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ABSTRACT. The article reviews current evidence on the neuroprotective properties of metformin
in central nervous system disorders, focusing on its mechanisms of action mediated by 5’AMP-
activated protein kinase (AMPK) activation, which regulates energy metabolism, autophagy,
neuroinflammation, and oxidative stress. Preclinical studies demonstrate reduced a-synuclein
pathology in Parkinson’s disease, decreased 3-amyloid accumulation in Alzheimer’s disease, and
immunomodulatory effects in multiple sclerosis. Clinical data reveal conflicting evidence: some
studies report improvements in cognitive/motor functions, while others show no significant benefits.
The authors emphasize the necessity of large-scale randomized trials to evaluate metformin’s
efficacy as an adjuvant therapy, given dose-dependent effects, treatment duration variability, and
population-specific responses.
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AgTop PE3KOME. B ctatbe 0600LLeHbI COBPEMEHHbIE AaHHBIE O HEMPONPOTEKTOPHBIX CBOMCTBAX MET-
ANs KOPpeCnoHAeHUMU:  chopMiHa Npu 3ab0NeBaHNAX LEHTPaNbHON HEPBHOM cucTeMbl. OCHOBHOE BHUMaHWe YAeneHo
3amupa MazomedosHa  \iexaHnamam [eiicTBUS Yepes akTuBaLmio SAM®-akTuBupyemoi npotenHkuHassl (AMPK), mo-

M}’nyKG‘Ga BYNupYloLLen SHepreTuyeckuin Metabonusam, aytodaruio, HeMpoBoOCnaneHne u OKUCITENbHbI
E'm?": cTpecc. PaccMoTpeHbl JOKMMHNYECKME UCCIIe[0BaHNS, JEMOHCTPUPYIOLLNE CHUKEHIE NaToNori
zarqlra.muruzheva@ Qa-CUHyKneuHa npn 6onesHn MapkuHCOHa, yMeHbLUeHWe HakonneHus B-amunonsa npy GonesHu
mail.ru

AnbureiMepa v UMMYHOMOZYNSALMIO NPW pacCesHHOM cknepose. KnuHnyeckue AaHHble AeMOH-
CTPUPYIOT NPOTMBOPEYMBLIE PE3YNbTaThl — YacTb PaboT yka3biBa€eT Ha YyYLIEHNE KOTHUTUBHBIX/
ABUraTenbHbIX YHKUMIA, Apyrie He NoATBepXKAAKT 3HaYMMbIX apdekToB. [ogyepkmBaeTcs
HeoOX0AMMOCTb MacLUTabHbIX paHAOMU3MPOBAHHbIX UCCNIEA0BaHWUA ANst OLEHKM Ponn MeTdop-
MUHa KaK agbtoBaHTHOM Tepanuu, y4nTbiBas 3aBUCMMOCTb 3(PGEKTOB OT 403bl, AJIMTENBHOCTM
NeYeHnst M NoNynALMOHHbIX 0COOEHHOCTEN.

KnioyeBbie cnoBa: MeThOPMUH, KOTHUTUBHbIE HApyLeHMs, BonesHb MapkuHcoHa, 6onesHb
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INTRODUCTION

Metformin is a biguanide that has become one of
the most commonly used hypoglycemic agents due to
its affordability, high safety profile, and effectiveness.
The mechanisms of metformin's antidiabetic action
are primarily associated with the inhibition of gluco-
neogenesis in the liver, increased glucose utilization
by muscles, increased tissue sensitivity to insulin, and
reduced insulin inactivation [1, 2]. A new wave of in-
terest in the drug has been sparked by recent data
showing that metformin crosses the blood-brain bar-
rier (BBB) and can therefore directly affect cells in the
central nervous system (CNS) [3, 4]. This hypothesis
is confirmed by the results of a number of studies on
animal models of various diseases of the nervous sys-
tem, including multiple sclerosis, Alzheimer's disease,
Parkinson's disease, epilepsy, stroke, etc. [5-8].

AIM

The aim of this review is to summarize the results
of studies on the mechanism of action and efficacy of
metformin in the treatment of CNS diseases.

METFORMIN
AND PARKINSON'S DISEASE

Parkinson's disease (PD) is a progressive neuro-
degenerative disorder that develops as a result of the
death of dopaminergic neurons in the substantia ni-
gra and striatum and is characterized by the develop-
ment of rigidity, bradykinesia, resting tremor, postural
instability, and a wide range of non-motor symptoms
[9, 10]. PD remains an incurable disease; all cur-
rently available therapeutic approaches are aimed at
symptomatic correction and do not prevent the pro-
gression of the disease, which is why the search for
new treatments that alter the course of the disease is
one of the main tasks. Current data confirm a direct
link between type 2 diabetes mellitus (T2DM) and an
increased likelihood of developing PD, suggesting
common molecular mechanisms underlying these
diseases [11-13]. In this regard, metformin has been
proposed as a promising drug for the treatment of
PD. Studies in animal models of PD have shown that
the neuroprotective effect of metformin is achieved
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through a complex effect on energy metabolism, oxi-
dative stress, inflammation, and autophagy. The most
studied mechanisms of metformin's action are medi-
ated by the activation of 5'AMP-activated protein
kinase (AMPK), which is an ubiquitously expressed
kinase that is considered a “sensor” of cellular meta-
bolic status. AMPK has been shown to coordinate key
cellular processes such as autophagy, cell growth,
and mitochondrial quality control [14]. In a study using
a PD model (administration of rotenone to rats), it was
shown that an 18-day course of metformin activates
the AMPK-FOXO3 pathway (transcription factor)
pathway, reduces vascular endothelial growth factor
production, caspase-3/9 activation, and cytoplasmic
cytochrome C levels [15]. Young-Kyoung Ryu et al.
(2020) studied the effect of metformin on motor func-
tion in a mouse model of PD induced by 6-hydroxydo-
pamine (6-OHDA). The authors showed that oral admi-
nistration of metformin at a dose of 100-200 mg/kg
for 4 weeks activates AMPK signaling pathways,
stimulates the production of the neurotrophic factor
BDNF, suppresses microglial activation, and signifi-
cantly improves motor function in mice with 6-OHDA-
induced PD [16]. In another study investigating the
neuroprotective potential and main mechanisms of
action of metformin in a rotenone-induced mouse
model of PD, it was shown that 10 days of metformin
administration (300 mg/kg per day, intraperitoneally)
attenuated the loss of dopaminergic neurons by sup-
pressing lipid peroxidation and significantly reduced
the rotenone-induced increase in cleaved caspase-3
and a-synuclein accumulation in the substantia ni-
gra [17]. N. Katila et al. (2017) also demonstrated
that metformin administration led to a decrease in
the level of serine 129 phosphorylated a-synuclein
(a-synuclein pSer129) through the activation of pro-
tein phosphatase 2A (PP2A), which is known to medi-
ate the dephosphorylation of a-synuclein. According
to the authors, the activation of PP2A by metformin
can occur through both AMPK-dependent and AMPK-
independent pathways [18]. Similar results were ob-
tained when metformin (at a dose of 200 mg/kg per
day) was administered to mice in a 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) model of PD:
a significant decrease in a-synuclein pSer129 levels
was observed, due to PP2A activation. In this study,
the metformin-mediated decrease in pathological
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a-synuclein levels, together with autophagy activa-  metformin, sulfonylureas, glucagon-like peptide-1
tion, increased production of neurotrophic factors  (GLP-1) receptor agonists, and glitazones with the
(BDNF, GDNF), and regulation of downstream signa-  risk of developing PD [26].

ling pathways (Akt, Erk1/2) contributed to the restora- It is noteworthy that a recent randomized, double-
tion of dopamine content in the striatum and improve-  blind, placebo-controlled clinical trial showed that ex-
ment of motor functions in mice [19]. In addition, met-  enatide, a GLP-1 receptor agonist, improves motor func-
formin attenuates lipopolysaccharide (LPS)-induced  tion in patients with PD [27]. These data suggest that in-
neuroinflammation, which may be due to the drug's  creasing GLP-1 with metformin may be another potential
inhibitory effect on the translocation of the transcrip-  molecular mechanism contributing to its neuroprotective
tion factor NF- kB (nuclear factor kappa B) to the nu-  effect in PD [28]. Furthermore, it is interesting to note
cleus and suppression of proinflammatory cytokine  that metformin does not affect the pharmacotherapeutic
production in various cell types [20, 21]. This is an  effects of levodopa, suggesting that the combination of
important fact, since there is a model of PD in which  both drugs may be useful in the treatment of levodopa-
a number of links in the pathogenesis of PD are mo-  induced dyskinesias in PD without compromising the
deled by administering high doses of LPS to labora-  efficacy of levodopa [29]. These data support the need
tory animals [22]. However, despite the impressive  for further study of metformin as a drug that potentiates
number of studies demonstrating the positive effects  the action of antiparkinsonian agents.

of metformin in PD, there are studies showing the

opposite results. For example, a 2016 study showed =~ METFORMIN AND ALZHEIMER'S DISEASE
that metformin exacerbated damage to dopaminer-

gic neurons in mice with an MFTP model of PD [23]. Alzheimer's disease (AD) is a neurodegenerative
The clinical data currently available on the effect of  disease characterized by a gradual, subtle onset in
metformin on the course of PD are also ambiguous.  presenile or senile age, steady progression of memory
According to a study by M.L. Wahlqvist et al. (2012),  and higher brain function disorders leading to demen-
patients with T2DM had a twofold increase in the risk  tia with the formation of a characteristic complex of
of developing PD, which decreased to 1.3 with the  neuropathological, neuroimaging, and biochemical
use of hypoglycemic drugs; the confidence interval  features. The main histopathological feature of AD is
(Cl) for the odds ratio (OR) was 0.77-2.19. However,  the deposition of B-amyloid (AB) in the brain parenchy-
the use of metformin as monotherapy did not reduce  ma and in the walls of blood vessels (with the forma-
the risk of developing PD, while the combined use of  tion of senile plaques), which has neurotoxic proper-
metformin and sulfonylurea reduced the risk of deve- ties, leading to damage and death of neurons. There
loping PD to 0.78 (0.61-1.01) [13]. A2019 US analy-  is ample evidence that the molecular mechanisms of
sis of a 5-year follow-up of 5,528 patients with T2DM ~ T2DM and AD have points of contact, and one of the
(mean age 63.2£10.9 years) showed that long-term  common features linking the two diseases is insulin
metformin therapy (more than 4 years) significantly  resistance. In particular, it has been shown that insulin
reduced the risk of developing PD among patients  resistance in brain cells (especially in the hippocam-
with T2DM (OR 0.19; 95% CI 0.12-0.31) [24]. Con-  pus and cortex) is associated with the accumulation
versely, according to a systematic review published  of A and tau pathology [30]. Insulin signaling in the
in 2020, which analyzed 19 studies involving more  brain, which is crucial for neuronal function, involves
than 250,000 people, no positive effects associated  the activation of insulin receptors (IR) and IGF-1R,
with the use of metformin for the treatment of PD  leading to the phosphorylation of IRS protein and sub-
were identified. Moreover, the review showed that  sequent activation of PI3K/ Akt and MAPK pathways,
metformin use may even increase the risk of develo-  which regulates glucose metabolism, synaptic plas-
ping PD [25]. At the same time, a meta-analysis pub- ticity, and cell survival. In insulin resistance, this cas-
lished in 2023 covering 15 studies involving a total  cade is disrupted due to increased phosphorylation of
of 2,910,405 patients with T2DM found no significant  serine/threonine in IRS proteins, decreased tyrosine
association between hypoglycemic drugs, including  phosphorylation, and reduced activation of this path-
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way [31, 32]. In this regard, one of the main areas of  bolism [39]. However, at high doses, metformin can
research into the mechanisms of metformin action in inhibit complex | of the respiratory chain, increasing
AD is the analysis of its effect on insulin resistance  oxidative stress (a paradoxical effect) [40].
and insulin signaling in the brain. In addition to preclinical studies, there are currently
Metformin has been shown to increase insulin sen- ~ many studies demonstrating the effectiveness of met-
sitivity in the CNS by activating AMPK and enhancing  formin in clinical practice for AD. A study by Tseng Chin-
the insulin/IGF-1 signaling pathway [33]. In a study  Hsiao (2019) showed that metformin stops or slows the
by K.A. DiTacchio (2015) on transgenic ABPP mice  onset of dementia in adult patients with T2DM [41].
showed that administration of metformin (at a dose of ~ From 2008 to 2012, Columbia University (New York)
350 mg/kg per day) for 14-16 months increases insu-  conducted a pilot study of 80 patients with amnestic
lin sensitivity in males, increases lifespan, and slows  mild cognitive impairment. The participants were over-
down the degradation of the estrous cycle in females  weight, but none of them had diabetes. Patients re-
[34]. Metformin also improved cognitive function in  ceived either metformin at a daily dose of 2000 mg or a
APP/PS1 transgenic mice (an animal model of AD)  placebo for one year. Cognitive function was assessed
and contributed to a reduction in the deposition of  using the Systemic Reasoning Test (SRT) and the cog-
pathological AB and tau proteins in the hippocampus  nitive subscale of the Alzheimer's Disease Assessment
and cerebral cortex [35]. S.A. Farr et al. showed that ~ Scale (ADAS-Cog). Secondary endpoints were glucose
metformin reduces the expression of APPc99 and p-  uptake by 18F-fluorodeoxyglucose (18F-FDG) positron
tau proteins in SAMP8 mice (animals characterized  emission tomography (PET) in the posterior cingulate
by accelerated aging; they spontaneously develop  cortex and plasma levels of AB42, the most toxic form
signs of aging as early as 6-8 months instead of 18—  of the AR peptide. The metformin group showed slightly
24 months in normal mice, making them a convenient  higher SRT scores than the placebo group (9.7+£8.5
model for research). Thus, the use of metformin in  vs. 5.318.5; p=0.02). No differences in ADAS-Cog
SAMP8 mice significantly reduced the hyperphos-  scores, glucose uptake, or plasma AB42 levels were
phorylation of tau and APPc99 proteins, which led to ~ found between the groups [42]. A.M. Koenig etal.
improved learning and memory processes [36]. (2017) conducted a similar study, but in addition to
The mechanisms by which metformin reduces the ~ assessing cognitive function and neuroimaging in pa-
accumulation of A and tau protein are associated tients, they measured the concentration of metformin
with the activation of AMPK, which in turn activates  in cerebrospinal fluid (CSF). The results of the study
MARK1 kinase, which regulates the processing of  showed that metformin use improves executive func-
amyloid precursor protein (APP). In addition, AMPK tion, learning, and attention. The researchers also no-
enhances autophagy by inhibiting mTOR, promoting  ted that metformin was safe, well tolerated, and mea-
AB clearance [37]. However, in some studies, long-  surable in CSF at a mean steady-state concentration of
term use of metformin increased AR levels due to the  95.6 ng/mL [43]. An interesting study was conducted
suppression of insulin degradase (IDE), which is in-  based on data from the Alzheimer's Disease Neuroima-
volved in the destruction of AB [38]. ging Initiative (ADNI") in 2022. In addition to cognitive
Another mechanism of metformin's neuroprotec-  functions, the assessment included levels of AB, tau,
tive action in AD is mediated by its anti-inflammatory  and phosphorylated tau in CSF, as well as neuroimaging
effects. It is known that in AD, as in PD, activated  data (hippocampal volume and cortical thickness were
microglia intensify the process of neuroinflammation  assessed). It turned out that patients with T2DM who
by secreting pro-inflammatory cytokines. Metformin  received metformin treatment in the early stages of AD
inhibits NF-kB activation via AMPK, reducing cyto-  had better cognitive performance and lower levels of tau
kine production. Thus, in rodent models, metformin  and phosphorylated tau in the CSF than patients who
reduced microglial activation and astrogliosis, impro-  did not receive metformin. Patients receiving metformin
ving neuronal survival [37]. In addition, metformin has  also had less severe atrophy in the hippocampus and
been shown to activate AMPK/PGC-1a-dependent
mitochondrial biogenesis, increasing energy meta- ! Available at: https://adni.loni.usc.edu/ (accessed: 10.09.2025).
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cortex according to neuroimaging data [44]. However, inflammatory and neurodegenerative processes lea-
despite numerous studies demonstrating the positive  ding to multiple focal and diffuse lesions of the central
effects of metformin on cognitive function, there are  nervous system, resulting in disability and a significant
studies that cast doubt on the available results. Thus,  reduction in quality of life.
a recent meta-analysis found no significant associa- The role of the immune system and neuroinflamma-
tion between metformin use and the risk of developing  tion in the development of this disease is now beyond
AD (OR 1.17; 95% CI 0.88-1.56; p=0.291). Moreover,  doubt and is confirmed by the high efficacy of modern
subgroup analysis showed that among Asians, the risk ~ immunomodulatory drugs used to treat MS. However,
of developing AD was significantly higher in patients  despite the effectiveness of the drugs used, the di-
taking metformin than in those who did not take it  sease steadily progresses, transitioning to a secon-
(OR 1.71; 95% Cl 1.24-2.37; p=0.001) [45]. dary progressive form that develops as a result of the
A randomized controlled trial (MET-FINGER, phase  inevitable degeneration of neurons, which requires the
Ib) is currently underway to evaluate a new multimodal  search for new pharmacological agents that affect not
approach to the prevention of cognitive impairmentand  only the inflammatory but also the neurodegenerative
disability, combining lifestyle modification (diet, physical ~ process in MS. Metformin has become a promising
activity, cognitive training, monitoring of cardiovascular/  candidate for the treatment of MS due to its diverse
metabolic risk factors, social interaction) with metformin ~ mechanisms of action and well-established safety pro-
in older adults at increased risk of dementia who do file. Recent studies have shown that metformin affects
not have diabetes. The study is expected to provide  key immunopathological mechanisms underlying the
decisive evidence for the implementation of innovative  development of systemic autoimmune diseases, such
combined strategies for the prevention of AD [46]. as the balance between T helper 17 (Th17) and regu-
Since 2021, a multicenter randomized controlled  latory T lymphocytes (Tregs), autoantibody production,
trial of metformin in the prevention of dementia in AB,  macrophage polarization, and cytokine synthesis [48].
phase 2/3 (MAP), has been underway. This study in-  Thus, W. Duan et al. (2019) showed that metformin,
volves 326 people aged 55 to 90 who are overweight or  through AMPK activation, suppresses T-cell prolifera-
obese, without diabetes, and with early or late mild cog-  tion and Th17 cell differentiation, while promoting Treg
nitive impairment. Study participants receive 2000 mg  development in vitro. The authors demonstrated that
of extended-release metformin per day or placebo (1:1).  administration of metformin to NOD mice (mice with
In addition to neuropsychological testing, the study as-  spontaneously developing type 1 autoimmune dia-
sesses changes in hippocampal volume and white mat-  betes) at a dose of 200 mg/kg alleviates the course
ter hyperintensity in the brain based on neuroimaging  of autoimmune insulin syndrome and significantly re-
data, changes in the standardized uptake value ratio  duces the amount of interferon-y (IFN-y) and CD4 (+)
(SUVR) AB, changes in SUVR tau in the medial and interleukin-17 (IL-17) (+) T cells [49]. N. Nath et al.
inferior lateral temporal cortex, as well as changes in ~ (2010) showed that metformin (20-100 mg/kg) suc-
plasma AD biomarkers. The study is expected to con-  cessfully slowed disease progression, reduced im-
tinue until 2027 [47]. mune cell infiltration, and decreased the expression
Thus, metformin demonstrates the potential to mo-  of proinflammatory cytokines (IFN-y, TNFa, IL-1B, IL-6,
dulate key mechanisms of AD (AR and tau pathology, and IL-17) and proinflammatory mediators such as
neuroinflammation, insulin resistance), but its effects  matrix metalloproteinase 9 (MMP-9) and chemokine
depend on dose, age, duration of use, and time of ini-  RANTES/CCL5 in the CNS of animals with experi-
tiation of therapy. Further preclinical studies are needed ~ mental autoimmune encephalitis (EAE). The authors

to optimize treatment regimens and clarify risks. demonstrated that metformin activated AMPK in mac-
rophages, thereby inhibiting the biosynthesis of phos-
METFORMIN AND MULTIPLE SCLEROSIS pholipids and neutral lipids, as well as suppressing

the expression of proinflammatory cytokines induced
Multiple sclerosis (MS) is a chronic demyelinating by endotoxin (LPS) and their mediators (iNOS and cy-
disease characterized by a complex of autoimmune  clooxygenase) [50].
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The effects of metformin on B cells include modu-  (EDSS) at baseline and after 6 months. The study
lation of activation and differentiation processes,  showed that adding metformin to IFNB-1a contributed
reduction of antibody production, and influence on  to a decrease in the oxidative stress marker malondi-
B cell-mediated inflammation, which plays a key aldehyde, but no statistically significant effect on im-
role in the pathogenesis of MS [51]. The effect of  munological, neuroimaging, and clinical parameters
metformin on the mTOR pathway contributes to a  was found [55].
reduction in the proliferation of inflammatory cells Several clinical trials (Phase | and lIla) are cur-
and regulated differentiation of immune cells. In  rently underway to study the efficacy of metformin
addition, this modulation affects myelin regenera- in MS. These studies are investigating the effect of
tion processes and neuronal survival mechanisms.  metformin on remyelination processes, modulation of
In a recent study, N. Sanadgol et al. (2020) showed  immune responses, and the impact on neurodegen-
that metformin (50 mg/kg body weight per day) in-  eration in various subtypes of MS. The results of the
duces remyelination in mice with cuprizone-induced  studies have not yet been published, which does not
demyelination through direct activation of AMPK and  allow conclusions to be drawn about the success of
indirect regulation of the AMPK/Nrf2/mTOR pathway  the clinical trials.
in oligodendrocytes. Metformin also reduced brain Thus, the available data support the efficacy of
apoptosis markers (cleaved caspase-3/a-tubulin  metformin in MS, but larger clinical trials are needed
and Bax/Bcl-2 ratios) and improved motor activity in  to definitively establish the therapeutic value of met-
mice in the Open Field test [52]. Another study inves-  formin, particularly its potential to improve existing MS
tigated the effect of metformin on remyelination in  treatments and provide a neuroprotective effect.
the “acute” and “delayed” periods of EAE. Metformin
contributed to a reduction in demyelination and im- CONCLUSION
provement in motor function in mice with EAE in the
“acute” period, but did not show its effectiveness in In neurology, drug repurposing programs include
the “delayed” period [53]. the search for drugs with neuroprotective activity or

Unlike the many promising fundamental studies  those that potentiate the action of neuroprotectors
of metformin's effects on animal models of MS-EAE,  among known and widely used drugs. The basis for
the number of studies investigating the effects of met-  searching for neuroprotective properties in drugs
formin on patients with MS is limited. A cohort study intended for other purposes is the fact that signa-
conducted by L. Negrotto et al. on MS patients recei-  ling pathways in cells are characterized by a large
ving metformin (850-1500 mg/day) demonstrated a  number of cross-interactions, and some of them may
significant reduction in the total number of new T2 le-  be involved in the process of stimulating/intensify-
sions and contrast-enhancing lesions in the brain and  ing neuron survival. Finding such intersections is
spinal cord according to neuroimaging data. The effect ~ possible thanks to advances in genomics, proteo-
was observed after 6 months of therapy and persisted  mics, bioinformatics, and the emergence of powerful
for up to 24 months. In addition, the study showed analytical systems. Analysis of the current literature
increased AMPK expression, decreased IFN-y and  has shown that hypoglycemic agents, in particular
IL-17 production, and an increased percentage of  metformin, have high neuroprotective potential. Cur-
Tregs in MS patients receiving metformin [54]. In  rently, the preventive and therapeutic significance
2024, the results of a prospective, open-label, rando-  of metformin in diseases of the nervous system has
mized controlled trial were published, which aimed to  been widely studied. According to the literature,
study the efficacy and safety of metformin as an adju-  metformin can modify the process of autophagy,
vant therapy to interferon beta 1a (IFNB-1a) in patients ~ prevent mitochondrial dysfunction, reduce neuro-
with relapsing-remitting multiple sclerosis (RRMS). inflammation, and have a neuroprotective effect.
Patients were assessed for IL-17, IL-22, malondial-  However, there are studies that have not identified
dehyde (MDA), T2 lesions on magnetic resonance the neuroprotective effects of metformin. This may
imaging (MRI), and expanded disability status scale  be due to differences in animal models and varying
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Table 1
Effects of metformin in diseases of the central nervous system (compiled by the authors)
Tabnuua 1
AdhekTbl MeThopMMHa Npy 3a6oneBaHNUsAX LEHTPanbHOW HEPBHOW CUCTEMbI (COCTaBNEHO aBTOPaMM)
XXuBoTHas Mmogenb
AN KRS ECKIE [o3a npenapara / CcbInku Ha
3aboneBaHue cnoco6 BBegeHus MexaHuambl, ahekTbl nuteparypy
. UCNbITaHUA .
Disease . Dosage of the drug / Mechanisms, effects References
Animal model L . :
.. . route of administration to literature
or clinical trials
BonesHb Mbium, 200 wmr/kr, * YNyYlleHne gBuratenbHbIX yHKLNR; [19]
[MapkuHCoHa M®TIM-moaens BHYTPUOPHOLINHHO « improvement of motor functions;
Parkinson's Mice, 200 mg/kg, * MOBbILLEHWE YPOBHS AOdaMMHa B NONOCATOM Tere;
disease MPTP model intraperitoneally * increased dopamine levels in the striatum;
* CHWXeHMeE kacnasbl-3 1 MHIMBUpOBaHWe anonTosa;
+ decreased levels of caspase-3 and inhibition of apoptosis;
* CHUXeHWe akTuBaLuy acTpornum;
« attenuation of astroglial activation;
+ aktuauus AMPK 1 niruéuposatne mTOR;
* AMPK activation and mTOR inhibition;
* akTmBauus PP2A u cHmkeHmne a-cuH pSer129;
+ activation of PP2A and reduction of pS129-a-syn;
* MOBLILLEHNE YPOBHS HEMPOTPOPUYECKUX (HAKTOPOB
(BDNF, GDNF) 1 aKTuBaLms HUCXOL4ALLMX
curHanbHbix nyTei (Akt, Erk1/2);
* increased levels of neurotrophic factors (BDNF, GDNF)
and activation of downstream signaling pathways (Akt,
Erk1/2)
Mbliwwm, poteHoHoBast | 300 mr/kr, * NpefoTBpaLLeHe gereHepaLmum [17]
mofenb BHYTPUOPIOLIMHHO A0(aMUHEPTUYECKIX HENPOHOB B YEPHOI
Mice, rotenone model | 300 mg/kg, cybcTaHumm;
intraperitoneally « prevention of degeneration of dopaminergic neurons
in the substantia nigra;
* CHWXeHMe anonTo3a, ONoCPEA0BaHHOI0 kacnasomn-3;
+ attenuation of caspase-3-mediated apoptosis;
* CHIXXEHUE HaKOMMEeHUs -CUHYKNENHa;
+ decreased a-synuclein accumulation;
* CHIXEHWE YPOBHSI NPOAYKTOB NEPEKNCHOMO
okucnenus nunugos (4-HNE, MDA);
+ decreased levels of lipid peroxidation products
(4-HNE, MDA)
Mbiwm, mogenb 100-200 mr/kr, * yNyYLWeHNe ABUraTeNbHbIX (yHKLNIA; [16]
6-rnopoKcMaoTaMmMHa | nepopasnsHo + improvement of motor functions;
(6-OHDA) 100-200 mg/kg, orally | * akTuBaums curHanbHbix nyTein AMPK, ctumynsigms
Mice, 6-hydroxydo- npoayKuun Heinpotpoduyeckoro dakropa BDNF;
tamine (6-OHDA) + activation of AMPK signaling pathway, stimulation of
model BDNF production;
* NMOAAaBNEHNE aKTUBALMM MUKPOTIUK;
* suppression of microglial activation
Kpbicbl, NMNC- 150 mr/kr 2 pasa * YMEHbLUEHWE KONMYeCTBa akTUBMPOBAHHbIX [56]
VHAYLMpOBaHHas B [ieHb, NepopansHo MUKPOrNNanbHbIX KNETOK;
MoAenb 150 mg/kg 2 times + decreased number of activated microglial cells;

Rats, LPS-induced
model

a day, orally

* CHIXXeHUe YPOBHS NPOBOCNANNTENbHbIX LIMTOKUHOB
(®PHO, UN-1B, UN-6) n MuKpornuansHbIX
npoBocnanuTenbHbIX eHOTUMOB;

+ decreased levels of proinflammatory cytokines (TNF,
IL-1B, IL-6) and microglial proinflammatory phenotypes;

* CHUXeHue BblpaboTKN akTUBHBIX (hOpM
Kucnopoaa;

+ decreased production of reactive oxygen species
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Continuation of the Table 1/ [podomkeHue mabs. 1

XXuBoTHas mopgenb

[o3a npenapara / CcbInku Ha
WU KNUHNYeCcKune
3aboneBaHue cnocob BBegeHUs MexaHu3ambl, adpchekTbl nuteparypy
. UcnbITaHUs .
Disease . Dosage of the drug / Mechanisms, effects References
Animal model . . .
.. . route of administration to literature
or clinical trials
bonesHb TpaHcreHHble Mbiwy | 350 Mr/kr, nepopanbHO | ¢ NOBbILIEHUE YYBCTBUTENBHOCTY K MHCYTMHY [34]
AnbLreiivepa ABPP 350 mglkg, orally y CaMmLoB;
Alzheimer's ABPP transgenic mice + increased insulin sensitivity in males;
disease * YBeNNYEHe NPOSOMKUTENBHOCTY XM3HU Y CaMOK;
+ extended lifespan in females
Mbiwn SAMP8 20-200 mr/kr, o ynyylweHe obyyeHns v namsTy; [36]
SAMP8 mice NMOJAKOXHO * improvement of learning and memory;
20-200 mglkg, * CHWKeHue rvnepdoctopunmpoBanns benkos Tay
subcutaneously 1 APPc99;
+ reduction of hyperphosphorylation of tau and APPc99
proteins
Kpbicbl, ckononamuu- | 50, 100-200 mr/kr, * ynyyweHune obyyeHns n namsTu; [39]
VHOYLUMPOBAHHbIE yepes 30H[ + improvement of learning and memory;
KOTHUTWBHbIE 50, 100-200 mg/kg, * NOBbILLEHWE YPOBHSs docchopunuposaHHoin AMPK;
HapyLueHus via tube * increased levels of phosphorylated AMPK;
Rats, scopolamine- * CHUXeHWe YpOBHS ManoHoBoro auansaernaa (MDA);
induced cognitive + decreased levels of malondialdehyde (MDA);
impairment * NMOBbILLEHWE aKTUBHOCTU CynepoKcuaancmyTassl
(SOD) B rMnnokamne;
* increased superoxide dismutase (SOD) activity
in the hippocampus
TpaHCreHHble Mbiwy | 4 Mr/Mn B NUTLEBON + cnocobcTBoBaHve daroumTtody benkos AR u Tay [35]
APP/PS1 Boge 3a CyYeT yCuneHus cnocobHOCTU MUKPOrAManbHOM
APP/PS1 transgenic 4 mg/ml in drinking ayTocharum
mice water + promotion of the phagocytosis of AR and tau proteins
due to enhanced microglial autophagy capability
KnunHuueckue 2000 mr/aeHb * CHWKEHWE pUCKka pasBuTUS eMeHLUN Y nauueHTos | [42-44]
[aHHble 2000 mg/day C caxapHbIM anabeTom 2-ro TUna;
Clinical data + reduced risk of developing dementia in patients with
type 2 diabetes mellitus;
* yryyLleHne pesynbTaToB CENeKTUBHOIO TecTa Ha
namsaThb y NALWEHTOB C NErkuMN KOTHUTUBHBIMM
HapyLweHusammu 6e3 auaberta;
* iimproved selective reminding test performance in
patients with mild cognitive impairment without diabetes;
* CHIWKEeHMe ypoBHeN Tay M hoC(OpUNMPOBaHHOTO
Tay B CMX;
+ decreased levels of tau and phosphorylated tau in CSF
PaccesiHHbINn MbiLum 20-100 mr/kr, yepes * 3aMeAneHne NporpeccupoBanmns 3abonesaxus; [50]
cKnepos C57BL/6 1 SJL, 30H4 + attenuation of the disease progression;
Multiple sclerosis | akcnepumeHTanbHbli | 20-100 mg/kg, via tube | * orpaHnyeHne MHUNbTPaLUM MOHOHYKNEapHbIX
aYTOUMMYHHbIi knetok B LIHC;
3HUedanommenut + restriction of mononuclear cell infiltration into the
C57BL/6 and SJL central nervous system;
mice, experimental * CHVKEHME SKCPECCUM MPOBOCNANUTENbHBIX LUTO-
autoimmune kuHoB (UI1-1B, UN-6, UN-17, NdH-y n ®HO-a) B LIHC;

encephalomyelitis

+ down-regulation of the expression of proinflammatory
cytokines (IL-1B, IL-6, IL-17, IFN-y and TNF-a) in the
central nervous system;

* NOAABIEHNE AKCNPECCUM MATPUKCHOM
meTannonpoTenHasbl 9 u xemoknHa (RANTES);

* suppression of matrix metalloproteinase 9 and chemo-
kine (RANTES) expression
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Ending of the Table 1/ OkonyaHue mabn. 1

XuBoTHas mogenb

[lo3a npenapara / CcbInkmn Ha
3aGonesanme | M KIMHUHECKuE cnoco6 BBeAeHUs MexaHu3mbl, adphekTb! nutepartypy
Disease Mc.nb”a“"ﬂ Dosage of the drug / Mechanisms, effects References
Animal model .. . .
L. . route of administration to literature
or clinical trials
Mbiwn C57BL/6, 100 mr/kr, Yepes 30Ha | * cHkeHue ypoBHs Th17 1 cnocobecTBoBaHME (48]
akcnepumeHTanbHbIn | 100 mg/kg, via tube npormdepauun Tregs;
ayTOUMMYHHbI + decreased Th17 levels and promotion of Tregs
3HUedanomuenut proliferation;
C57BL/6 mice, * MOBbILLEHVE YPOBHEN NPOTUBOBOCTANNTENBHBIX
experimental LMTOKWHOB, TpaHcopMUpyioLLero akTopa pocTa-f
autoimmune (TGF-B) n UN1-10;
encephalomyelitis * increased levels of anti-inflammatory cytokines, trans-
forming growth factor-p (TGF-g) and IL-10;
* NMOAABNEHNe aKTUBaLMKM NYTU MULIEHN panaMuLmHa
y mnekonutarowux (mTOR);
* suppression of activation of the mammalian target of
rapamycin (mTOR) pathway
Kpeblicbl, 150 mr/kr, Yepe3 30HA | ¢ ocnabnexne KNMHNYECKUX CUMMTOMOB; [57, 58]
aKcnepumeHTanbHbIn | 150 mg/kg, via tube + alleviation of clinical symptoms;
ayTOUMMYHHbI * MOBbILLEHWE YPOBHEN Tregs 1 CHUXEHWE YPOBHEN
3HUedanomuennt Th1 1 Th17 B nepuchepnyeckon HepBHOI cucTeme
Rats, experimental (MHC) n LUHC;
autoimmune + increased levels of Tregs and decreased levels of Th1
encephalomyelitis and Th17 in the peripheral nervous system (PNS) and
CNS;
* CHUXeHWEe feMUennHu3aLmm u noTepyu akCoHOB;
+ attenuation of demyelination and axonal loss;
* ocrnabneHne BocmannuTenbHbIX peakuuii u
NOBbILLEHME 3KCMPECCUN HENPOTPOUUECKIX
takTopos, nocpeacteom aktueauu AMPK;
+ attenuation of inflammatory responses and increased
expression of neurotrophic factors via AMPK activa-
tion;
* NOAABNEHNE OKUCIIMTENBHOrO CTPECCa;
* suppression of oxidative stress
MauueHTsl ¢ 850-1500 mr/geHb * CHWXeHMe 06LLEro KonnyecTsa HoBbIX T2-04aros [54]
PEMUTTUPYIOLLUM 850-1500 mg/day 11 04aroB, HaKanJMBaKLLWX KOHTPACT, B FOSIOBHOM
PC, koropTHoe ¥ CMIMHHOM MO3T€;
ncenegoBaHue + decrease in the total number of new T2 lesions and
Patients with contrast-enhancing lesions in the brain and spinal
relapsing-remitting cord;
MS, cohort study * no.blleHue akcnpeccun MPHK AMPK;
* increased AMPK mRNA expression;
* CHUXeHue BbipaboTkn NOH-y n UN-17 n
noBbILLEHKE NpoLeHTa Tregs;
+ decreased production of IFN-y and IL-17 and an
increase in the percentage of Tregs
lMaumneHTsl ¢ 2000 mr/peHb * CHUXeHME ypoBHS MamnoHosoro auansaeruga (MDA) | [55]
PEMUTTUPYIOLLUM 2000 mg/day + decreased levels of malondialdehyde (MDA)
PC, knuHnyeckoe
uccnenosaque

Patients with
relapsing-remitting
MS, clinical trial
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doses of the drug. Clinical studies of metformin in
the treatment of nervous system diseases are pro-
gressing slowly, with most of them being prospec-
tive or retrospective clinical studies; there is still a
lack of large multicenter randomized controlled trials.
The data are summarized in Table 1.

Thus, this literature review confirms that metformin
can be considered a potential drug for the preven-
tion and treatment of CNS diseases, but large-scale
randomized controlled clinical trials are needed to pro-
vide more adequate clinical evidence.
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