LiCl is associated with
the opening of sarK , . -channels. PKC, NOS, COX-2,

ATP
endogenous opioids, and mitoK,. -channels are not

ATP
involved in the cardioprotective effect of LiCl. The

obtained data indicate the need for further study of
the mechanism of cardioprotective effect of lithium.
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