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Abstract: Alzheimer’s disease (AD) is one of the most devastating brain disorders. Currently,
there are no effective treatments to stop the disease progression and it is becoming a major public
health concern. Several risk factors are involved in the progression of AD, modifying neuronal
circuits and brain cognition, and eventually leading to neuronal death. Among them, obesity and
type 2 diabetes mellitus (T2DM) have attracted increasing attention, since brain insulin resistance
can contribute to neurodegeneration. Consequently, AD has been referred to “type 3 diabetes”
and antidiabetic medications such as intranasal insulin, glitazones, metformin or liraglutide are
being tested as possible alternatives. Metformin, a first line antihyperglycemic medication, is a
5′-adenosine monophosphate (AMP)-activated protein kinase (AMPK) activator hypothesized to act
as a geroprotective agent. However, studies on its association with age-related cognitive decline have
shown controversial results with positive and negative findings. In spite of this, metformin shows
positive benefits such as anti-inflammatory effects, accelerated neurogenesis, strengthened memory,
and prolonged life expectancy. Moreover, it has been recently demonstrated that metformin enhances
synaptophysin, sirtuin-1, AMPK, and brain-derived neuronal factor (BDNF) immunoreactivity, which
are essential markers of plasticity. The present review discusses the numerous studies which have
explored (1) the neuropathological hallmarks of AD, (2) association of type 2 diabetes with AD, and
(3) the potential therapeutic effects of metformin on AD and preclinical models.

Keywords: Alzheimer’s disease; diabetes mellitus; metformin; insulin resistance; beta amyloid; tau
protein hyperphosphorylation; AMP activated protein kinase (AMPK)

1. Introduction

Currently, there are 44 million people dealing with dementia, being the second leading
cause of death in people aged 70 and over [1–4]. Alzheimer’s disease (AD) is the most
prevalent form of dementia [1] and it is also one of the most significant causes of morbidity
and mortality in the elderly population worldwide [3]. AD prevalence is estimated to reach
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115 million by 2050 due to an increased ageing population pattern, unless novel drugs are
available to slow or cure this disease [2–4]. Neuropathological modifications of AD, such
as tau hyperphosphorylation and Aβ toxicity, led to the main current hypothesis trying to
explain neuronal and synapse loss, associated with cognitive and memory impairment [2–6].

Since the neurodegenerative process of AD is closely related to the aging process,
it has also been called the late onset AD (LOAD). LOAD lacks a clear origin, and it is
mainly found in patients over 65 years old. These patients comprise 95% of AD cases,
although about 1% are attributed to autosomal dominant mutations in amyloid metabolism-
related genes, e.g., beta amyloid precursor protein (βAPP-chromosome 21), presenilin 1
(PS1-chromosome 14), and presenilin 2 genes (PS2-chromosome 1) [6].

In spite AD or dementia is often related with the geriatric community, AD may also
affect younger adults. Early-onset AD (EOAD) is referred to those affecting people who
are diagnosed before 65 years old (between 30 and 65). As outlined by McMurtray and
colleagues, early-onset dementia patients account for 20% to 34% of AD cases in most
trials [7]. Three gene mutations playing a key role in EOAD have been identified: APP, PS1,
and PS2. PS1 and PS2 are two proteins that constitute the catalytic core of γ-secretase. These
gene mutations—including APP, PS1, and PS2—belong to the familial form of AD and have
been shown to increase the development of amyloid-β (Aβ) leading to an increase in the
Aβ1–42/Aβ1–40 ratio, hence favoring the formation of senile plaques [1]. A combination
of genetic and environmental factors and lifestyle elements play a significant role in LOAD,
which does not have a clear etiology and it is considered multifactorial [7].

While LOAD has not a well-established etiology, two of the most relevant genes
conferring a significantly risk factor are the E4 apolipoprotein allele (APOEε4) and the
triggering receptor expressed on myeloid cells 2 (TREM2) [8–10]. The ε4 allele of the APOE
gene codes for the main apolipoprotein of the CNS, whose functions are lipid transport
and neuron homeostasis [8–12]. It has been reported that one copy of the ε4 allele in APOE
increases LOAD risk by 3~4-fold [10,11]. Its mutation results in a higher lipid binding
capacity of APOE4, and it is associated with a less efficient clearance of Aβ and an increase
in pathological changes responsible for cognitive decline [10]. On the contrary, carriers
of the APOEε2 allele have two times less risk of suffering from LOAD than non-carriers,
being considered a protective genetic factor against this disease [12]. There are significant
clinical and basic evidence that shows early driving amyloid pathology in the brains of
APOEε4 carriers [8–10]. Furthermore, in several brain homeostatic pathways, including
lipid transfer, synaptic integrity and plasticity, glucose metabolism and cerebrovascular
activity, APOE4 is either pathogenic or a decreasing factor of performance [8–11]. In turn,
TREM2 is a very abundant receptor on the surface of microglia and plays an important
role in its activation and regulation [13,14]. Certain mutations can condition the affinity of
TREM2 for its ligands, decreasing phagocytosis of Aβ peptide by microglia and promoting
a systemic inflammatory response. Thus, TREM2 deficiency is involved in the development
of LOAD due to an insufficient microglial function. In addition, TREM2 regulates the
function of microglia in LOAD and other neurodegenerative diseases, and also participates
in inflammatory responses and metabolism, either alone or in close association with other
molecules, such as APOE [15].

Type two diabetes mellitus (T2DM) and LOAD have become worldwide pandemics,
with recent projections indicating that they will get worse in the coming decades. In this
respect, obesity, T2DM and associated comorbidities have been described to be involved in
the development of LOAD [14]. Thus, LOAD has been recently described as a “metabolic
disease”, related with the inefficient utilization of glucose by the brain and associated with
insulin resistance and chronic mild inflammation in the brain [15–20]. Likewise, and due
to the insulin resistance generated in the brain, LOAD has been also referred to as “type 3
diabetes” [19,20]. Like T2DM, which is characterized by a decreased ability of peripheral
tissues to metabolize glucose, in LOAD the decreased ability of brain to metabolize glu-
cose (brain glucose hypometabolism) could contribute to the neurodegenerative process,
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together with the classical neuropathological LOAD hallmarks, such as Aβ deposits and
hyperphosphorylated tau (p-tau) in neurofibrillary tangles (NFTs) [19,20].

Preclinical research studies and clinical and epidemiological trials reported that T2DM
has been related not only to the development, but also to the progression of LOAD. A ret-
rospective study of 20 prospective clinical trials concluded that the prevalence of LOAD in
patients with T2DM was 56% greater than in people without diabetes [21]. Brain insulin
resistance, decreased insulin signaling, inflammation, hyperglycemia, vascular alterations,
hypoglycemic events, and impaired amyloid metabolism are proposed causes for this
relationship [9]. Consequently, it has been shown that both T2DM and LOAD possess
multifactorial risk profiles and a wide variety of molecular connections. The intersection
between the molecular pathways of these two diseases could give birth to the appearance
of the cognitive anomalies of LOAD patients with underlying T2DM [22–25].

2. Type 2 Diabetes Mellitus Related with Alzheimer’s Disease

T2DM is a widely known chronic metabolic condition characterized by high levels
of blood glucose and insulin resistance [24–26]. Epidemiological findings indicate that,
relative to normal people, some diabetic patients have an elevated chance of develop-
ing dementia. Hence, in the ‘Rotterdam Study’, Ott and colleagues were the first who
reported the potential connection between both pathologies, disclosing that diabetes signif-
icantly increased the risk of dementia [27,28]. Thus, it was suggested that LOAD can be
viewed as a metabolic disorder because brain of LOAD patients showed several features
in common with compromised insulin signaling pathways [21]. Additionally, clinical and
epidemiological studies have confirmed this association, demonstrating that the alteration
of metabolic parameters, such as hyperglycemia and hyperinsulinemia, are positively cor-
related with the development of LOAD neuropathology [29]. In this sense, the ‘Hisayama
Study’ reported an association between diabetes plus APOEε4 and Aβ plaques, but not
with neurofibrillary tangles formation [30]. In turn, in a study performed in cognitively
healthy middle-aged adults enrolled in the ‘Wisconsin Registry for Alzheimer’s Prevention
study’, Willette and colleagues reported an association between brain insulin resistance
(BIR) and Aβ brain deposition in LOAD patients, given support to the hypothesis that BIR
is a risk factor in the early stages of LOAD [31,32]. Therefore, this study concluded that
BIR is a modifiable risk factor during the preclinical stage of the pathology, which opened
a new therapeutic window for the design of new strategies focused on the prevention
of LOAD [31]. Likewise, some reports conclude that, under certain conditions such as
metabolic disorders, the body’s diabetic status will enhance the occurrence of LOAD by
disrupting the transfer of glucose into the brain and decreasing its metabolism [21]. Overall,
impaired insulin signaling pathway is associated with metabolic disturbances such as glu-
cose/lipid metabolism, protein modifications, mitochondrial dysfunction, and oxidative
stress. In addition, BIR can exacerbate Aβ accumulation, increase tau hyperphosphoryla-
tion, devastate glucose transportation and energy metabolism, and impair hippocampal
framework pathways [18,19,30]. Besides, it has been demonstrated that insulin has many
positive effects on the brain, including synaptic trophic effects and dendritic spine de-
velopment promotion [33–35]. Although the evidence of a correlation between diabetes
and neurodegenerative pathology in LOAD is mixed, some human postmortem findings
suggest a link between brain insulin tolerance and increased LOAD pathology, including
increased Aβ deposition [35–39]. Moreover, as we have already mentioned above, several
clinical studies have discovered that patients with diabetes have considerable levels of Aβ
and p-tau in cerebrospinal fluid as well as lower scores of cognition [40–44]. However,
evidence from pre-clinical and limited clinical trials indicate that insulin and agents that
promote insulin signaling could reduce neuropathology and boost cognition in diabetes
and LOAD [41,42].

The most common hypothesis recognizes Aβ as the main cause of LOAD [43–49]. This
starts with amyloid beta precursor protein (APP), which breaks down to release Aβ due to
the activation of a whole series of enzymes of the amyloidogenic cascade, such as β and γ
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secretases. This increases the levels of harmful Aβ 1-42 [46–48], enabling fibril production
of extracellularly deposits that destroy neurons and organize classical senile plaques [46].
Hence, the initial amyloidogenic hypothesis suggested that amyloid plaques or insoluble
amyloid fibrils were responsible for the loss of synapses since amyloid plaques are found in
postmortem brains of LOAD patients and in preclinical models of AD that present cognitive
deficits [46–49]. Although mice models generally develop amyloid plaques, they also show
synaptic dysfunction and cognitive deficits prior to plaque formation. In this way, this
hypothesis has been challenged and it is now accepted that soluble Aβ oligomers, also
known as Aβ-derived diffusible ligands (ADDL), would be the powerful neurotoxins of
the central nervous system (CNS) that accumulate in the brain in LOAD [46,47]. Based on
these observations, Aβ toxicity is mediated not only by insoluble amyloid fibrils but also by
ADDL, and synaptic failure is likely to be one of the earliest events in the pathogenesis of
AD [46]. Moreover, it has been shown that ADDL correlate better with the disease severity
(cognitive decline) than with the accumulation of insoluble Aβ peptides into plaques
triggering AD pathophysiology [46,47]. Likewise, previous studies have demonstrated
that ADDL are able to impair the function of insulin receptor in brain (detected at dendritic
level in synapses), inducing an intracellular localization of this receptor which takes it
away from the neuronal surface of dendrites. Therefore, this process is associated with a
decrease of glutamatergic neurotransmission [46–49].

Furthermore, Aβ is linked to both neuronal oxidative stress and mitochondrial dys-
function [47]. Unfolded protein response or endoplasmic reticulum stress are also involved
in the development of Aβ neuronal cell damage, also being closely correlated with the
pathology of tau protein. Through the raise of Aβ pathology, these metabolic agents could
increase the occurrence of LOAD in diabetic patients [50].

Apart from the effects of Aβ oligomers at the brain, a very interesting point is the role
of plasma Aβ oligomers on peripheral IR. In line with this concept, it has been reported
that these oligomers also have an inhibitory effect on the peripheral insulin signaling
pathway through different mechanisms mediated by oxidative stress and inflammatory
responses, hence demonstrating that Aβ oligomers modify peripheral glucose metabolism
through multiple ways [51–54]. Thus, Aβ oligomers have important effects on the systemic
metabolism of glucose, where insulin is critical for proper glucose homeostasis through
effects on the liver, skeletal muscle, and adipose tissue [41,55]. Therefore, these studies
give support to the hypothesis that LOAD is a metabolic disease in which Aβ oligomers
production in the brain play a key role in peripheral metabolism alteration.

One of the characteristics of LOAD is the brain hypometabolism that is due to a
decrease in glucose uptake. The drop in brain glucose levels is mainly related to a reduced
glucose uptake associated with the decreased expression of glucose transporters in neurons,
mainly GLUT1 and GLUT3 [56]. Therefore, it has been suggested that increasing glucose
transport to neurons, for example with antidiabetic drugs such as metformin, may be a
therapeutic approach in AD [56]. Likewise, alteration of different brain pathways associated
with T2DM has been reported in LOAD patients. In LOAD, as we have already discussed,
it has been demonstrated that an alteration of IR levels can affect the cognitive process
due to synaptic impairment, in addition to increasing oxidative stress, thus favoring
mitochondrial dysfunction that ultimately leads to neuronal apoptosis [38–44].

Chronic hyperglycemia can be responsible for the appearance of diabetic complications
since it can generate glycolipotoxicity. In this way, hyperglycemia generates advanced gly-
cation end products (AGEs) that are also a crucial link between diabetes and LOAD [48–53].
It has been proposed that an increase in AGE levels in the brain may be directly related to
cognitive dysfunction in LOAD patients. For this reason, AGEs can contribute to LOAD
by promoting the formation of fibrillar tangles and amyloid plaques, which are the main
neuropathological characteristics of LOAD, in addition to increasing the cytotoxicity of
Aβ [16–20]. AGEs induce the expression of their receptor, RAGE, which is also a putative
receptor for Aβ [16–18]. Previous studies have shown that RAGE levels are increased in
various types of LOAD brain cells. For example, glial cells of the brain show elevated levels



Pharmaceuticals 2021, 14, 890 5 of 22

of RAGE and, furthermore, a colocalization of RAGE with intracellular Aβ and tau has
been observed in LOAD patients.

Besides, the key enzymes glycogen synthase kinase 3β (GSK3β) and insulin degrading
enzyme (IDE) are altered in bothT2DM and LOAD, being a potential link between the two
diseases. GSK3β is regulated by the insulin receptor and its activation in LOAD favors
the phosphorylation of tau protein and the formation of neurofibrillary tangles [40,41].
IDE plays a key role in the metabolism and elimination of Aβ and also insulin. IDE degrades
both insulin and the Aβ peptide, however, insulin binds to IDE with higher affinity.
Therefore, in both diseases, T2DM and LOAD hyperinsulinemia sequesters IDE, presenting
a greater affinity for insulin than for Aβ and, for this reason, it ends up facilitating the
accumulation of Aβ levels and increasing the risk of LOAD [55].

Supporting this metabolic hypothesis of LOAD, a preclinical study with a neuron-
specific human BACE1 knock-in mouse model (PLB4) conducted by Plucińska and col-
leagues demonstrated that the brain BACE1 overexpression by itself increased the risk of
peripheral T2DM [56]. Therefore, this study suggested that LOAD progression can promote
T2DM comorbidities in mice, independently of the classical obesogenic process, which
could be a potential link between T2DM and LOAD.

As we have already mentioned, tau is the other main biomarker related to the neu-
rodegenerative process in LOAD [1]. Tau is a hydrophobic protein involved in the neuronal
stabilization of microtubules and axonal transport. According to the “tau hypothesis”,
tau protein’s dysfunction leads to form NFTs [4,6,57]. Specifically, tau hyperphosphory-
lation interrupts its connection with microtubules, which disrupt the entire microtubules
assembly [1,4,6,58–61].

In this sense, brain insulin has been shown to play a key role in the regulation of tau
phosphorylation through the activation of its receptor located in the brain. Indeed, as we
have commented above, BIR is associated with the activation of tau kinases, including
GSK3β, through the phosphatidylinositol kinase (PI3K)/protein kinase B (AKT) signaling
pathway [60]. Thus, BIR leads to an overactivation of GSK3β, which in turn promote tau
hyperphosphorylation. Likewise, tau hyperphosphorylation, oligomerization, misfolding,
and aggregation are involved in the impairment of synaptic plasticity and contribute
to the neurodegenerative process due to its location on dendrites in the postsynaptic
terminals [61]. It has been reported that deposits of p-tau in the CA1 and CA3 regions of
hippocampus are related with the decrease of density and shape of dendritic spines, as
well as neuronal loss [60,61]. Yarchoan and colleagues reported that BIR was related to
IRS1-pS616 and IRS1-pS312 expression in LOAD and brain tauopathies, including Pick’s
disease, corticobasal degeneration, and progressive supranuclear palsy [61]. Thus, in this
study, the authors suggest an association between BIR and tau, in which IRS-1 pS616
phosphorylation increases favor an abnormal tau phosphorylation [61].

In this line, Marciniak and colleagues demonstrated the role of tau as a key modulator
of BIR and the insulin receptor signaling pathway, as well as the mechanisms whereby
tau could modulate insulin receptor function [59]. Hence, tau deletion is involved in the
control of peripheral and brain insulin metabolism, the modulation of hippocampal BIR
can contribute to cognitive function and hypothalamic BIR regulates metabolic alterations
in LOAD patients and in tauopathies [59]. Therefore, chronic BIR is involved in the
development of tau pathology by altering the balance between kinases and phosphatases
and vice versa. Moreover, it has been demonstrated that tau hyperphosphorylation leads
to an increase in uptake and intraneuronal accumulation of insulin as insoluble oligomeric
aggregates in LOAD patients and in several tauopathies [58]. Interestingly, this process
occurs independently of T2DM, suggesting that BIR is associated with alterations of insulin
signaling pathway independently of the presence of clinical T2DM.

Likewise, tau has recently been identified as a key regulator of peripheral insulin
signaling, with evidence linking tau to IR in the brain and peripheral tissues, as well as
beta cell dysfunction [60,62,63]. Tau is widely expressed in insulin-secreting beta cells
in the pancreatic islets. At a young age, mice with a global tau knockout exhibit a rise
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in body weight, defects in glucose-stimulated insulin secretion, and reduced glucose
tolerance [60,61].

Although it is well known that insulin can modulate the phosphorylation of tau pro-
tein, its role in the regulation of the insulin receptor has been only studied in the recent
years. In accordance with this idea, mice which do not express insulin receptors at the
neuronal level (NIRKO mice) as well as IRS-2-/- mice showed an increased phosphory-
lation of tau through the inhibition of phosphoinositide 3 kinase (PI3K)/AKT signaling
pathway [18,19,62,63]. This link between insulin and tau signaling is mainly based on
the modulation of downstream signaling pathways involving different kinases such as
GSK-3β, c-Jun N-terminal kinase (JNK) and AMPK and phosphatases including protein
phosphatase 1 and 2 (PP1 and PP2A, respectively) [18,19].

3. Metformin as an Antidiabetic Drug Strategy for Alzheimer’s Disease Treatment

Metformin is an antidiabetic drug derived from galengine, a natural product of the
Galega officinalis plant [18]. Metformin is a biguanide that contains two couple guanidine
molecules [64–66], with a highly hydrophilic chemical structure (1, 1-dimethylbiguanide
hydrochloride) properties [65]. Therapeutically, metformin is the first-line treatment for
T2DM and is prescribed by most health guidelines because its low side-effects, it is usually
well absorbed, and not associated with weight gain [67]. Metformin decreases liver gluco-
neogenesis and reduces insulin resistance, leading to lower levels of plasma glucose [65].
Likewise, metformin is able to cross the blood–brain barrier (BBB) and has been involved in
increased cognitive performance [68]. Furthermore, metformin could alter gut microbiota
composition, which may play a role in AD pathogenesis [69].

3.1. Preclinical Animal Studies with Metformin

For the purpose of designing therapeutics or disease modifying agents for AD treat-
ment, a wide variety of animal models have been developed to replicate the human
environment of the disease [70–74]. In particular, the first aim of most AD animal models is
to develop the neuropathological features that precede the cognitive dysfunction [75–77].

The transgenic mice are important models for deciphering familial AD pathology
pathways. These models do not display all the anomalies found in human AD and do
not duplicate the sporadic forms of AD, because they only reproduce the pathological
features of AD common mutated genes [77]. However, transgenic innovation gives spe-
cial opportunity to replicate the cause of familial AD by transfecting a mutant human
APP [74,75]. Mice models enabled our understanding of Aβ-production, deposition, and
clearance-related molecular pathways and the impact of Aβ on the neuronal network and
synapses [73,74]. A wide variety of parenchymal and vascular amyloid deposits similar
to those of human AD were developed successfully by the APP mouse model [75]. Trans-
genic mice models developed by over-expression of mutated human PS1, APP and tau,
are the majority of these animal models. The triple-transgenic 3xTg-AD mice contains
three mutated genes (human PS1M146V, APPSwe and tauP301L) and develops increasing
age-dependent amyloid plaques and NFTs as well as memory deficits [76–78] (Table 1).

On the other hand, many of the signature features of AD are reproduced by the
injection of pharmacological or chemical agents into the brain or by the activation of
lesions in specific brain regions [76–78]. For instance, the injection of Aβ peptide into the
brain of rat or rhesus monkey has been used in several studies. Although these models
cause some of the clinical signs, they do not specifically mimic AD pathology. Lesion
models include the chemical or physical degradation of particular regions of the brain
such as hippocampal, cortical, and striatal regions that are normally either cholinergic or
active in cognitive processes [1]. In general, interventional models will be effective for
detecting symptomatic or therapeutic interventions as a disease model. These models
can include valuable observations such as the streptozotocin (STZ)-induced AD model,
scopolamine-mediated amnesia model that led to learning and memory loss and cognition
dysfunction [76–80]. For instance, in scopolamine-induced amnesia models, inflammation
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is activated by endotoxins and the brain metabolism interacts with other chemical action
models [73].

Since LOAD represents more than 95% of AD cases, associated animal models are
valuable research resources for studying pathogenesis and designing experimental treat-
ments for sporadic AD [76–84]. STZ is a diabetogenic agent that is widely used to induce
diabetes in animals because it damages and induces IR in pancreatic beta cells. Decrease of
glucose/energy metabolism in brain, corresponds to the severity of dementia symptoms
in AD, and is a well-established brain abnormality of sporadic AD [77–93]. In ICV-STZ
animal models, BIR reduced brain glucose metabolism, tau and Aβ accumulation, gliosis,
cholinergic deficits, oxidative stress, and learning and memory deficits [77–85]. Brain
insulin signaling controls the metabolism of cerebral glucose, and impaired transduction
of brain insulin signaling was reported in AD [82]. Tau hyperphosphorylation, increas-
ing of Aβ40/42 and both GSK-3β and BACE1 activities have also been observed in rats
treated with STZ, which also exhibited a lack of dendritic and synaptic plasticity [85–87].
In January 2013, Dr Hoyer hypothesized that ICV STZ is the non-transgenic metabolic
form of sporadic AD [85]. Hoyer’s reasoning began with the observation that while both
oxygen and glucose intake in the brain decreases in LOAD, the decrease in brain oxygen
consumption is significantly smaller [85–89]. These findings lead to the hypothesis that the
main biochemical change in incipient LOAD is related to the regulation of cerebral glucose
metabolism, which leads to an alteration of a signal transduction deficiency of the cerebral
insulin receptor [89]. According to findings of Saffari and colleagues, an i.c.v. injection of
STZ caused a substantial decrease in spatial learning and memory, while metformin admin-
istered in therapy phosphatidylserine nanoliposomes formulation improved learning and
memory. Thus, metformin increased spatial learning and decrease neuroinflammation in
the STZ rat model of LOAD [89]. In addition, the recent results of Pilipenko et al. showed
that metformin reversed STZ-induced impairments in spatial learning/memory capacity
and sociability, as well as normalization of brain glucose transport, uptake, and metabolism,
together with an improved microgliosis and astrogliosis in a LOAD rat model [84].

According to the studies of Ditacchio and colleagues, metformin is an efficient treat-
ment to improve insulin sensitivity, with a higher drop in blood glucose levels in the
AβPP AD model [90]. In addition, Farr and colleagues examined the effect of metformin
on the expression of APPc99, AβPP, Aβ, G3DPH, and p-tau in SAMP8 mice [91]. They
showed that the expression of APPc99 and p-tau decreased after metformin treatment.
Thus, metformin treatment in SAMP8 significantly reduced hyperphosphorelated tau and
APPc99 proteins, leading to an improve in learning and memory processes. Moreover,
Ditacchio and colleagues also showed that Aβpp transgenic female mice that were treated
with metformin showed increased cognitive abilities [90] (Table 1). These results were
seen in another genetic model of AMPK activation, where some unexplained structural
mechanism disrupted AD-related cognitive activity in these animals downstream of liver
AMPK activation [91]. Additionally, the authors carried out studies in males and females
and the results demonstrated that beneficial effects of metformin were greater in females
than in males [91]. This supports the idea that there may be an effect of the gender in the
effectivity of this drug.

Finally, Lu and colleagues demonstrated that metformin improved learning and mem-
ory performance in APP/PS1 transgenic mice, according to Morris water maze and Y-maze
results [93]. Another study demonstrated that metformin improved microglial autophagy
in the APP/PS1 mice model, allowing pathological Aβ and tau proteins to be phagocy-
tized, and thus reducing Aβ deposits and restricted the distribution of tau pathology [83].
Similarly, Ou and colleagues also reported that metformin treatment in APP/PS1 ex-
erts multiple beneficial effects in the brain neuropathology [82]. Thus, metformin treat-
ment improved the cognitive process and neurogenesis, exerting neuroprotective effects
on the hippocampus. Moreover, metformin, probably through the modulation of the
AMPK/mTOR/S6K/BACE1 signaling pathway, also improved amyloidogenic pathway
and prevented the neuroinflammatory process [82].
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Table 1. Effect of different dose of metformin on treatment of preclinical Alzheimer’s disease.

Row Reference Animal
Model/Gender Starting Age Metformin Dose Duration of

Therapy Main Finding

1 [82]
B6C3-Tg (APPswe,

PS1dE9)
85Dbo-fAD/F

26 weeks old 200 mg/kg/d 14 days

Neuroprotection, Enhanced
memory, reduced

inflammation, regulation of
AMPK/mTOR/S6K/Bace1

pathway.

2 [91]
SAMP8 mouse model

of random onset-
AD/M

12 months old 20–200 mg/kg/d 8 weeks

Increased PKC, improved
pGSK-3ser9,reduced pTau404

and APPc99, enhanced
learning and memory.

3 [90] PDAPP (J9)
mice-AD/M&F 6–8 weeks 350 mg/kg/d Until 14–16

months-old

increases insulin sensitivity in
male, lifespan extension and
delayed degradation of the

estrous cycle in female

4 [94] C57BL/6 mice-PD/M 10-weeks 200 mg/kg/d 10 days. Stimulate AMPK, mediating
the pleiotropy

5 [95] Wistar rats-AD/M Five-month old 50, 100–200 mg/kg/d 3 weeks

Decreasing Memory loss,
preserved the pAMPK and

CREB levels, Improved TAS &
SOD levels, increased
antioxidant function

6 [96] Wistar rats-AD/M Adult 100 mg/kg/d 8 weeks

Enhances neuronal activity
and neuropathological
modifications, prevent

synaptic plasticity impairment

7 [83] Wistar rats-sAD/M 9 weeks 75–100 mg/kg/d 21 days

Modulation of glucose
delivery and uptake,

anti-neuroinflammatory
function, maintenance of

synaptic plasticity

8 [86] C57BL/6
mice-sAD/M 12–14 weeks 200 mg/kg/d 21 days

Suppress glycemic levels and
cognitive dysfunction,

increases insulin receptor
sensitivity, facilitate neuronal

survival

9 [76] APP/PS1 transgenic
mice/F 9 months old 4 mg/mL in drinking

water 2 months

Promoted the phagocytosis of
Aβ and tau proteins by
enhancing microglial
autophagy capability

3.2. Metformin in Clinical Studies

It has been shown that metformin stops or slows the onset of dementia in adults with
diabetes [97]. In 2019, Shi and colleagues focused on the effect of metformin in elderly
adult US veterans with T2DM and neurodegeneration [98]. According to the results of this
study, metformin therapy over 2–4 years provides a strong risk reduction in the occurrence
of neurodegeneration in patients with T2DM compared with patients without metformin
treatment [98].

A pilot study of 80 people with amnestic moderate cognitive disorder was undertaken
at Columbia University in New York City from 2008 to 2012. The participants were
overweight, but none of them had diabetes. They were given either 2000 mg of metformin
separated into two doses or a placebo for one year. The selective reminding test (SRT) for
recall and the ADAS-Cog were the primary outcomes [99]. The secondary endpoint was
FDG-PET glucose absorption in the posterior cingulate/precuneus, as well as plasma levels
of Aβ42, the most toxic form of the Aβ peptide. The metformin group performed slightly
higher on the SRT than the placebo group. There were no differences in the ADAS-Cog,
glucose uptake, or plasma Aβ42 between classes. Only 10% of patients were able to take
the peak dosage of metformin, with the majority receiving 1000 or 1500 mg a day [92,93].
The main conclusion of the study was that metformin improve of efficacy for recall in
the SRT.

From 2013 to 2015 a small study at the University of Pennsylvania assessed the impact
of metformin on biomarkers of AD in 20 non-diabetic individuals with moderate cognitive
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dysfunction or dementia related to the disease. MRI, FDG-PET, and amyloid biomarkers
were used to validate the diagnosis of AD [100,101]. Each participant was given metformin
at a daily dose of 2000 mg/day for eight weeks, then placebo for eight weeks, or vice
versa, in a crossover study. The ADAS-Cog and CANTAB batteries were used to assess
cognitive performance in multiple learning and memory domains, executive processing,
focus, expression, and motor speed. Cerebral spine fluid (CSF) concentrations of Aβ, total
tau, and tau were also evaluated, and blood flow in the brain was determined by arterial
spin marking [9]. In the treated population, the Trails B test of executive function showed a
statistically significant increase, as well as improvements in learning, memory, and focus.
Metformin had little effect on blood supply in the areas where it was tested. The compound
was found in the CSF, but the AD biomarkers remained unchanged [101].

In February 2020, Swedish researchers began testing the impact of a year of metformin
treatment plus exercise and diet on memory in 80 people with T2DM and moderate cogni-
tive dysfunction. Recruitment, adherence, and retention rates are the primary consequences,
while metabolic improvement and memory capacity are secondary measures. The re-
search will last until December 2021 (https://www.alzforum.org/therapeutics/metformin)
(accessed on 23 August 2021).

In turn, Samaras and colleagues compared the efficacy of metformin on cognitive
decline and dementia risk in diabetic patients. After 6 years of research, authors concluded
that the administration of metformin in older people with T2DM was associated with a
decreased risk of dementia [102]. In addition, in an interesting study performed in aged
African American and white patients, with data taken from Veterans Health Administra-
tion (VHA) medical record, Scherrer and colleagues showed that the administration of
metformin decreases the risk of dementia by 29% and 40% in African American patients
aged 65 to 74 years and 50 to 64 years, respectively. These results are very interesting
because they give support to the hypothesis that metformin is able to decrease the risk of
dementia in aged patients [103].

On another front, Sluggett and colleagues demonstrated that Finnish patients with
T2DM and long-term metformin treatment had lower risk of developing AD. Again, the
results of this study give support to the hypothesis that glucose lowering drugs may be
important pharmacological alternatives that modify the course of the disease and delays
the risk of dementia [104].

On the contrary, other studies such as those of Koo and colleagues showed that
metformin treatment was not effective and even worsened the cognitive state in older
Korean patients [105]. For this reason, more studies are necessary to clarify metformin
effects in diabetic patients with cognitive loss [106,107].

4. Molecular Mechanism Involved in Neuroprotective Effects of Metformin in
Alzheimer’s Disease
4.1. Metformin Effects on Amyloid and Tau

Previous studies have reported that AMPK is highly expressed in the hippocampus
—a brain region that plays key roles in synaptic plasticity, memory, and cognition—and
aberrant AMPK activity has been reported in the brains of transgenic mouse models of
AD and AD patients [108,109]. Based in the amyloidogenic hypothesis of AD, it has been
reported that Aβ oligomers inhibited AMPK and thus could increase the risk of a metabolic
dysfunction in hippocampal neurons that may play a key role in early metabolic defects in
the LOAD brain [110]. Thus, metformin, which is able to promote AMPK activation, could
be an attractive target that can compensate this energy loss in the in the nervous system.
In addition, AMPK activation can reduce Aβ by reducing BACE1 expression and thus
decrease brain Aβ levels [111,112]. Moreover, AMPK could play an additional favorable
role in LOAD by promoting autophagy [70–72]. Indeed, previous studies have reported
that activation of autophagy decreased Aβ pathology and improved the cognitive process
in preclinical models [113]. Therefore, metformin could improve the brain autophagic
function, helping to remove waste proteins and improving the treatment of AD [113].

https://www.alzforum.org/therapeutics/metformin
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It is well known that phosphorylation of tau is regulated by several kinases, including
AMPK, which is a tau kinase that acts by phosphorylating multiple tau sites [114,115].
However, the process of tau regulation by AMPK is complex since it can be regulated by
direct and indirect mechanisms. Wang and colleagues reported that both salicylate, an
AMPK agonist, and wortmannin, a GSK-3β inhibitor, reduce tau phosphorylation [61].
Likewise, AMPK can phosphorylate the Ser9 site of GSK-3β, triggering its inhibition, and
therefore it may explain its participation in the modulation of this regulatory process in the
phosphorylation of tau [116,117]. Apart from the direct regulation of tau phosphorylation,
AMPK also activates SIRT1, a deacetylase enzyme which, by improving or enhancing the
deacetylation process, can inhibit the hyperphosphorylation of tau [115]. Likewise, another
mechanism that regulates both the acetylation and phosphorylation of tau involves the
protein phosphatase 2A (PP2A). Interestingly, it was reported that metformin induces
tau dephosphorylation by directly activating PP2A [117]. In addition, PP2A activity is
increased by AMPK-mediated phosphorylation at Ser298 and Ser336 [98,99].

In general, the role of metformin on AMPK activation and phosphorylation of tau
is not fully understood, since involves both direct and indirect mechanisms. Because
different hypotheses have been proposed, more research studies are needed. However, it is
accepted that metformin improves mitochondrial defects, promotes the autophagy, and reg-
ulates insulin sensitization through the modulation of different intracellular pathways and
consequently could improve LOAD neuropathology in preclinical AD models [104–107].
Therefore, metformin could be a suitable potential therapeutic treatment of metabolic risk
factors target for LOAD.

4.2. Metformin Effects on Mitochondria

A strategy based on “brain energy rescue” in the treatment of LOAD has currently
been proposed [118]. The objective of this strategy is based on preserving and/or restoring
the energy state of the brain. In this sense, metformin treatment could be a potential brain
energy rescue strategy by improving mitochondrial function and improving peripheral and
cerebral glucose metabolism. It is well known that mitochondrial metabolic abnormalities
are involved in the pathogenesis of LOAD [114,115]. Thereby, it has been proposed that
AMPK can regulate mitochondrial synthesis and the main functions of mitochondrial
autophagy. Previous studies have shown that mitochondrial damage is an early sign
of LOAD that appears before NFTs and is accompanied by phosphorylation of the tau
protein [115]. Thus, the activation of AMPK through metformin can favor the process
of mitochondrial biogenesis regulating the function of peroxisome proliferator activated
receptor γ coactivator-1α and peroxisome coactivator-1α (PGC-1α, a transcriptional coacti-
vator nuclear) [110]. Furthermore, as we have already commented above, metformin could
promote the mitochondrial autophagy process through AMPK activation, hence favoring
the elimination of damaged/defective mitochondria, increasing ATP production, and re-
ducing the production of reactive oxygen species [116]. Therefore, it can be hypothesized
that the activation of AMPK by metformin could generate an increase in cellular autophagy
and ATP production and helps to improve the symptoms of LOAD.

4.3. Metformin Effects on Neurogenesis: The AMPK/aPKC/CBP Signaling Pathway

Metformin is involved in two distinct molecular pathways to facilitate the prolif-
eration/regeneration and differentiation of adult neuron progenitor cells (NPCs) [119].
In the first pathway, metformin activates AMPK, which activates the cascade of aPKC-
CBP to facilitate neuronal differentiation. Atypical protein kinase C (aPKC) is stimulated
upon activation of AMPK, which ultimately phosphorylates CREB-binding protein (CBP)
at Ser133 to facilitate neurogenesis and increase spatial memory development in adult
mice [119,120]. In the second pathway, metformin significantly upregulates the expression
of TAp73 mRNA, which in turn increases the production of essential proteins involving in
self-renewal of adult NPCs. P73 is a transcription factor that plays a key role in neural stem
cells and its expression increases following their differentiation [120]. For the treatment
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of patients with cognitive dysfunction associated with T1DM and T2DM, the ability of
metformin to stimulate neurogenesis is potentially promising [117,118,120]. According
to the previous studies, it can be shown that long-term usage of oral metformin ther-
apy improves hippocampal neurogenesis and spatial memory, followed by an induction
of chronic microglial activation and improved glucose-lowering impact of phosphorus-
relation of AMPK/aPKC f/k/IRS1 serine residues in the hippocampus of middle-aged
diabetic mice [120]. These findings are consistent with previous research demonstrating the
neuroprotective effects of chronic metformin administration on high fat diet-induced dete-
rioration in hippocampal neurogenesis and neurological disorders [117]. Taken together,
considering the crucial roles of AMPK in intracellular metabolism in LOAD, metformin
could be introduced as suitable and attractive therapeutic target [116].

Studies by Ma and colleagues showed that metformin improves the composition of
the gut microbiota of obese mice. This peripheral effect could inhibit the neuroinflamma-
tory process in the hippocampus. Likewise, this drug could prevent the deterioration of
newborn neurons in the hippocampus and therefore improve the learning process and
memory in obese mice. These results reinforce the hypothesis of the benefit of acting at the
microbiota level to improve the cognitive process in LOAD [121].

4.4. Metformin Effects on Learning and Memory

Cognition is one of the most complex features of the brain, and it involves percep-
tion, registration, consolidation, storage, and memory over the course of human life [118].
Any memory deficiency, such as amnesia, has a significant impact on an individual’s
quality of life and is regarded as a major CNS disease attributed to a decline in neuronal
population as a result of ageing, neurodegenerative disorders, head injuries, brain defects,
genetic anomalies, and other factors [122]. Accumulating evidence suggests that diabetic
therapies in model animals or humans with diabetes can improve cognitive functions.
Likewise, thiazolidine-based diabetic therapy, i.e., pioglitazone, decreases the risk of de-
mentia in patients with diabetes and increases both glucose metabolism and memory
performance in patients with LOAD and diabetes [122,123]. Treatment with metformin
has shown to substantially enhance memory deficits. Mostafa and colleague’s studied the
acute administration of metformin in a scopolamine-amnesic mice model (with impaired
learning and memory skills), for about two weeks, and demonstrated the valuable effects
of metformin on improving memory [71]. The molecular mechanism involved in the neu-
roprotective action of metformin was multiple since it showed significant antioxidant and
anti-inflammatory activity. However, the authors propose that its protective effect against
scopolamine-induced cognitive impairment is probably through the signaling pathway of
Akt/GSK3 beta and prevention of phosphorylation of tau protein. Likewise, according to
some trials, scopolamine therapy has been shown to decrease pAMPK and CREB levels,
and metformin treatment has successfully restored pAMPK and the transcription factor
CREB levels in the hippocampus [71,121]. Furthermore, metformin was able to increase
the hippocampal levels of antioxidant enzymes, such as superoxide dismutase levels [121].
These results give support to the hypothesis that metformin could be a potential preventive
drug against cognitive and memory impairment [94,95,121,124–132] (Table 1). Similarly,
metformin was shown to prevent cognitive damage in the chronic L-methionine model of
memory impairment, probably by normalizing oxidative damage [124].

Kodali and colleagues reported that after 10 weeks of metformin treatment, C57BL6/J
mice with late middle age improved recognition memories in old age [72]. Metformin
treatment in the hippocampus modulated microglial cells in an anti-inflammatory M2 phe-
notype and reduced hypertrophy of astrocytes. Furthermore, it reduced the concentration
of proinflammatory cytokines and enhanced autophagy processes through the activation
of AMPK and inhibition of mTOR signaling.

Likewise, since the hippocampus is an essential part of the brain for memory and
cognition and it is widely affected in AD, the hippocampus’ neuronal activation and
synaptic transmission are important for improving these functions. According to Chen and
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colleagues, metformin improved synapsis, memory, and cognitive deficits with disrupted
hippocampal synaptic communication [131]. This process could be explained through the
increased presynaptic glutamate release, which would be responsible for the increased
elevated miniature excitatory postsynaptic currents (mEPSC) into CA1 pyramid neurons
in hippocampus [131]. Likewise, Asadbegi and colleagues demonstrated that metformin
treatment was able to improve significantly long-term potentiation in rats after the Aβ-
injection. Moreover, rats were under a high-fat diet (HFD), and metformin treatment
showed neuroprotective effects against detrimental effects of Aβ and HFD on hippocampal
synaptic plasticity [96].

In turn, Li and colleagues studied the effects of intraperitoneal injection of 200 mg kg−1 d−1

of metformin for 18 weeks in db/db mice, which have multiple AD-like brain changes such
as alterations in cognitive functions, increased phospho-tau and Aβ, as well as decreased
synaptic proteins. Metformin decreased hippocampal levels of total tau, phospho-tau, and
activated c-Jun-N-terminal kinase [133]. Moreover, metformin treatment increased the levels of
synaptophysin, a synaptic protein, in the hippocampus of db/db mice [133]. Notwithstanding,
metformin did not attenuate spatial learning and memory deficits. However, it was effective in
enhancing biochemical changes like those of AD in the hippocampus of these mice.

4.5. Metformin Effects on Synaptic Density and Dendritic Spines

The theory that activating insulin receptors enhances cognition has been confirmed by
clinical and preclinical trials. Hence, it is accepted that insulin improves emotional function
in active and elderly people, as well as Alzheimer’s patients [128]. Insulin signaling can
influence the synaptic plasticity by controlling glutamate receptor expression and traffick-
ing, and insulin receptors are enriched at hippocampal synapses, where they are proposed
to control synaptic plasticity by interactions with the glutamatergic system [95,128–131].
Furthermore, various studies have shown that synaptic markers and/or dendritic spine
dysfunction appear before the development of Aβ plaques and NFTs, thus implying that
these events are closely linked to cognitive decline in AD [95,128–132]. In older rhesus
monkeys, selective loss of thin spines is closely associated with decreased learning ca-
pacity [134–136]. In addition, according to Morrison and Baxter, reducing spine form can
have a detrimental impact on prefrontal synaptic plasticity, which is essential for normal
functioning in aged people [137]. In this line, the maintenance of thin and mushroom spine
populations (another spine type) combined with cumulative increased spine extent in the
dorsal-lateral-prefrontal-cortex (DLPFC) distinguish cognitively normal older individuals
with AD pathology from patients with AD dementia [134]. This changes may be linked to
the mild cognitive impairment (MCI) that can be detected early in AD patients [134–136],
confirming that synaptic loss is key to the development of the disease [60] and supplying
cellular evidence that dendritic spine remodeling could be a process of cognitive resilience.
All these findings support the idea that synaptic function and behavior are directly related
to cognition ability [138–141]. As a result, the cellular and molecular events that regulate
synapses may be used to treat cognitive dysfunction in AD [136].

Loss of synaptic activity in the AD brain can be correlated with observed cognitive
deficiencies [12,138–141]. Metformin has been shown to mediate memory forming through
synapse plasticity [142,143]. In addition to synaptic impairment and lack of neuronal
integrity in mature neuronal circuitry, in the AD-associated neurodegenerative phase, aber-
rant adult hippocampal neurogenesis is also involved. Cyclin-dependent kinase 5 (CDK5)
is a serine/threonine kinase triggered by p35/p39 neuron-specific activators that plays
a key role in synaptic plasticity neuronal and cognitive behavior [144]. The proteolytic
cleavage of p35 to p25 contributes to protracted and aberrant activation of CDK5 and
results in synaptic depression, which closely mimics early AD pathology [145]. Conse-
quently, a possible promising strategy for the development of AD drugs is CDK5 inhibition.
It has been found that metformin inhibited CDK5 hyper-activation and CDK5-dependent
tau hyper-phosphorylation in the hippocampus of APP/PS1 mice [144–146]. Liu and
colleagues reported that CDK5-activation by hyperglycemia is involved in neuronal apop-
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tosis [145]. Furthermore, it was shown that CDK5 phosphorylates the PPARγ receptor on
serine residue 273, thus preventing the transcription of antiobesity effects and favoring
weight gain. In this sense, Cai and colleagues reported that CDK5 could be the link between
AD and T2DM hyperacetylation of H3K9 histone on CDK5 promoter [146].

The transgenic APP/PS1 mice presents loss of spines as demonstrated by reduced
spine density from CA1 pyramidal neurons. According to Wang and colleagues’ study,
chronic metformin administration for 10 days improves synaptic defects, including sur-
face GluA1 expression, decrease spine disappearance, and reduction in basal synaptic
transmission in the hippocampus of APP/PS1 mice [144]. Furthermore, in highly primed
hippocampal slices from APP/PS1 mice, theta burst stimulation-induced CA3-CA1 long
term potentiation (LTP) was compromised, while the LTP deficiency was saved by chronic
therapy with metformin for 10 days too [144]. Increased presynaptic glutamate release
from terminals innervating CA1 hippocampal pyramidal neurons was observed using
paired-pulse ratios (PPR), but the excitability of CA1 pyramidal neurons was not affected.
These findings indicate that metformin improves glutamatergic rather than GABAergic
signaling in hippocampal CA1, revealing new information about metformin’s actions
on neurons.

4.6. Metformin Effects on Neuroinflammation

According to Ha and colleagues, metformin possesses anti-inflammatory effects [147].
The neuroinflammatory response requires microglial cells, which are resident phagocytes
in the CNS. Microglial cells initiate an innate immune response when they are triggered by
danger-associated molecular patterns (DAMPs) such as S100A8, S100A9, Aβ, or pathogen-
associated molecular patterns (PAMPs) such as lipopolysaccharides (LPS) [147]. According
to reduction of multiple inflammatory responses in BV-2 microglial cells by metformin
treatment, including the secretion of pro-inflammatory cytokines such as tumor necrosis
factor(TNF)-α and interleukin (IL)-6, it could be considered an important autophagy regu-
lator and anti-neuroinflammatory drug [147]. Pursuant to Liu and colleagues, metformin
reduced the incidence of clinical stroke in adults with diabetes and attenuated post-stroke
brain atrophy volume 24 h after therapy in mice with temporary middle cerebral artery
occlusion (tMCAO). In normal mice, metformin therapy not only stimulated neurogenesis
through the modulation of the CREB-binding protein (CBP)-protein kinase C (PKC) path-
way, but also increased lifespan by alleviating chronic inflammation [148]. Accumulation
of Aβ increases the proinflammatory factors IL-1β and IL-6 levels in APP/PS1 mice [76].
It has been reported that metformin decreases the levels of IL-1β and IL-6 in APP/PS1
mice [76]. In addition, different studies have highlighted the anti-inflammatory and antiox-
idant function of metformin, with several pathways playing a key role in the activation of
AMPK [147–152]. In certain cases, metformin suppresses inflammation and decreases or
removes inflammatory factors largely by dependent pathways and often independently of
AMPK at the cellular level and elsewhere at the systemic level [148,149]. Metformin is also
efficient in decreasing the amount of oxidative stress factors by controlling the cell’s antiox-
idant function [64,65]. Interestingly, metformin anti-inflammatory effects could be due to
the decrease of the expression of nuclear factor kappa B (NF-κB) [65]. NF-κB is involved in
multiple inflammatory pathways, cell death, and tissue degradation [147]. Moreover, it is
widely demonstrated that AGEs are one of the most important inflammatory factors in the
development process of diabetes. Macrophages actively participate in this inflammatory
process, which act by amplifying the expression of pro-inflammatory cytokines (IL-1, IL-6,
and TNF-α), in addition to increasing the expression of receptor for RAGE and activating
the NF-κβB pathway. Indeed, RAGE/NF-kB signaling plays a role in the inflammatory
activity of AGE-stimulated macrophages/microglial cells. By activating AMPK and inhibit-
ing NF-κβ, metformin suppresses the RAGE/NF-kβ pathway, which leads to inhibited
effects of AGE and at the brain level it can decrease the activation of microglia favoring the
M2 (anti-inflammatory) phenotype over M1 (classic or inflammatory) [149].
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On another front, it has been reported that metformin can decrease ROS production
through direct inhibition of the chain of the electron transfer complex of complex I (NADH
ubiquitin oxidoreductase (NADH) [151–153]. Other described mechanisms involved in the
reduction of ROS may be due to the activation of antioxidant enzymes such as catalase,
which is the main decomposer of H2O2, inducing the endogenous antioxidant system
that includes glutathione reductase (GSH), superoxide dismutase (SOD), and catalase
(CAT [151,152]. It has also been described that metformin can stabilize the nuclear factor
related to erythroid 2 (Nrf2), a sensor of oxidative stress, and induce its gene expression,
through AMPK. Induction of the Nrf2 pathway is associated with an increased level of
antioxidant system enzymes such as CAT, GSH, and SOD [151–153]. Thus, through the
induction of AMPK activation, metformin stimulates the initiation of this pathway and
may explain its antioxidant function.

In several studies performed on mice with traumatic spinal cord injury, reactions
of local inflammation along with microglia proliferation, activation, and phagocyte in-
filtration are used [154]. In a demyelinating context induced by lysolecithin, metformin
treatment reduced demyelination and inflammation and protected the functional integrity
of optic tract, as measured by visual evoked potential recording [155]. Moreover, potential
application of metformin in multiple sclerosis has been recently reviewed [154].

All these data support that metformin has an antioxidant and anti-inflammatory
function in different circumstances. Therefore we can conclude that, for several neurode-
generative diseases whose inflammatory pathways and oxidative stress play a role in their
pathogenesis, metformin may be an effective therapeutic choice [150–152].

4.7. Neuroprotective and Neurorestorative Potential of Metformin

Chung and colleagues studied the genes and proteins whose expressions or functions
were either directly or indirectly influenced by the AMPK pathway to understand the
role of metformin between multiple signal pathways in neuroprotection [124]. AMPK can
work independently via various roles of many basic cell type functions (e.g., mitochondrial
biogenesis, cellular synthetic activity, anti-inflammation, anti-oxidative stress, cell growth,
and proliferation) and molecular pathways (e.g., incorporation of proper effects through
AMPK-PPARγ, AMPK-PGC1 alpha, AMPK-PFK, AMPK-FOXO, and AMPK-mTOR sig-
naling cascades) [124]. Downregulation of AMPK and downstream signaling pathways,
lead to AGEs production, to an increase in human neural stem cells (hNSC) death and to
mitochondrial dysfunction. Several studies have also shown that AGEs reduce mitochon-
drial capacity, and Wareski and colleagues demonstrated that AMPK stimulation promotes
mitochondrial activity through the activation of PGC1α [153]. In age treated hNSCs, met-
formin also improves AMPK, PGC1α, NRF-1, and Tfam expressions that may contribute
to the observed elevation in mitochondrial functions. In addition, metformin-enhanced
neuroprotective gene expression can help to protect hNSCs against toxicity caused by
AGE [150].

Interestingly, Fatt and colleagues demonstrated a potential neurorestorative effect of
metformin [153]. They reported that treatment with metformin improves NPCs prolifer-
ation, self-renewal, and neuronal differentiation [153]. Metformin therapy orchestrated
this process mainly through the activation of TAp73 gene expression in adult NPCs and
through AMPK activation by triggering the cascade of aPKC-CBP [153].

5. Conclusions

Dementia is linked to a number of co-morbid disorders in the elderly, including
diabetes, asthma, dyslipidemia and cardiovascular disease, among others [1,4,6]. Therefore,
all these factors could substantially complicate LOAD treatment. For this reason, it has been
proposed that a combination therapy with more than one drug may be necessary to slow or
delay the evolution of the disease [2–5]. In this regard, in a combinatory therapy with 3 or
4 drugs (anticholinergics, memantine, aducanumab, sodium oligomannate (GV-971), anti-
inflammatories) it may be interesting to add a drug such as metformin, which may be key
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in improving hypometabolism and increasing glucose uptake in the brain. For this reason,
metformin (or other antidiabetic drugs) can provide added value by increasing glucose
transport to neurons and increasing ATP levels [65,149–153]. Thus, based on literature,
metformin can be used to inhibit dementia progression and can be a novel therapeutic
medication for strengthening LOAD-related cognitive dysfunction [65].

In general, metformin is considered a safe and well-tolerated drug. However, the
appearance of gastrointestinal adverse effects—such as diarrhea, nausea, and vomiting—
has been reported [154]. Less frequent may be the appearance of headache, hypoglycemia,
weakness, and rhinitis. However, one must be very careful as metformin has a serious
warning for the risk of lactic acidosis [156]. This side effect is rare but serious and has an
incidence rate of 1 in 30,000 patients. In this way, metabolic acidosis results in a decrease in
the pH in the blood causing nonspecific signs and symptoms, such as respiratory distress,
elevated lactate levels and acidosis [156]. Lactic acidosis can, in turn, cause hypotension,
hypothermia, and death.

Metformin, through multi-directional pathways, could be a promising candidate for
prevention of not only LOAD, but also of other neurodegenerative diseases, due to ben-
eficial effects at the central and peripheral level (Figure 1). Metformin crosses the BBB
and acts centrally via exerting a neuroprotective effect. It may also facilitate neurogene-
sis and enhance spatial memory development. In addition to cognitive and behavioral
changes that follow the emergence of LOAD, recent findings indicate that metformin
could play a neuroprotective role by correcting the hallmarks of brain damage (metabolic
dysfunction, synaptic dystrophy and cellular loss). Preclinical results of metformin treat-
ment on transgenic mice, demonstrate that spatial memory can be improved as well as
neuroprotection and neurogenesis in hippocampus. In addition, amyloidogenesis and
inflammatory reactions can be affected by metformin to decreasing through regulation
of AMPK/mTOR/S6K/Bace1 signaling and block the NF-kβ. Regarding clinical trials,
the authors generally suggest that future studies should include biomarkers of AD in
CSF or image markers such as PET associated with amyloid ligands, so that the results
reinforce the modifying role of metformin in the LOAD. In turn, studies with metformin in
older people with diabetes showed that this drug was associated with an improvement in
global cognition and reduced the risk of dementia compared to older people with diabetes
who were not treated with metformin. Therefore, we must wait for the results of more
clinical studies to confirm the role of metformin in a potential combinatorial therapy in the
prevention of LOAD.
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57. Plucińska, K.; Dekeryte, R.; Koss, D.; Shearer, K.; Mody, N.; Whitfield, P.D.; Doherty, M.K.; Mingarelli, M.; Welch, A.; Riedel, G.;
et al. Neuronal human BACE1 knockin induces systemic diabetes in mice. Diabetologia 2016, 59, 1513–1523. [CrossRef]

58. Gratuze, M.; Joly-Amado, A.; Vieau, D.; Buée, L.; Blum, D. Mutual Relationship between Tau and Central Insulin Signalling:
Consequences for AD and Tauopathies? Neuroendocrinology 2018, 107, 181–195. [CrossRef]

59. Marciniak, E.; Leboucher, A.; Caron, E.; Ahmed, T.; Tailleux, A.; Dumont, J.; Issad, T.; Gerhardt, E.; Pagesy, P.; Vileno, M.; et al.
Tau deletion promotes brain insulin resistance. J. Exp. Med. 2017, 214, 2257–2269. [CrossRef]

60. Rodriguez-Rodriguez, P.; Sandebring-Matton, A.; Merino-Serrais, P.; Parrado-Fernandez, C.; Rabano, A.; Winblad, B.; Ávila, J.;
Ferrer, I.; Cedazo-Minguez, A. Tau hyperphosphorylation induces oligomeric insulin accumulation and insulin resistance in
neurons. Brain 2017, 140, 3269–3285. [CrossRef]

61. Yarchoan, M.; Toledo, J.B.; Lee, E.B.; Arvanitakis, Z.; Kazi, H.; Han, L.Y.; Louneva, N.; Lee, V.M.; Kim, S.F.; Trojanowski, J.Q.; et al.
Abnormal serine phosphorylation of insulin receptor substrate 1 is associated with tau pathology in Alzheimer’s disease and
tauopathies. Acta Neuropathol. 2014, 128, 679–689. [CrossRef]

62. Gonçalves, R.A.; Wijesekara, N.; De Felice, F.G. The Link between Tau and Insulin Signaling: Implications for Alzheimer’s
Disease and Other Tauopathies. Front. Cell Neurosci. 2019, 13, 17. [CrossRef] [PubMed]

63. Wang, Y.; Mandelkow, E. Tau in physiology and pathology. Nat. Rev. Neurosci. 2016, 17, 5–21. [CrossRef] [PubMed]
64. Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577–1585. [CrossRef]
65. Markowicz-Piasecka, M.; Sikora, J.; Szydłowska, A.; Skupień, A.; Mikiciuk-Olasik, E.; Huttunen, K.M. Metformin–A future
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