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EFFECTS OF EMPAGLIFLOZIN AND L-ORNITHINE L-ASPARTATE ON BEHAVIOR, COGNITIVE FUNCTIONS,
AND PHYSICAL PERFORMANCE IN MICE WITH EXPERIMENTALLY INDUCED STEATOHEPATITIS
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Non-alcoholic fatty liver disease (NAFLD) is a chronic condition characterized by disturbed carbohydrate and lipid metabolism and often complicated by
psychoneurological symptoms, including anxiety, depression, memory deficit, and asthenia. Most studies of pharmacotherapy candidates for NAFLD focus on
the ability of the tested drugs to restore the biochemical functions and morphology of the liver while their potential effects on the co-existing conditions remain
overlooked. The aim of this paper was to investigate the effects of empaglifiozin and L-ornithine L-aspartate (OA) on behavior, memory, and physical performance
in C57BL/6 mice with experimentally induced NAFLD (6 months of a Western diet + weekly carbon tetrachloride injections). The disease affected animal behavior
(locomotion speed decreased by 38% and 35%, p < 0.01; rearing increased by 432% and 279%, p < 0.05 etc.), induced long-term memory deficit (latency to find
the target box increased by 108% in the Barmes maze, the number of errors increased by 439%, p < 0.05), and compromised physical performance (swimming
time in the forced swim test dropped by 50%, p < 0.05 etc.). When administered during the high-calorie diet period, both drugs reduced anxiety (empagliflozin:
the number of grooming bouts rose by 160%, p < 0.05 and 2173%, p < 0.01; time spent in the light compartment in the light/dark box test increased by 275%,
p < 0.05, etc.; OA: time spent in the open arms of the maze increased by 267%, p < 0.05), and promoted memory retention in mice with NAFLD. OA improved
physical performance (swimming time in the forced swimming test improved by 106%, p < 0.05, etc.). Thus, empagliflozin and OA can have a beneficial effect on
cognitive functions, as well as behavior, and ameliorate asthenia in NAFLD.
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BIUAHNE SMNATMMN®JIOSUHA N L-OPHUTUHA L-ACIMAPTATA HA NOBEAEHYECKO-KOIMHUTUBHbIE
OYHKUUNN N DPUSNHECKYIO PABOTOCINOCOBHOCTDb MNMPU SKCTNEPUMEHTAJIbHOM CTEATOTIEMATUTE
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HeankoronbHas »wposast 60one3Hb nedeHn (HAXKBI) — xpoHnYeckoe 3aboneBaHne, XapakTepusyoLLEeecs He TONMbKO U3MEHEHUAMI YINEBOAHOIO 1 MMNMAHOMO
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pPaboTOCNOCOBHOCTU (BPEMS BbIHY>XXAEHHOMO MiaBaHMsa cokpatunocb Ha 50%, p < 0,05 n gp.). Oba npenapata nNpu BBELEHUN BO BPEMS AVETbI CHKaIM
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KnioyeBble cnoBa: HeankorofbHas X1poBasi 60M1e3Hb MeYeHn, CTeaTorenaTuT, KOrHUTUBHbIE HapyLLEeHs!, (r3nyeckast paboToCNOCOBHOCTL, aMMNarMGNOsnH,
L-opHuTnHa L-acnaprtat

®duHaHcupoBaHue: paboTa NpoBefeHa B pamkax npoekta CaHkT-NeTepbyprckoro rocyfapcTeeHHoro yHueepcuteta Ne: 51134206.

Bknap, aBTopoB: B. A. IMpuxoapko — aHanv3 nutepaTypbl, NMPOBEAEHNE SKCMEPUMEHTOB; aHanms, CTaTucTMyeckas obpaboTka U MHTeprnpeTaumst AaHHbIX;
nofroToBka pykonucu n unmoctpaumin. 0. . CbicoeB — nnaHMpoBaHWe WCCRefoBaHVs, aHalm3 NUTepaTypbl, NMPOBeLeHNe SKCTIEPUMEHTOB; aHanma,
cTatcTdecKast obpaboTka 1 MHTepnpeTaLns AaHHbIX; MOArOTOBKa pyKommen 1 unntoctpaumii. M. A. ToBepsieBa — MpoBeagHne akernepumMeHTos; A. B. ByHaT —
nnaHMpPOBaHne MCCnefoBaHvs, nNposedeHne akcnepumeHTos; B. E. KapeB — aHann3 1 mHTepnpetaums AaHHbIX, MOArOTOBKA PYKOMUCK W WAMKOCTPALN;
[. 1O. VIBKVH — nNnaHvpoBaHe UccnepoBaHis, aHanms nutepatypsbl; . C. CyxaHoB — nnaHnMpoBaHmne NCCnefoBaHns, aHanma v HTepnpeTaLmus AaHHbIX, MOAroTOBKa
pykonmey; E. B. LLlyctoB 1 C. B. OKOBWTBIN — NnaHMpoBaHWe NCCNenoBaHst; aHanna nutepaTypbl; aHanm3 1 MHTEPNpeTaLms AaHHbIX; MOAroTOBKa PyKOMMUCK.

CobniofeHne 3TMHECKNX CTaHJAPTOB: BCE SKCMEPVIMEHTLI MPOBOAMIN B COOTBETCTBUM C NpUHLMNamMy Bbasensckon Aexknapaumm, MNpukasom MuHagpasa PO
ot 01.04.2016 Ne 199H «O6 yTBEPKAEHWM MPaBUA HaANEXaLLlen N1abopaTopHON NPaKTUKN» 1 PEKOMEHAALMAM B1oaTHecKon kKommucenn PrE0Y BO CrXdY
MuHzgpasa Poccun. 2KUBOTHbIX Copep» anu B CTaHAAPTHbIX YCIOBUSAX BUBApWS C COOMOAEHNEM HOPMATVBHbBIX TPEOOBAHNIN K MATAHMIO 1 OCBELLEHMIO.

<] Ans koppecnoHgeHumn: Bepornka AnexkcaHaposHa Mpuxoaeko
yn. KpacHonytunosckas, 4. 76, k. 2, nT. A, 1. CaHkT-INetepbypr, 196247; veronika.prihodko@pharminnotech.com
Cratbsl nonyyeHa: 22.05.2020 Ctatbsi NnpuHATa K nevatn: 08.06.2020 Ony6nukoBaHa oHnaiiH: 20.06.2020

DOI: 10.24075/vrgmu.2020.034

BULLETIN OF RSMU | 3, 2020 | VESTNIKRGMU.RU m




OPUTMHAJIbBHOE NCCJIEOOBAHWE | HEBPOJIOIMNA

Non-alcoholic fatty liver disease (NAFLD) is a chronic condition
caused by the pathologic deposition of fat in liver cells which
does not result from alcohol intake or exposure to toxic
substances. NAFLD is closely associated with carbohydrate
and lipid metabolism disorders, obesity, and insulin resistance.
It is estimated that up to 25% of the world’s population today
suffers from NAFLD, suggesting that it is the leading cause of
chronic liver disease [1, 2].

Besides metabolic alterations, NAFLD is associated with a
number of non-specific symptoms, including depression, anxiety,
asthenia, and cognitive impairment [3-5]. A study revealed that
53% of patients with NAFLD had signs of subclinical depression
whereas 14% were clinically depressed [6]. Mood swings and
irritability observed in such patients often co-exist with weakness
and chronic fatigue [3]. Some authors hold the opinion that
almost all NAFLD patients experience cognitive complications;
mild cognitive symptoms are observed in half of such patients,
whereas the other half have moderate or severe symptoms [4].

The aims of treatment for NAFLD are to eliminate its causes,
mitigate the symptoms and prevent the progression of the disease
[2, 7]. Apart from diet and physical exercise, some patients with
NAFLD should be advised to take hypolipidemic, hypoglycemic and
hepatoprotective agents [2, 7]. The efficacy of these drugs against
metabolic disorders has been studied extensively; however, few
publications discuss their use in the therapy of NAFLD-associated
psychoneurological deficits [8, 9]. This paper investigates the
effects of empaglifiozin and L-ornithine L-aspartate on behavior,
cognitive functions, and physical performance in C57BL/6 mice
with experimentally induced NAFLD.

METHODS

The study was carried out on 52 3-month-old male C57BL/6
mice with an average body weight of 23 g, purchased from the
Rappolovo breeding farm (Leningrad region). The study was
hosted by Saint Petersburg State Chemical and Pharmaceutical
University. The animals were fed a complete feed ration

A

(Laboratorkorm; Russia) and provided with drinking water
(Russian GOST 2874-82), except for the period of high-calorie
diet. Food and water were available ad libitum. C57BL/6 mice
develop metabolic, behavioral and cognitive disorders when
fed a high-fat diet, which determined the choice of this strain
for the study [10, 11]. After a 14-day acclimation period, the
mice were randomized into the following experimental groups:
group 1 (intact animals; n = 10), group 2 (control animals with
induced NAFLD that did not receive any treatment; n = 14),
group 3 (EMPA; NAFLD+2 mg/kg empaglifiozin marketed
as Jardiance®; n = 14), and group 4 (OA; NAFLD + 1.5 g/kg
L-ornithine L-aspartate marketed as Hepa-Merz® n = 14).
The drugs were administered by intragastric gavage once a
day throughout the experiment; the control and intact groups
received equivalent volumes of sodium chloride 0.9%.

NAFLD (steatohepatitis) was modeled by feeding the
mice a Western diet and administering carbon tetrachloride
(CCl) intraperitoneally (Fig. 1A). The control, EMPA and OA
groups were fed a high-calorie diet (HCD) for 6 months. The
diet was composed of 36.65% standard chow + 21.1% beef
tallow + 41% D-fructose + 1.25% cholesterol. Additionally, the
drinking water was replaced with a 42 g/L D-fructose solution.
Throughout the HCD part of the experiment, the animals
received intraperitoneal injections of CCl4 (0.32 pg/kg) once a
week [12]. The intact animals received the standard feed ration
and pure drinking water.

After the HCD part of the experiment was completed, animal
behavior was assessed in the open field test (OF), the light/dark
box test (LDB), and the elevated plus maze test (EPM) (all by
Open Science; Russia). The mice were video recorded using a
VideoMot2 system (TSE Systems; Germany).

The short-term and long-term spatial memory of the animals
was evaluated in the Barnes maze (BM) (Open Science; Russia)
[13]. After 4 days of training (4 trials per day), probe trials were
conducted on days 5 and 12. In this test, we measured the
time it took the animal to reach the target box (seconds) and
counted the number of mistakes.
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Fig. 1. A. Description of the NAFLD model, animal groups and the experimental design. Abbreviations: g.d. — once a day, g.w.— once a week, po — orally, ip —
intraperitoneally. B. Survival dynamics. C. Histopathological slides of the liver. 1. No structural abnormalities in liver tissue in the intact group; 2. Morphological features
of NAFLD in the control group, including marked macrovesicular steatosis and marked ballooning degeneration of hepatocytes, focal parenchymal infiltration by
polymorphonuclear leukocytes; 3. Morphological features of NAFLD in the EMPA group, including mild macrovesicular steatosis and mild ballooning degeneration of
hepatocytes, no pathological infiltration of the liver parenchyma; 4. Moderate macrovesicular steatosis and moderate ballooning of hepatocytes, moderate parenchymal
infiltration by polymorphonuclear cells in the OA group. A, B, C, D — hematoxylin-eosin staining, x200
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Two days after the behavioral tests, the weight-loaded (7.5%
of body weight) forced swim test (FS) and the triple weight-
loaded exhaustive swim test (TES) [14, 15] were conducted
to evaluate the physical performance of the animals. In the
second test, swimming time was measured for each mouse at
the beginning of the trial, 5 minutes later and 45 minutes later.

Morphological changes in the liver were evaluated by histology.
Samples of liver tissue were fixed in 10% buffered formalin,
dehydrated, cleared in isopropanol, and embedded in paraffin
using a conventional technique. Four-um sections prepared from
paraffin blocks were mounted on slides, stained with hematoxylin-
eosin and coverslipped. The slides were examined in incident light.
Steatosis, ballooning degeneration of hepatocytes, and infiltration
of the parenchyma were evaluated qualitatively [2, 16].

Statistical analysis was carried out in GraphPad Prism
8.0.2 (GraphPad Software; USA). Normality of distribution
of quantitative variables was tested using the Shapiro-Wilk
W-test. If the distribution was normal, the differences were
assessed using ANOVA followed by Dunnett’s post-hoc test. If
the distribution was non-normal, the Kruskal-Wallis was applied
followed by Dunn’s multiple comparison. Below, numeric data
appearing in the figures are presented as M + SE. The principal
component analysis was done in MS Excel XLStat 2016
(Addinsoft; France).

RESULTS

Animal survival and pathomorphological liver features in
experimentally induced NAFLD

Forty percent of the animals from all the experimental and
control groups died during the 6 months of the study. Neither
empagliflozin nor OA had any effect on animal survival (Fig. 1B).

ORIGINAL RESEARCH | NEUROLOGY

On histology, the liver specimens of mice with induced NAFLD
were characterized by steatosis, ballooning degeneration of
hepatocytes, and parenchymalinfiltration by polymorphonuclear
leukocytes. The changes in liver morphology were the most
pronounced in the control group: steatosis affected at least
30% of hepatocytes; ballooning degeneration occurred in at
least 30% of liver cells. Focal infiltration of the parenchyma
by polymorphonuclear leukocytes was another remarkable
histologic feature in the experimental groups. Empaglifiozin
and OA reduced the degree of these NAFLD-associated
pathological changes (Fig. 1C).

Effects of experimentally induced NAFLD on measured
parameters in the control group

Behavioral tests demonstrated that steatohepatitis affected
animal behavior, cognitive functions and physical performance.
In the OF test, mice with experimentally induced NAFLD moved
more slowly (-38%; p < 0.01), had a longer total freezing time
(-85%; p < 0.01) and a higher number of rearing episodes
(+432%; p < 0.05) (Fig. 2A). In the control group, the number of
rearing episodes and head dips in the EPM test was also higher
(+279%, p < 0.05 and +553%, p < 0.05, respectively; Fig. 2B). In
the LDB and OF tests, mice with NAFLD had a lower locomotion
speed (-35%; p < 0.01) than healthy animals (Fig. 2C).
Although the overall learning performance in the BM test
was similar between the groups (the animals made fewer errors
over time and needed less time to locate the target box), the
latency to locate the target box was increased in the control
group (+108%) and the error rate was higher (+439%) on day
12, as compared to day 5 (p < 0.05 in both cases) (Fig. 3).
Active swimming time in the forced swim test (-50%;
p < 0.05), as well as time spent swimming during the first trial of
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the triple weight-loaded exhaustive swim test (-69%; p < 0.05),
was shorter in the untreated NAFLD group than in the intact
group. Besides, during the triple weight-loaded exhaustive
swim test the control group required more time to recover, and
their results during the second trial (5 min after the 1st trial)
were not as good as those of healthy animals (-63%; p < 0.05)
(Fig. 4).

Effects of empagliflozin on measured parameters

The number of grooming bouts in the OF test was higher in the
animals treated with empagliflozin (+160%; p < 0.05) (Fig. 2A),
whereas the number of visits to the closed arms in the EPM test
was lower in those animals than in the control group (-56%;
p <0.05)(Fig. 2B). Inthe LDB test, mice treated with empagliflozin
spent more time in the illuminated compartment (+275%;
p < 0.05), took more time to enter the dark compartment for
the first time (+355%; p < 0.01), and engaged in significantly
more grooming bouts in comparison with the control group
(+2173%; p < 0.01) (Fig. 2C).

Empagliflozin did not have any significant effect on the
short- and long-term memory and physical performance of
mice with induced NAFLD in the BM test and both forced swim
tests, respectively.

Effects of L-ornithine L-aspartate on measured parameters

No significant effect of OA on animal behavior and performance
was noticed in the OF, LDB and BM tests. In the EPM test, time
spent in the open arms of the maze was longer in the animals
treated with OA than in the control group (+267%; p < 0.05)
(Fig. 2B).

The animals treated with OA spent more time swimming
actively than the control group (+106%; p < 0.05); their results
were comparable with those of the healthy animals. Similarly,
in the TFS test, the mice from the OA group were able to keep
their heads above the water surface longer than the untreated

NAFLD animals (+137%; p < 0.01) 45 minutes after the first
trial (Fig. 4).

DISCUSSION

This study investigated potential effects of empagliflozin and
OA on behavior, memory and physical performance in C57BL/6
mice with the steatohepatitis stage of NAFLD.

In the OF and EPM tests, the mice with experimentally
induced NAFLD had more episodes of rearing behavior than
the controls; they also performed more head dips in the open
arms of the EPM. The increased rearing frequency could be
interpreted as a sign of anxiety [17, 18]. Head dipping in the
open arm areas is not only an exploratory, but also a risk
assessment behavior [19]. Therefore, increased head dipping
is an ambiguous behavioral marker. Considering the increased
rearing frequency and the propensity to visit the closed arms,
head dipping in our experiment might be interpreted as a sign
of anxiety [20, 21].

Unlike the intact group, mice with NAFLD engaged in
grooming less often in the LDB test and tended to spend
more time in the brightly illuminated compartment. Preference
of dark enclosed spaces based on the hole reflex indicates
increased anxiety in rodents [22]. High anxiety levels in rodents
with induced NAFLD were previously reported by other authors
[23, 24]. Along with mood swings and apathy, anxiety-like
behavior is a typical neurological symptom in human patients
with NAFLD [3, 6].

On average, animals with experimentally induced NAFLD
ambulated more slowly in the OF and LDB tests than intact
animals (this parameter was not evaluated in the EPM test).
The decrease in locomotion speed was not improved by
empaglifiozin or OA. Besides, total freezing time was shorter
in all groups of animals with NAFLD. A reduction in average
locomotion speed might be interpreted as a manifestation of
anxiety. In the classic sense, shorter freezing time indicates an
anxiolytic effect. On the other hand, it might suggest that mice
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in our experiment were actively seeking shelter because of high
anxiety levels. We decided to give special emphasis to changes
in these parameters since it can be difficult to interpret them
unequivocally. It is possible that NAFLD causes more complex
behavioral changes that cannot be interpreted only in terms of
high/low anxiety levels.

Mice treated with empaglifiozin spent more time in the
brightly illuminated compartment in the LDB test than the
control group. Apparently, the animals felt less discomfort and
a less pronounced need to seek shelter when placed in the light
compartment. As a result, latency to the first transition into the
dark compartment increased. Besides, during their visits to the
light compartment, mice treated with empagliflozin performed
more grooming bouts than the control animals. A similar
increase in the number of grooming bouts was observed in the
OF test. There are thought to be two sides to this phenomenon.
On the one hand, stressed animals show a propensity to
engage in shorter yet more frequent grooming bouts, which,
along with increased urination and defecation, might indicate
high levels of anxiety. In this case, grooming replaces other
behaviors and activities inhibited by acute stress [25]. On the
other hand, rodents perform more grooming bouts when they
feel safe, calm and free of anxiety [26]. Considering that animals
in our experiment preferred open, brightly illuminated spaces,
the increased grooming frequency might reflect the anxiolytic
effect of the tested drug.

Behavioral changes described above might be directly
linked to the beneficial effect of empagliflozin on the morphology
of glial cells [27] and to elevated BDNF (brain-derived
neurotrophic factor) levels observed in mice with obesity
and insulin resistance [28]. This allowed us to hypothesize
that empaglifiozin might have additional central mechanisms
mediating its anxiolytic action.

Mice treated with OA spent more time in the open arms
of the EPM, which indicates an anxiolytic effect of this drug.
The unchanged closed arm entry and head dipping frequencies
may indicate retention of spontaneous motor and exploratory
activities in this group of animals [29].

Following a period of training for the BM test, the animals
in all experimental groups were able to find the target box
faster and to make less errors. The control group was the only
one whose performance on day 12 was much worse than on
day 5. This might indicate a long-term memory deficit in mice
with induced NAFLD. Previously, spatial memory deficits were
reported in rats with NAFLD [30]. NAFLD-associated cognitive
impairment was experimentally correlated to shrinkage of
both gray and white brain matter and was accompanied by
brain mass reduction [31]. Another study demonstrated that
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Fig. 4. Results of the Forced swim test (A) and the Triple weight-loaded exhaustive swim test (B).

ORIGINAL RESEARCH | NEUROLOGY

non-alcoholic steatohepatitis and liver fibrosis, especially
in its late stages, caused multiple focal lesions in the white
matter regardless of the presence of comorbidities [32]. In our
experiment, long-term memory was compromised neither in
the group of mice treated with the tested drugs nor in the intact
animals.

On days 3, 4 and 5 of the experiment, mice treated with
empagliflozin performed slightly worse, needing more time to
find the target box in comparison with other animal groups.
Those mice did not attempt to explore the maze and seek
shelter but instead preferred to stay in the open space in a
random hole. This is consistent with our previous proposition
about the anxiolytic effect of empagliflozin, which in our case
promoted resilience to stress caused by open spaces and
bright light.

Earlier studies demonstrated that transfer from a normal
feed ration to a high-calory diet used to model NAFLD resulted
in a relatively fast (by the end of month 1) twofold drop in
physical performance [33]. Starting from month 4 of the high-
calorie diet, the mice were gradually restoring their initial level of
performance. However, the metabolic burden of excess calories
was more extreme in our experiment. This might explain why
the mechanisms involved in energy production had not adapted
to the new conditions by month 6 and physical performance
of the animals in the forced swim test was significantly worse
(45% relative to the results of the intact group that had fully
restored the level of physical performance by month 6 of a less
strict diet).

Importantly, even milder models of NAFLD can result in a
significant decline in glycogen levels in skeletal muscles (by
33%) and liver (by 44%) [33]. A combination of a high-calorie
diet and injections of CCI,, which exerts hepatotoxic and
prooxidant effects, leads to the development of pronounced
disturbances in lipid metabolism with typical morphological
changes to liver tissue visible on histology, can further aggravate
cognitive and behavioral deficits and compromise physical
performance [12]. Carbohydrate deficiency in skeletal muscles
could be the underlying metabolic cause of poor physical
performance in laboratory animals. In our study, repeated
administration of empaglifiozin did not have a positive effect
on the physical performance of mice in the forced swim test.
This was predictable because empagliflozin does not improve
glucose transport to muscle cells and does not stimulate
glycogen synthesis.

Breakdown of muscle proteins and participation of amino
acids in the production of substrates for the Krebs cycle provide
energy for muscle work. These processes are accompanied
by vigorous production of ammonia, which is then utilized in
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the ornithine cycle of urea synthesis. In humans, OA activates
the urea cycle, enhances lipid metabolism, slightly elevates
the level of ketone bodies and free fatty acids, lowers blood
ammonia, and alleviates the subjective feeling of fatigue [34]. In
our study, repeated administration of OA significantly mitigated
the noxious effect of NAFLD on the physical performance of
mice in the forced swim tests, demonstrating the special role of
amino acid utilization in providing energy for muscle work in a
situation of a high-calorie diet, when the organism’s metabolism
has to adjust to the new conditions.

To elucidate the mechanism of OA effects on the physical
performance of mice with experimentally induced NAFLD, the
TFS test was conducted. The initial-to-exhausting swimming
time ratio (the total duration of the first and second trials) in
the intact group revealed that the animals refused to continue
swimming because of physical exhaustion; the contribution
of the central nervous system component was minor [35]. In
mice with experimentally induced NAFLD, the duration of active
swimming was three times shorter in the first trial, suggesting
diminished endurance with a central nervous system and a
peripheral organ components. Repeated administration of
empagliflozin and OA decreased the contribution of the central
(but not the peripheral) component, which was indicated by
a 40% decline in the physical performance compared to the
intact group.

The main TFS parameter (exhaustion index, El)
characterizes the efficacy of recovery mechanisms in the first
phase of recovery after exhaustive exercise. This parameter
is calculated as a ratio of weight-loaded swimming duration
after 45 min of the recovery period to the duration of exhaustive
swimming. Immediate recovery occurs in the first 0.5-1.5 h of
the resting phase and is essentially based on the excretion of
anaerobic metabolism products accumulated during exercise
and the repayment of oxygen debt. It should be noted that
in the immediate phase of post-exercise recovery, oxidative
phosphorylation does not play a key role in the resynthesis of
adenosine triphosphate (ATP). More important here (especially

Fig. 5. Graphic representation of principal component analysis results. m — Intact, B8 — Control, 8 — EMPA,

1{?%@@%

in a situation of exhaustive exercise, fatigue or overtraining) is
the alactic pathway, which uses adenosine diphosphate (ADP),
the product of ATP degradation), for ATP resynthesis. This
mechanism is launched when ADP concentrations are high in
muscle cells, which occurs only when other pathways for ADP
resynthesis have been depleted. To ensure the high rate of the
myokinase reaction, adenosine monophosphate needs to be
degraded further and its metabolite, inosine monophosphate,
needs to be excreted from the muscles. These events are
closely associated with ammonia synthesis by actively working
skeletal muscles [36].

The El analysis revealed that empaglifiozin did not affect
the processes unfolding in the first recovery phase (Tl was
0.20 in the intact group, 0.19 in the EMPA group and 0.38 in
the control group due to a steep reduction in endurance and
shorter duration of the exhaustive exercise). At the same time,
El was 0.61 in mice treated with OA, suggesting a significant
effect of the drug on post-exercise recovery. Perhaps, this
could explain the restoration of physical performance in mice
treated with OA. The effect of L-ornithine and its salts on post-
exercise recovery, as well as the achievement of the desired
training effect, in healthy humans and laboratory animals is a
well-known phenomenon in sports medicine [37-39]. However,
its impact on physical performance and the efficiency of the first
phase of recovery after exhaustive exercise in a NAFLD model
has never been demonstrated before.

The principal component analysis of all experimental data
detected significant differences between intact and control
animals. The effects of the studied drugs were not limited to
mitigation of NAFLD symptoms: some of them were unrelated
to the studied pathology (Fig. 5). Repeated administration of
empaglifiozin and OA can improve the histomorphological
appearance of the liver and correct some symptoms often
present in NAFLD, including anxiety, depression, cognitive
deficit and asthenia. These effects might be clinically relevant
due to the high prevalence of NAFLD in the economically active
population.
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CONCLUSIONS

1. Experimentally induced NAFLD causes pronounced
behavioral changes in C57BL/6 mice. These changes include
increased anxiety, long-term memory deficit, and poor physical
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