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Uridine increases endurance and improves
the rehabilitation of experimental animals
after physical performance

Irina B. Krylova, Elena N. Selina

Institute of Experimental Medicine, Saint Petersburg, Russia

BACKGROUND: The pharmacological correction of metabolic processes, providing an increase in the efficiency and
duration of physical performance and contributing to rapid rehabilitation, is an important component of the regulation of
adaptation. Previously, we found that the pyrimidine nucleoside uridine exhibits antihypoxic properties, activates mitochondrial
K*xrp channels (mitoK,p), normalizes energy metabolism, reduces lipid peroxidation, activates the antioxidant system, and
increases glycogen content. The substance with such properties was assumed to increase endurance and improve recovery
after physical performance.

AIM: To examine the effect of uridine on the endurance of experimental animals in the forced swimming test under different
intensities of physical performance and their rehabilitation.

MATERIALS AND METHODS: Experiments were performed on male Wistar rats (350—380 g) and male outbred mice (25-30 g).
In the first series, the effect of uridine on the rat's endurance was studied in the forced swimming test with a load of 5%, 7%, or
10% of the animal weight. In the second series, the effect of uridine on the first phase of recovery was evaluated in a three-load
swimming test. Mice with 10% load were subjected to a swimming test three times, after which the trail index —the ratio of time
of the third trail to the first trail — was determined. The frequency of animals with low, medium, and high recovery ability was
estimated. Uridine 30 mg/kg or physiological saline (control) was administered 30 min before testing, 5-hydroxidecanoate (5-HD,
mitoK,;p blocker) 5 mg/kg 45 min before testing, and mexidol (reference drug) 200 mg/kg 50 min before testing.

RESULTS: Uridine increased the critical swimming duration by 58% and 44% at 5% and 7% exercise, respectively, in
comparison with control. At 7% load, the drug increased the period before the appearance of the first signs of fatigue by 100%.
After the blockade of mitoK,;, channels, the effect of uridine decreased by 40% in the presence of fatigue and 24% in critical
swimming duration. In the three-load swimming test, uridine increased the trail index by 1.5 times, which was comparable to
the effect of mexidol, and increased the number of animals with a high ability to recover by 2.6 times. The use of uridine after
mitoK,;, channel blockade did not lead to a decrease of its positive effect and the blockade of channels with 5-HD did not affect
rehabilitation.

CONCLUSIONS: Uridine increases the endurance of rats with a medium load in the forced swimming test and the
rehabilitation of mice in the three-load swimming test. It also increases the number of animals with a high ability to recover
after a swimming performance. The mechanism of its effects was realized both through the activation of mitoK,;, channels and,
probably, the stimulation of glycogenesis.
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YpuauH noBsbilLaeT BbIHOCAIUBOCTb U ynyYlLaeT
BOCCTaHOB/IEHUEe paboTOCNOCOBHOCTU IKCNEPUMEHTANTbHbIX
XXMBOTHBIX nocsie (hM3n4eCKON HarpysKu

N.b. Kpbinosa, E.H. Cenunna

WHCTUTYT 3KcnepuMeHTanbHoi MeauumHbl, CaHkT-letepbypr, Poccus

AxTtyanbHocTb. DapMaKonornyecKkas KoppeKLmMs MeTabonmueckux NpoLeccoB, 00ecneymBaloLLMX YBENMYEHWE 3P HEKTUB-
HOCTW M ASIMTENBHOCTY BbINOJHAEMOM paboTbl M CNOCOBCTBYHOLLMX CKOPEMLLEMY BOCCTAHOBEHWIO OpraHu3Ma nocne guaunye-
CKWX Harpy3oK, SIB/IAIETCA BaXKHbIM KOMMOHEHTOM peryifiuuv ajanTauMoHHbIX BO3MOXKHOCTEN opraHu3Ma. PaHee Hamu bbino
YCTaHOBMNEHO, 4TO NMUPUMMOMHOBLIA HYKNEO3WA YPUAMH MPOSBNISAET aHTUIMMOKCUMYECKME CBOICTBA, CnocobeH akTMBMpoBaTb
MuToXoHApUanbHble Ky, KaHanbl (MUTOK ), HOPManM3yeT 3HepreTUHECKUIA 0OMeH, CHUXaeT MHTEHCUBHOCTb NEPEKMCHOro
OKWUC/IEHWUA NIMMULOB, aKTUBMPYET aHTUOKCMAAHTHYI0 CUCTEMY, a TaKXKEe YBENIMUMBAET COEPMaHMe MnUKoreHa. MoxHo npen-
MOMIOXMTb, YTO COELIMHEHWE C TaKUMU CBOWMCTBaMM BYAeT NOBLILIATL BLIHOCIMBOCTbL M CnocobcTBOBaTL Oofee BbICTPOMY BOC-
CTAHOBJIEHUIO CUN NMOCSE (U3NYECKUX Harpy30K.

Lenb — u3yyeHue BAMSHWA ypuaMHa Ha paboTocnocobHOCTb IKCMEPUMEHTANbHBIX KWUBOTHBIX B TECTE BbIHYXAEHHOI0
MNaBaHUA C YTSKENEHUEM MPY PU3NYECKUX HArpy3Kax pasHOi MHTEHCUBHOCTM W Ha BOCCTAHOBMNEHWe WX pabotocnocobHocTu.

Marepuanbl u Metoabl. OnbiThl BbINOSHEHbI HA Kpbicax-caMuax nmHumM Buctap (350-380 r) u camuax benbix becno-
POAHLIX Mbllelt (25-30 r). B nepBoii cepun 3KCNEpUMEHTOB ONPEAeNANM BAMSHUE YPUAMHA Ha paboTocnocoBHOCTL KpbIC
B TeCTe BbIHYX/EHHOM0 NpeAenbHOro NiaBaHus ¢ yTaxeneHneM Maccoi 5, 7 unm 10 % ot Beca wuBoTHOrO. Dusnyeckyto
paboTocnocobHOCTb OLEHMBaM MO NPOLAOIIKUTENLHOCTU NaBaHUs [0 NOSBIEHWUA NepBbIX NPU3HAKOB YTOMNEHUS /UK Bpe-
MeHU NpefenbHoro nnasaHus Ao rubenu. Bo BTOpoW cepuu B TpexHarpy304HOM MNiiaBaTeflbHOM TecTe OLEHWBaNM BAUsHUE
ypuauHa Ha nepeylo a3y npoueccoB BoccTaHoBneHus. Mbiwei ¢ 10 % rpy3om 3 pasa noggepranv nnasaTeNibHoOM npobe,
nocne Yero onpefensny UHAEKC Npobbl, paBHbIA OTHOLLEHWIO BPEMEHU BbINONHEHUA Harpy3ku 3 K Harpyske 1. OueHnBamm ya-
CTOTY BCTPEYAEMOCTM KMBOTHBIX C HU3KOW, CPEAHEN U BbICOKOW CMOCOOHOCTLH) K BOCCTAHOBMEHMIO. YpuauH o06bemoM 30 Mr/kr
wn usnonoruyeckmii pacteop (KoHTposb) Beoanamn 3a 30 MuH, S-ruapokeupekanoart (5-I[l, bnokatop MuToK yp, KaHanos)
5 Mr/kr — 3a 45 MuH, Mekcupon (npenapat cpasHenus) 200 Mr/kr — 3a 50 MMH 0 Ha4ana TeCTUPOBaHUA.

Pe3ynbtathbl. YpuanH yBenuMuuBan npopoImKUTENbHOCTb NpeaenbHOro niaBaHus Ha 58 u 44 % npu 5 u 7 % Harpyske
cooTBeTcTBEHHO. [1pyn 7 % Harpy3ke nop, AeicTBUeM npenapara nepuog, 40 NOSBEHWS NepBbIX MPU3HAKOB YTOMIIEHUS BO3pac-
Tan Ha 100 %. 3ddeKT ypuarHa, BBeAeHHOMO Ha GoHe bnokaabl MUTOK y, KaHanoB, cHkancs Ha 40 % B cnydae yTomneHus
1 Ha 24 % B cnyyae [1M1. B TpexHarpy3o4HOM nnaBaTeNibHOM TecTe ypuauH B 1,5 pasa yBenmunBan 3 deKTMBHOCTb BOCCTAHOB-
NIEHMs cun, YTo BbINO CONoOCTaBUMO C [eNCTBUEM MeKcuaona. penapat B 2,6 pa3a yBenuuMBan 0N HMBOTHBIX C BbICOKOW
CMocoBHOCTHIO K BOCCTaHOBNEHMIO. [IpuMeHeHu e ypuamnHa Ha goHe bnokaabl MUTOK , KaHanoB He NMPUBOAMIO K 0cnabneHunto
ero nonoxuTensHoro 3ddexTa, a bnokapa kaHanos 5-[1 He BMANa Ha cNOCOOHOCTb KMBOTHBIX K BOCCTAHOBEHMIO CUNT.

3aksioueHue. YpuavH yBenmumBaeT BbIHOCIIMBOCTb XUBOTHbIX B TECTE BbIHYXAEHHOMO NPeAeNbHOro NiaBaHus nNpy Npefb-
SIBNEHUM UM Harpy3oK CPefHEN MHTEHCMBHOCTM, MOBLILIAET CrocobHOCTb K BOCCTaHOBNEHUO pabotocnocobHocTH B Tpex-
Harpy304HOM M/1aBaTe/IbHOM TeCTe U YBEIMUMBAET KOJIMYECTBO MUBOTHBIX C BbICOKOW CMOCOOHOCTBIO K BOCCTAHOBNEHMIO.
MexaHu13M ero [ieiicTBUsA peanusyeTcs Kak Yepe3 aKTUBaLmio MUTOK y, KaHamoB, TaK W, BEPOATHO, Yepe3 CTUMYNALMIO FINKO-
reHesa.

Kniouesble cnoBa: ypuauH; BbIHOCIMBOCTb; BOCCTAHOBMEHME CUMT; TECT BbIHY)X/EHHOIO NpefebHOro niaBaHus; Guanyeckas
Harpy3K, MUTOK r, KaHanbl.
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BACKGROUND

To increase performance and recover rapidly after intense
physical activity are issues in various areas of human life,
i.e., labor, sports, and military service. Therefore, possible
solutions, particularly those related to the pharmacological
correction of metabolic changes during heavy physical loads,
are desired [1]. Hypoxia, which is referred to as exercise
hypoxia [2] or physiologic hypoxia [3], underlies the decline in
performance. Oxygen deficiency during prolonged or intense
exercise limits the body’s ability to use the aerobic pathway
of energy production, which subsequently activates anaerobic
glycolysis. Owing to the rapid depletion of its substrate supply,
this opportunity to replenish energy resources becomes
inefficient, resulting in fatigue and decreased performance.
Antihypoxants and antioxidants may be used as nondoping
drugs to increase work volume and duration and accelerate
recovery [4].

The pyrimidine nucleoside uridine, a metabolic precursor
of uridine diphosphate (UDP), an endogenous activator of
mitochondrial adenosine triphosphate (ATP)-sensitive K(+)
(mitoK ;) channels, was found to exhibit antihypoxic properties
in experimental models of hypoxic conditions such as hypoxic
hypoxia with hypercapnia and local circulatory hypoxia
(acute myocardial ischemia) [5]. Uridine normalizes energy
metabolism, reduces the intensity of lipid peroxidation, and
activates the antioxidant system in the ischemic myocardium
[6]. When it was used along with mitoK,;, channel blockade, its
main effect was assumed to be the activation of these channels
[7]. Activation leads to the preservation of the morphofunctional
organization of mitochondria and thus increases the efficiency
of the aerohic component (oxidative phosphorylation) in
the cellular energy supply system. In the presence of acute
myocardial ischemia, uridine metabolites may participate in
glycogenesis [8, 9], replenishing glycogen stores, which plays
an important role in both aerobic and anaerobic pathways of
energy supply to muscle tissues. Therefore, a compound with
such properties may increase work capacity (endurance) and
improve recovery from physical performance.

This study aimed to examine the effect of uridine on the
endurance of experimental animals in the forced swimming
(FS) test under different intensities of physical performance
and their rehabilitation.

MATERIALS AND METHODS

Experiments were performed on 76 (each group including
6—14 animals) male Wistar rats (350-380 g) and 48 male
white outbred mice (25-30 g). The animals were obtained
from the Rappolovo nursery and kept under standard
vivarium conditions at a room temperature of 20°C-22°C,
relative humidity of 60%—-70%, and 12-h day/night cycle with
free access to water and food.

Experiments were conducted in compliance with the
requirements of the European Convention for the Protection of
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Vertebrate Animals Used for Experimental or Other Scientific
Purposes (Strashourg, 1986), in accordance with the ethical
principles outlined in the Directive of the European Parliament
and the Council of the European Union 2010/63/US dated
September 22, 2010, and with the approval of the Bioethics
Commission of the Institute of Experimental Medicine. The
experimental work was performed in accordance with the
methodological guidelines for the study of drugs that affect
physical performance [10].

Two series of experiments were conducted. In series 1,
the effect of uridine on rat performance in the FS test with
weighting was determined. A load corresponding to 5%, 7%,
or 10% of the animal’s weight was attached to the base of the
sacrum 15 min before testing [1]. The water depth in the pool
was 80 cm, and the water temperature was 22°C.

Rats were intraperitoneally injected with uridine at a
dose of 30 mg/kg or saline solution 30 min before pool
immersion (control group [CG]). In addition, the effects on
the performance of the mitoK,;, channel blocker 5-HD, which
was administered 45 min before the experiment at a dose of
5 mg/kg, and the combined application of 5-HD and uridine
were examined in a 5% loading experiment. In the latter
case, 5-HD was administered 15 min before uridine. The
criterion for study termination was the death of the animal,
and the parameters that reflect physical performance were
the duration of swimming before the first signs of fatigue
(before the first dive) and/or the time of FS before death.

In series 2, the three-load swimming test was used,
which is a modified FS test and is conducted to assess the
effect of drugs on the first phase of recovery (first hour)
[10]. The experiment was performed on male white outbred
mice weighing 25-30 g, which were divided into groups
(Table 1). A 10% load was attached to sacral base, and in the
swimming test, the animals were immersed in a pool with
water temperature of 22 °C. The criterion for the termination
of swimming load 1 was the inability of the animals to
continue swimming (diving to the bottom of the pool
without swimming movements for 30 s or the appearance
of rotational movements or agonal convulsions). After the
refusal to continue the load, the mice were quickly removed
from the water and dried. After 5 min, they were reimmersed
in the pool for the second swimming test (load 2), after which
they rested for 45 min. Subsequently, all animals were
subjected to a third swimming test (load 3). The duration
of each load test was recorded. The ability to recover, i.e.,
the so-called the test index (TI), was analyzed, which was
equal to the ratio of the time of performing load 3 to load 1.
The Tl was characterized as low (<0.5), medium (0.51-0.8),
and high (>0.8) recovery ability. Moreover, animals with low,
medium, and high recovery ability were assessed. Uridine 30
mg/kg or saline (CG) was injected intraperitoneally 30 min
before testing, and 5-HD 5 mg/kg was injected 45 (CG) or
15 min before uridine administration. Mexidol at a dose of
200 mg/kg, which was administered intraperitoneally 50 min
before testing, was used as the comparison drug.
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Statistical data analysis was performed using GraphPad
Prism 6 (GraphPad Software, USA). Experimental groups
were compared using the one-factor analysis of variance,
Student’s t-test, and Fisher’'s nonparametric criterion.
Between-group differences were considered statistically
significant at p < 0.05. Data are presented as mean and
standard error (M + SEM).

RESULTS
FS test with weighting

Under FS conditions with a 5% load, the period before
the emergence of signs of fatigue (time of the first dive) in
control animals (n = 6) was 170 + 17 s, and the FS duration
was 526 + 37 s (Fig. 1). The administration of uridine to rats
(n = 11) at a dose of 30 mg/kg did not significantly change
the swimming time to fatigue, which was 185 + 40 s.
By contrast, the duration of the uridine-induced FS increased
by 58% compared with the CG. Under these conditions, the
mitoK,rp channel blocker 5-HD (n = 6) significantly decreased
rat performance, reducing the swimming time to fatigue by
3.9-fold and the time to FS by 2.4-fold compared with the CG
(Fig. 1), indicating the involvement of mitoK,, channels in the
energy supply during physical activity. The effect of uridine
administration along with mitoK;, channel blockade was
reduced by 40% in the presence of fatigue and by 24% in the
case of FS.

Increasing the load to 7% (Fig. 2) resulted in a significantly
faster fatigue onset and decreased the endurance of the
animals. Thus, the time to the first dive and FS time in the CG
decreased by 5.3- and 2.9-fold, respectively, compared with
a 5% load. Uridine increased the period until the first signs of
fatigue by 100%. The FS duration after uridine administration
was 44% higher than that of the CG. Thus, with increased
load, drug efficiency improved, which was manifested as an
increase of both the FS time and duration before fatigue onset.
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Increasing the load up to 10% of body weight resulted in
further decreased performance of the CG and the inability
to clearly distinguish the time up to the first dive, as fatigue
occurred very quickly. In these animals, uridine did not
positively affect the FS time.

Three-load swimming test

The results are presented in Fig. 3. In the CG, the Tl was
0.57 + 0.04. In the uridine-treated group, the recovery was
more effective, as evidenced by a 1.5-fold increase in TI
(0.85 + 0.04; p < 0.001 vs. CG). The activity of uridine was
comparable to that of mexidol, which increased Tl by 1.5-fold
(0.82 + 0.05; p < 0.001 vs. CG). The use of uridine along with
mitoK,;, channel blockade did not significantly weakened its
positive effect (0.78 + 0.04; p > 0.05 vs. uridine), and 5-HD
channel blockade did not affect the animals’ ability to recover
(0.60 £ 0.07; p > 0.05 vs. CG).

If the investigated drug exerts a positive effect on the first
phase of recovery, it should cause both a significant increase in
the group average Tl and a change in the occurrence patterns
of animals with low, medium, and high ability for effective
recovery. The results demonstrate pronounced uridine-induced
changes in the distribution of animals with different recovery
abilities (Table 1).

Uridine increased the proportion of animals with a high
recovery ability by 2.6-fold and had superior efficiency to
the comparison drug mexidol. The mitoK,;, channel blocker
did not significantly change the distribution of animals into
groups. However, a preliminary blockade of mitoK,;, channels
by 27% reduced the positive effect of uridine.

DISCUSSION

In the FS test, the load determines the mode of physical
performance, i.e., 5% of the animal’s weight correspond to
a moderate load of medium duration and is recommended
to be used to assess the aerohic component of work, and
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Time of forced swimming

Corol  Uridine 5HD  Uridine + 5-HD

a
Fig. 1. Influence of uridine on the performance of rats in the forced swimming test with a 5% load; a, time until fatigue appear; b, time of
ultimate swimming. *p < 0.05 to the control group; **p < 0.01 between 5-HD and uridine + 5-HD groups; #p < 0.05 between uridine and

uridine + 5-HD groups

Puc. 1. Bnusnue ypuamHa Ha pabotocrnocobHOCTb KpbiC B TeCTe BbIHYXAEHHOMO NPefenibHoro niaBaHus ¢ yTsxeneHeM 5 %; a — Bpems
[0 MOSBNIEHNSA NPU3HAKOB YTOMIEHUs; b — BpeMs npefenbHoro nnasaHusa. *p < 0,05 no oTHOLIEHMIO K KOHTPONbHOM rpynne; **p < 0,01
mexay rpynnamu 5-I1 v ypuaun + 5-T]; #p < 0,05 Mexay rpynnamu ypuauH v ypuanH + 5-I1
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Fig. 2. Influence of uridine on the performance of rats in the forced
swimming test with a 7% load; a, time until fatigue appear; b, time
of ultimate swimming. *p < 0.05 to the control group

Puc. 2. Brvsnne ypuomHa Ha pabotocnocobHOCTb Kpbic B TecTe
BbIHYX/AEHHOI0 MpefeNbHOr0 MaBaHuA C yTawenenveM 7 %;
@ — BpeMA [0 MOSBNEHNUs MPU3HAKoB yToMNeHus; b — Bpems
npenenbHoro nnasanms. *p < 0,05 no oTHOLLIEHWIO K KOHTPOJTLHOM rpynne

Fig. 3. Effect of uridine on the first phase of rehabilitation of mice
in the three-load swimming test. *p < 0.05 to the control group

Puc. 3. Bnuanue ypuonHa Ha nepeylo dasy BOCCTAHOBNEHWS CUi
Y Mbllleil B TpexHarpy3oyHoM MnaBaTenbHoM TecTe. *p < 0,05
MO OTHOLLEHMIO K KOHTPOBHOM rpynne

Table 1. Effect of uridine on mouse groups (%) with low, medium, and high ability in the physical performance rehabilitation
Tabnuua 1. BnusiHue ypunuHa Ha pacnpeneneque Mbiweit (%) no rpynnam ¢ HU3KOM, CpeaHei U BLICOKOM CMOCOOHOCTbIO K BOCCTAHOBIEHMIO

paboTocnocobHocTH
Ability to physical performance rehabilitation
Group n
Low Medium High
Control 18 22 45 33
- 0* 14* 86*
Uridine 7 p < 0.0001 p < 0.0001 p < 0.0001
5-HD 8 25 37.5 37.5
12¢ 25 63
Uridine + 5-HD 8 - 0.0004 *p=0.003 *p < 0.0001
p=5 * p = 0.0496 #p = 0.0002
57*#
, 29* 14*
Mexidol 7 *p =0.0006
p < 0.0001 p < 0.0001 #9 < 00001

Note: * significant difference when compared with the control group; # significant difference when compared with uridine.

7% and 10% refer to a medium and high levels of loading
intensity, respectively [10].

The results of the FS test with weighting indicate that
uridine increases rat performance at a moderate and, to a
greater extent, at a medium level of loads. Thus, the effect
of the drug is manifested by the dominance of the aerobic
component of work during aerobic—anaerobic loading. At a
high load level (10% of the animal weight), in which a rapid
transition from aerobic to anaerobic pathways of energy
formation occurs and the animal spends most of the time
in anaerobic conditions (underwater), the endurance of rats
exposed to uridine did not increase. However, evidence
suggested that uridine can increase the endurance of rats
with initially low exercise tolerance at a 20% load [11]. In
this case, its effect is attributed to the activation of mitoK,q,

channels and the acceleration of the K+ transport in
mitochondria. However, despite under the same experimental
conditions, uridine decreased the swimming time of highly
resistant animals. In our experiment, the average group
endurance was determined, whereas the initial tolerance
of the animals was not considered. This may be the reason
why no drug activity was observed at maximal loading. When
assessing the antihypoxic activity of uridine in pathological
hypoxia models and animals of different sexes, the protective
effect of uridine on the initial resistance to hypoxia was
noted; however, the drug did not aggravate the condition of
the animals [5]. The decreased effect of uridine on exercise
duration accompanied by mitoK;, channel blockade suggests
that the effect of the substance is partially mediated by their
activation. The preservation of drug activity during mitoK
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channel blockade is most likely due to the ability to intensify
glycogen synthesis, which is a source of substrate supply
for aerohic and anaerobic pathways of energy production.
Glycogen is actively broken down during muscle contractions,
resulting in the generation of ATP needed to perform physical
work. In humans, glycogenolysis provides 40%-50% of ATP
production during physical performance, particularly in sports
[12, 13]. During exercise, the key factor of performance is a
sufficient supply of glycogen in muscles, and its resynthesis
directly affects overall recovery and performance [14, 15].
In addition, the recovery after physical activity is primarily
associated with the restoration of the energy potential of
the organism and replenishment of glycogen stores [1].
Previously, uridine administration led to increased glycogen
in cardiomyocytes during acute myocardial ischemia in
rats [16]. Furthermore, UDP and uridine triphosphate (UTP)
in the myocardium increased over twofold 60 min after
uridine administration in both intact animals and animals
with myocardial infarction [7]. These findings support the
possibility of including exogenous uridine in metabolic
transformations to form uridine nucleotides. In turn, UTP
formed from uridine participates in the synthesis of UDP
glucose, which is an activated form of glucose and is directly
involved in polymerization reaction, resulting in the build-up
of glycogen molecules [17]. The absence of the effect of the
mitoK,;p channel blocker and uridine on the Tl along with
channel blockade suggests that the positive effect of uridine
on recovery is more related to intensified glycogenesis.

CONCLUSIONS

1. In the FS test, uridine increased the endurance of rats
when presented with moderate-intensity loads.

2. In the three-load test, uridine enhanced the recovery
ability of mice and increased the proportion of animals with
high recovery ability.

3. The effect of uridine on animal performance is partially
realized through the activation of mitoK,;, channels, and the
positive effect of the drug on recovery is probably associated
with enhanced glycogenesis.
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