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Abstract We evaluated the effect of the anti-
diabetic drug metformin on patients enrolled in the
ADNI study considering patients with mild cogni-
tive impairment (MCI) due to Alzheimer’s disease
(AD). Employing data from this observational study,
we performed a principal component analysis focus-
ing on the cognitive sphere by evaluating data from
neuropsychological tests included in a modified ver-
sion of the Alzheimer’s Disease Cooperative Study-
Preclinical Alzheimer Cognitive Composite (ADCS-
PACC). Second, we included the levels of amyloid-f,
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tau, and phosphorylated tau in CSF. We found that
MCI metformin-treated patients were globally char-
acterized as subjects with a better cognitive perfor-
mance and CSF biomarkers profile than the mean
population of MCI patients. On the other hand, con-
trol subjects and type 2 diabetes patients (T2D) were
paired by age, gender, ApoE allele, and years of edu-
cation, defining three groups: MCI, MCI+ T2D, and
MCI+T2D + metformin. We evaluated the effect of
T2D and metformin treatment employing the PACC
score and composites defined from standardized
ADNI variables to evaluate the memory and learn-
ing function. We found that MCI+4T2D patients had
a worse cognitive performance than MCI patients,
but this deleterious effect was not observed in
MCI+T2D + metformin patients. These cognitive
variations were associated with changes in cortical
thickness and hippocampal volume. Finally, no differ-
ences were found in metabolic plasmatic parameters
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(glycemia, cholesterol, triglycerides). Our study—
employing different strategies for data analysis from
the global study ADNI—shows a beneficial effect of
metformin treatment on cognitive performance, CSF
biomarkers profile, and neuroanatomical measures in
MCI due to AD patients.

Keywords Alzheimer’s disease - Metformin - Type
2 diabetes

Introduction

Alzheimer’s disease (AD) is a neurodegenerative
disease that causes dementia and progressive cogni-
tive decline. AD accounts for more than half of the
cases of dementia around the world and is character-
ized by the aberrant accumulation of intraneuronal
tau aggregates and extracellular plaques mainly com-
posed of amyloid-f peptides (Association 2018). Tau
and amyloid pathology are the key features consid-
ered by the classical amyloid cascade hypothesis pro-
posed in 1992, which acted as the main framework
for the search of therapeutic targets [32]. Currently,
only few treatments targeting tau or amyloid have
shown signs of partial effectiveness and the problem
remains unsolved. At day, tau and amyloid pathology
need to be detected in post-mortem brains in order
to confirm the diagnosis of AD. However, in living
subjects, neuroimaging techniques and the detection
of these proteins in cerebrospinal fluid (CSF) are fre-
quently considered and recommended for the diagno-
sis. In this case, AD progression is associated with
an increase in tau and pTau levels in CSF, probably
due to neuronal death and release of these proteins to
the extracellular medium. On the other hand, AD pro-
gression is associated with a reduction of f-amyloid
levels in CSF, probably due to its accumulation in
parenchimatic amyloid plaques [2, 3, 8]

Besides amyloid and tau pathology, AD is also
characterized by neuroinflammation, decreased
brain metabolism, oxidative stress, and loss of pro-
tein homeostasis in the brain, both in patients and
animal models. In fact, it is a complex and multifac-
torial pathology associated with several non-mod-
ifiable and modifiable risk factors. The first group
includes aging and the presence of the €4 allele for
ApoE, causing an altered brain lipid and glucose
metabolism [16]. Among modifiable risk factors,
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one of the most relevant is the presence of meta-
bolic pathologies, including cardiovascular risk fac-
tors. Concordantly, these risk factors have also been
found in population-based studies [36] and their
treatment has been associated with decreased pro-
gression to dementia in at-risk patients [23].

Remarkably, type 2 diabetes mellitus (T2D)
causes a 73% increased risk of developing AD,
affecting 5-9% of the global population and its inci-
dence accelerates during aging [32]. After a meta-
analysis involving more than 17 studies, Zhang
et al.have concluded that subjects with diabetes had
a significantly higher incidence of AD than those
without diabetes [28]. Therefore, AD and T2D are
distinct diseases showing potential overlapping
metabolic dysfunction that precedes the cognitive
decline [14].

The emergence of the type 3 diabetes concept—
AD being regarded as a metabolic disease—was
supported 15 years ago by evidencing a progressive
decline in the expression and function of insulin
and insulin-like growth factor (IGF) signaling in the
brain [42, 44]. Moreover, AD progression is associ-
ated with brain insulin resistance and insulin defi-
ciency [1, 25], brain oxidative stress and mitochon-
drial dysfunction [7], among other alterations related
to brain metabolic activity [45]. Shared mechanisms
are impaired in both pathologies, as it was recently
reviewed by Vinuesa et al. [27]. During T2D and AD
progression, insulin resistance and chronic inflamma-
tion are directly linked to loss of synaptic plasticity
and neuronal survival, impaired protein degradation
pathways such as autophagy, and enhanced expres-
sion of cytokines and amyloid-related genes [26, 27].
Brain glucose metabolism is also compromised dur-
ing AD pathogenesis, and recent findings suggest
that untreated diabetes is directly associated with an
enhanced tau pathology [31].

Therefore, metabolism could be a novel shared
link between AD and T2D, emphasizing the oppor-
tunity to explore common therapeutic targets [8, 9].
During the last years, a strategy called drug reposi-
tioning was proposed as an alternative for the search
of a pharmacological intervention for some complex
and multifactorial diseases, like AD [17]. It implies
the re-purposing of “old” de-risked drugs that have
shown to be effective in the treatment of a particular
pathology to treat a new related disease. Considering
the abovementioned, drugs related to T2D treatment
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are interesting candidates for drug repositioning in
the search for a therapeutic approach for AD.

Metformin is a synthetic derivative of biguanide
that has been used for decades as the first-line choice
for the treatment of T2D because of its clinical effi-
cacy and high safety. The well-known glucose-low-
ering effect of this drug is primarily attributable to
its ability to regulate energy metabolism, including
reduction of glucose absorption, inhibition of glu-
coneogenesis in the liver, and increase of glucose
utilization in peripheral tissues [3]. Despite some
controversy regarding its mechanism of action,
most of its therapeutic effects seem to be related to
indirect AMPK activation, which is a master regula-
tor of cellular metabolism controlling lipid and pro-
tein homeostasis [13]. Metformin treatment is linked
to an improvement in the lipid profile in addition to
the exertion of anti-oxidant, anti-apoptotic, and anti-
inflammatory properties, reducing inflammatory cell
adhesion to endothelium [2].

In the brain, AMPK activation in rodents and other
experimental models was associated with enhanced
autophagic flux, decreased neuroinflammation,
enhanced neuronal survival, and preserved cognitive
status, indicating that AMPK activation is an inter-
esting target for intervention in AD [30, 38, 43]. In
humans, a meta-analysis by Campbell et al. (2018)
concluded that metformin administration was associ-
ated with a reduced risk of developing dementia or
AD in T2D patients, but did not find evidence in favor
of a neuroprotective function in non-diabetic patients
[15]. In the same line, a recent prospective observa-
tional study by Samaras and collaborators showed
that metformin-receiving diabetic patients from
the Sydney Memory and Ageing Study exhibited a
reduced cognitive decline and lower risk of demen-
tia compared to patients receiving other antidiabetic
drugs [39].

However, there is only limited evidence at the
moment concerning the potential beneficial effects
of metformin on patients diagnosed with AD, and
parameters particularly related to AD pathogenesis.
In 2017, Koenig et al. published results from a pre-
liminary randomized study in the USA, where met-
formin administration to patients diagnosed with
MCI due to AD showed a significant improvement
in executive function and on memory and learning
tasks [24]. Conversely, other authors suggest that
long-term treatment with metformin could be slightly

detrimental on AD patients [18, 34]. Regarding pre-
clinical studies, in a paper published by Ou et al.,
authors employed a transgenic mouse exhibiting
amyloid-f overproduction as an experimental model
of AD, and demonstrated that a treatment with met-
formin on aged mice improves cognition, reduces
amyloid pathology, and drastically diminishes the
neuroinflammatory reaction (Abbatecola et al. 2004).
Moreover, the direct administration of metformin
on cultured neurons seems to activate a pro-amyloi-
dogenic pathway [41]. The existence of this contro-
versy in the literature suggests that a pertinent study
is needed in order to assess the potential beneficial
effect of metformin on AD patients.

The main aim of this study was to evaluate the
impact of metformin treatment on cognition and AD-
related parameters in patients diagnosed with MCI
due to AD. To address that particular question, we
employed data from the Alzheimer’s Disease Neuro-
imaging Initiative (ADNI) study, which recompiles
information from clinical centers all around the world
in a systematic way, allowing us to test our hypothesis
in a representative sample of a general population,
considering the controversial and partial information
that was previously reported in the bibliography.

Methods
Participants

Data used in the preparation of this article were
obtained from the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) database (adni.loni.usc.edu).
The ADNI was launched in 2003 as a public—private
partnership, led by Principal Investigator Michael W.
Weiner, MD. The primary goal of ADNI has been
to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other
biological markers, and clinical and neuropsycho-
logical assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and
early Alzheimer’s disease (AD).

ADNI collects data from sites in the USA, Europe,
Japan, Korea, China, India, and Argentina. Consid-
ering its different phases, at the time of this study,
the ADNI database included 6937 patients that were
55-90 years old at baseline. Subjects were recruited
from 127 centers all around the world. Exclusion
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criteria of ADNI were inadequate visual and audi-
tory acuity, sign of infection, infarction, or other
focal lesion evidenced by MRI at baseline, signs of
major depression, alcohol, or substance abuse, and
history of schizophrenia. In this study, patients diag-
nosed as MCI due to AD (MCIAP) in the ADNI data-
base were considered. The inclusion criteria for MCI
patients were as follows: subjects must have a subjec-
tive memory concern, abnormal memory function
documented by scoring within the education adjusted
ranges on the Logical Memory II subscale, Mini
Mental State Exam score between 24 and 30 (inclu-
sive), and Clinical Dementia rating must have been
0.5, where Memory Box score must have been at least
0.5. In these patients, general cognition and func-
tional performance were sufficiently preserved such
that a diagnosis of AD could not be made. Patients
with any other significant neurologic disease different
than suspected incipient AD were excluded from the
study.

Principal component analysis: study design

This study was performed in order to evaluate
whether patients receiving metformin had a similar
distribution in terms of cognition-associated param-
eters and biomarkers profile than other MCIP sub-
jects. We identified 810 patients diagnosed as MCI*P
according to the criteria mentioned above from the
ADNI database. ADNI also includes a complete
record for all medications, durations of use, and dos-
age at baseline, which allowed us to identify that 55
of these 810 participants were receiving metformin at
baseline.

For neurocognitive characterization, we con-
structed a modified version of the ADCS-PACC
which is a neuropsychological battery that combines
tests that assess episodic memory, attention, and
global cognition and that reliably measure the first
signs of cognitive decline in early AD. To construct
our modified version, we included from the ADNI’s
neuropsychological battery the tests that assess the
same cognitive domains as those included in the orig-
inal version. In the memory domain, we replaced the
California Verbal Test II (CVLT) with the Rey Audi-
tory Verbal Learning Test delayed (RAVLT delayed),
and in the attentional domain, we replaced the Digit
Symbol Substitution Test with the Trail Making Test
A (TMTA). General cognition and paragraph memory
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were assessed with the original tests from the ADCS-
PACC, the Mini Mental State Examination (MMSE),
and the Logical Memory delayed, respectively. The
scores obtained in the TMTA were inverted in order
to easily interpret the meaning of the coefficients
obtained.

Additionally, in an independent analysis, we
considered the CSF levels for AD biomarkers:
Amyloid-f, tau, and phosphorylated tau.

Principal component analysis: statistics

Each principal component analysis was performed
employing InfoStat software (Universidad Nacional
de Cordoba, Argentina). In each analysis, we consid-
ered every principal component that explained more
than 20% of the variance in the population. Then, we
performed a one-sample t-test to evaluate if the score
of these principal components was significantly dif-
ferent than zero in patients receiving metformin, con-
sidering a significance level of 5% (p-value <0.05). If
patients receiving metformin had a similar distribu-
tion to the whole population of MCI*P subjects, we
expected that the mean standardized score obtained
for these subjects would not be significantly different
than zero, which is the mean of the population.

Paired analysis: study design and statistics

This study was designed to control confounding fac-
tors that could affect cognition and other biomark-
ers in the principal component analysis detailed
above. Considering that subjects receiving met-
formin were diagnosed with T2D, we also wanted
to evaluate if the presence of this metabolic pathol-
ogy was affecting the parameters considered in this
study. We identified 17 MCIAP patients that were
also diagnosed with T2D but were not receiving
metformin at baseline, constituting the so-called
MCI*P 4+ T2D group. These patients were com-
pared with a group of patients that were not diag-
nosed with T2D—mentioned as MCI*P group—and
a group of 17 patients receiving metformin, called
MCIAP + T2D + met. These last two groups were
constituted by 17 patients that were paired with
each patient from the MCIAP + T2D group consid-
ering the following demographic criteria: same age
(%2 years), same years of education (£ 2 years), and
same gender and genotype for ApoE, when it was
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possible. We then corroborated that the three groups
that were defined employing this strategy were not
different between them in terms of these demo-
graphic variables, employing one-way ANOVA.
Table 1 shows relevant information about diabetic
patients considered for paired analysis, including
years since diabetes diagnosis and time under treat-
ment with metformin. There were no significant dif-
ferences in years since diabetes diagnosis between
these groups (p =0.40, one-tailed t-test). The mean
time that patients were treated with metformin was
8.7 years until the moment they were included in
ADNI baseline.

Statistical analyses were performed considering
all patients with available data retrieved from ADNI
database (http://adni.loni.ucla.edu/) on August 2020,
using R software version 3.6.3 (http://www.r-project.
org). We used linear mixed-effects models to assess
the neuropsychological and neuroanatomical dif-
ferences between groups (MCIAP, MCI*P +T2D,
MCIAP + T2D + met). According to the demographic
criteria previously described, we set paired patients as
the random variable. We applied a type III analysis of
variance with Satterthwaite’s method and Kenward-
Roger method for denominator degrees of freedom
for F-test, followed by a Tukey post hoc test with

pairwise comparisons. All statistical significance was
set at p <0.05.

Paired analysis: cognitive parameters

Composites were designed as measures of cognitive
function by combining individual test scores from the
ADNI battery to create a domain-specific cognitive
composite score. The goal of the composite scores
was to optimize their capacity to detect changes in
cognition and avoid alpha errors. The use of com-
posites allowed us to consolidate type 1 error into a
single outcome. To calculate a composite outcome,
scores for each contributing test were converted to
z-scores by dividing the differences between indi-
vidual scores from the control group mean at base-
line by the control group standard deviation. Z-scores
were sorted so that positive scores reflected a better
performance and negative scores reflected a worse
performance. The ADCS-PACC-M [12] was calcu-
lated from scores obtained in RAVLT delayed recall,
TMTA, Logical Memory delayed recall, and MMSE
for each patient. The Learning Composite was cal-
culated including scores obtained by patients in the
RALVT 5 trials total score, the Logical Memory
(immediate recall), and question number 1 from the

Table 1 Time since

) . . MCIAP +T2D group MCIAP 4+ T2D + met group
diabetes diagnosis and
metformin treatment for Subject (¥) Time since diabetes  Subject (*) Time since diabetes  Time treated with
diabetic groups included diagnosis (years) diagnosis (years) metformin (years)
in the paired analysis. Data
is expressed in years. (*) 42 13 339 3 3
The columns “subject” 60 3 1408 0 0
correspond to the IDA 87 4 1423 3 3
assigned for each patient
in ADNI database. “NI” 219 44 2063 8 8
means “not informed” 273 3 2072 15 15
294 2 2193 10 10
633 NI 2263
669 15 4077 5
702 4432 10
790 3 4653 NI
836 3 4675 27 22
1066 4 4689 14 14
1114 46 4765 42 42
1201 4803 NI 8
1244 5 4919 5 3
1260 6463 NI 1
1343 18 6535 NI 4
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Alzheimer’s Disease Assessment Scale-Cognitive
(ADAS-Cog). The Memory Composite was calcu-
lated including the Logical memory delayed recall,
Rey Auditory Verbal Learning Test delayed recall,
and question number 4 from the ADAS-Cog.

Paired analysis: MRI and metabolic parameters

Cortical thickness and hippocampal volume were
obtained from structural MRI and informed in the
ADNI database. We evaluated cortical thickness
though AD signature [5], defined as the mean of a set
of regions particularly affected during the prodromal
stage of AD. To evaluate this parameter, we summed
up the thickness informed for left and right medial
temporal cortex, inferior temporal gyrus, superior
parietal lobule, temporal pole, and precuneus. We
used right and left hippocampal volume to asses
atrophy.

We also included metabolic parameters in order
to assess the impact of metformin treatment in these
patients. Data regarding plasmatic levels of glucose,
triglycerides, and total cholesterol were compared
between groups.

Results

Subjects receiving metformin had a better cognitive
performance and biomarker profile than other
patients in the prodromal stage of Alzheimer’s
disease

For neurocognitive characterization, 810 MCI due to
Alzheimer’s disease (MCIP) patients were selected
from the ADNI database according to the diagnostic
criteria employed in that study. The selected popula-
tion had an average age of 73.4 years with a standard
deviation of 6.2 years. Among these subjects, 51.9%
carried the €4 allele for ApoE and 39.9% were female.
The average period of education was 16.0 years with
a standard deviation of 2.8 years. Principal compo-
nent analysis was performed in order to describe the
structure of this population, and to evaluate if the
55 subjects that received metformin had a similar
distribution to the general population. The variables
considered were the score obtained in the RAVLT,
TMTA (inverted), Logical Memory delayed recall
and Mini mental state exam.

@ Springer

Figure 1A shows the biplot obtained in the princi-
pal components analysis, where black dots represent
the subjects receiving metformin at the baseline of
the study (MCI*P-metformin patients). The princi-
pal component 1 explained 45% of the variance in
the MCI*P population. Interestingly, the mean of the
MCI*P-metformin patients in the principal component
1 was significantly positive (Fig. 1B), indicating that
the subpopulation of patients receiving metformin pre-
sents a structure that was not comparable to the mean of
MCIAP patients. The standardized coefficients obtained
in this study were all positive (Fig. 1C), suggesting that
the subpopulation of MCI*P-metformin patients had a
better performance in these cognitive tests compared to
the total MCI*P group, in general terms

In a similar way, the A, tau, and pTau levels in cer-
ebrospinal fluid (CSF) were employed in an independ-
ent principal component analysis. These measures were
determined in 455 MCI*P subjects from the ADNI
database, where 31 received metformin at the baseline
of ADNI study. The mean age of MCIAP patients were
73.2 years with a standard deviation of 6.0 years. From
these patients, 38.2% were female and 54.7% carried
the €4 allele for ApoE. The average in years of educa-
tion was 16.1. These demographic parameters were
considerably similar to those of the subjects included in
the analysis above.

MCI*P-metformin  patients were considerably
located in the left part of the biplot shown in Fig. 2A.
As indicated, the mean value for the principal compo-
nent 1—which explained 59% of the variance—was
significantly negative for this subpopulation (Fig. 2B),
suggesting that its characteristics were different from
the whole MCI*P population. According to the stand-
ardized coefficients obtained in this analysis (Fig. 2C),
MCI*P-metformin patients had, in general terms,
higher levels of Ap and lower levels of tau and pTau in
CSF than the mean of MCI*P subjects.

Taken together, these principal component analy-
ses indicate that the subpopulation of MCI*P patients
receiving metformin had a globally better cognitive
performance, associated with a better biomarker profile
compared to the mean of MCI*P population.
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Fig. 1 Metformin use was
associated with a lesser
cognitive decline in patients
with prodromal Alzheimer’s
disease. A Biplot obtained
from a principal component
analysis performed on 810
MCIAP subjects. Black dots
represent patients receiv-
ing metformin. B Box plots
indicating the mean value
of principal component 1
and principal component

2 for MCIAD-metformin
patients (n=155). *p<0.05;
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Metformin treatment abolished the deleterious effects
of diabetes on cognition in patients with prodromal
Alzheimer’s disease

Taking into account that ADNI is an observational
study and that MCI*P-metformin patients could
have different demographic characteristics than other
MCIAP patients, we performed a paired analysis that

allowed us to control several confounding factors, like
the presence of T2D in these patients. We identified
17 MCIAP patients that received an antidiabetic treat-
ment different than metformin (MCI*P +T2D group).
Then, employing demographic variables as the cri-
teria for pairing, we assigned to each case a non-
diabetic patient (MCI*P group) and a patient receiv-
ing metformin, who was also diagnosed with T2D

@ Springer
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Fig. 2 Treatment with met-
formin is associated with a
healthier biomarker profile
in patients with prodromal
Alzheimer’s disease. A
Biplot obtained from a prin-
cipal component analysis
performed on 455 MCIAD
subjects. Black dots rep-
resent patients receiving
metformin. B Box plots
indicating the mean value
of principal components 1
and 2 for MCI*P-metformin
patients (n=31). *p <0.05; ’

ns, non-significant differ-
ences (one-sample t-test
compared with a theoretical
mean of zero). C Standard-
ized coefficients obtained
for each variable included
in the principal component
analysis
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(MCI*P + T2D +Met group). As a result, we defined
three groups from this observational study with simi-
lar demographic characteristics (see Table 2).

As the PACC is standardized with the popula-
tion of cognitively normal subjects in ADNI, the
mean value obtained for each MCI group was nega-
tive, as expected. MCI*P+T2D patients exhibited
a severe cognitive impairment compared to MCIAP
patients, but the treatment with metformin abolished
this effect in MCI*P + T2D +Met group (Fig. 3A).
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PCA standardized coefficients

In these patients, metformin treatment increased the
PACC score by 43.9% (Cohen’s d: 1.06). Next, we
defined a composite to evaluate the memory func-
tion, employing the results obtained by patients in the
Logical Memory delayed recall, RAVLT test delayed
recall, and question number 4 from the Alzheimer’s
Disease Assessment Scale-Cognitive (ADAS-Cog).
We found that T2D negatively affects the memory
function in these patients, while this effect was not
present in diabetic patients treated with metformin
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Table 2 Demographic MCIAP MCI*P +T2D MCI*P + T2D + Met
characteristics of the
included ADNI participants Number of subjects 17 17 17

Age (Years + SE) 74.55+6.62 74.92+£7.00 74.53+£6.97

Gender (%Male/%Female) 70,6/29,4 76.9/23.1 76.9/23.1

Education (Years + SE) 15.65+£2.26 14.00+£3.46 15.65+2.26

ApoE genotype (€4 alleles)

0 11 8 11

1 5 8 5

2

(Fig. 3B). Employing the same methodology, we con-
structed a composite to evaluate the learning func-
tion, including results from the RAVLT (trials 1-5),
Logical Memory immediate recall, and question
number 1 from the Alzheimer’s Disease Assessment
Scale-Cognitive (ADAS-Cog). In a similar way to the
memory function, we found that metformin treatment
abolished the deleterious effect of T2D on learning
function in MCI*P patients (Fig. 3C), causing an
increment of 35.4% in MCI*P +T2D group (Cohen’s
d: 0.81). Finally, we evaluated the results obtained by
patients in consecutive trials of the learning phase of
the RALVT. We detected that MCI*P patients exhib-
ited a better performance in this test during con-
secutive trials, while MCIAP +T2D obtained lower
scores compared to other groups starting from trial 2
(Fig. 3D). Interestingly, MCI*P +T2D +Met group
had a performance that was not significantly different
to MCI?P patients, denoting an improvement in this
learning parameter.

Diabetic MCI patients receiving metformin exhibited
preserved neuroanatomical measures with slight
changes in metabolic parameters

Despite the neurocognitive effect of metformin, we
evaluated the association of its administration with
changes in neuroanatomical integrity. Cortical thick-
ness was estimated from MRI—as informed in the
ADNI database—and the sum of cortical thickness
was calculated considering the region of the cor-
tex included in the “AD signature” (Bakkour, 2009).
These regions (including medial temporal, inferior
temporal gyrus, and superior parietal cortex which
magnitude of atrophy correlates with dementia pro-
gression) were considered particularly affected in
early stages of AD. Diabetic patients receiving a

treatment different than metformin had a significant
reduction for this parameter in comparison to other
MCI*P patients (Fig. 4A). However, patients receiv-
ing metformin showed a total cortical thickness sig-
nificantly higher than MCI*P + T2D patients (Cohen’s
d: 1.55). In a similar way, data obtained from MRI
allowed us to find that diabetes caused a significant
reduction in total hippocampal volume compared to
MCI*P group, while MCI*P+T2D+Met patients
exhibited no differences compared to non-diabetic
patients in the prodromal stage of Alzheimer’s dis-
ease (Fig. 4B).

Considering that diabetes is a metabolic disease
and that metabolism regulation by metformin admin-
istration could be mediating the effects on cognition,
we analyzed metabolic parameters informed in the
ADNI database. As shown in Fig. 5A, we found that
diabetic patients had increased levels of plasma glu-
cose compared to non-diabetic patients. Metformin
seemed to be more efficient in reducing glycemia than
other anti-diabetic treatments; however, there were
no significant differences between MCIAP +T2D
and MCI*P 4+ T2D+Met groups. In these patients,
metformin treatment caused no effect on plasma tri-
glycerides and plasma cholesterol compared to other
MCI?P subjects (Fig. 5SB—C).

Taken together, these findings suggest that the neu-
rocognitive effects of metformin on diabetic MCIAP
patients were associated with anatomical changes in
the brain. These effects could not be explained by
changes in the metabolic parameters evaluated in the
ADNI study.

Discussion

The vast social and economic impact of diabetes and
AD and the fact that there is no effective treatment
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Fig. 3 Metformin ameliorated the cognitive
caused by diabetes in patients with Alzheimer’s disease. Mean
PACC score (A), mean Memory Composite score (B), and
mean Learning Composite score (C) are expressed in rela-
tion to cognitively normal subjects. (D) Rey Auditory Verbal
Learning Test (AVTOT) score in consecutive trials (T1-T5).
Data are presented as mean+SEM. *p <0.05, **p<0.01, and
*##%p <0.001 (one-way ANOVA with pairwise comparisons)

for AD available to this day support the necessity to
redefine the strategy followed by researchers [4]. One
of the most recent propositions is drug repositioning,
which implies that some drugs that were proven to be
safe could be used for the treatment of other patholo-
gies [17]. Considering the link existing between T2D
and AD, many researchers in the field are focusing on
the potential impact that metformin—the main drug
approved for the treatment of T2D—could have dur-
ing AD progression and aging [15, 35].

Metformin, found in a traditional herbal medicine
more than 300 years ago and re-discovered in
the 1940s as an antimalarial agent, was finally
approved by the Food and Drug Administration
as an antidiabetic in 1995. Nowadays, it is the
most widely prescribed oral antihyperglycemic
medication for T2D treatment and prevention. But
apart from its major role in the management of
T2D, metformin has pleiotropic actions that are well
documented. Several reports, employing different
animal models, have linked metformin with longevity
[10, 33]. Moreover, metformin was associated with
improved cardiovascular treatment response and
nephroprotective effects probably interfering with key
inflammatory-molecules [21, 29, 40]. Importantly,
there is emerging data from in vitro and in vivo
experiments showing a strong anti-inflammation
effect, beyond its glucose control capability [2, 6]. Its
anti-inflammatory function is particularly relevant in
this scenario, as neuroinflammation and glial reaction
are chronically present during aging, and particularly
exacerbated during AD [22]. These findings present
the possibility of boosting the therapeutic potential
of metformin on brain pathophysiological aging,
emerging as a leading candidate in clinical trials [37].
Lately, an interesting ‘“geroscience perspective” has
been suggested [20].

Our aim here was to obtain evidence about the
effect of metformin on cognitive impairment due to
Alzheimer’s disease from an observational study
that includes a heterogeneous population—in terms
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Fig. 4 Metformin treatment diminished the neuroanatomi-
cal alterations exhibited by diabetic patients with prodromal
Alzheimer’s disease. A Cortical thickness of the AD signature
(expressed as the sum of the thickness for each area measured
in mm). B Total hippocampal volume (expressed as the sum of
both left and right hippocampal volume in cm?). *p <0.05 and
**%p <0.001 (one-way ANOVA)
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Fig. S Metformin-receiving patients exhibited a metabolic
profile that was similar to non-diabetic MCI patients. Lev-
els of plasmatic glucose (A), triglycerides (B), and total cho-

of demographic and clinical factors—more compa-
rable to the global population, as the global research
study ADNI. We consider that evaluating this kind
of hypothesis should start by estimating a global
trend—i.e., employing multivariate statistics on large
samples—to further single out the impact of particu-
lar factors by controlling them. We applied a settled
mathematical method for reducing data dimension-
ality but retaining variation as possible, that is to
say, the principal component analysis. We conclude
that this general approach is particularly relevant in
this scenario, where previous evidence suggests that
the effect of metformin could be dependent on men-
tioned factors, which are not controlled in this type
of observational studies. We then performed a paired
analysis controlling for some confounding factors—
like demographic variables affecting cognition and
AD progression—to evaluate our hypothesis in a
more controlled scenario. Even though the number
of patients included in the paired analysis was low,
the fact that the main confounding factors were con-
trolled was manifested in the magnitude of the effects
we found.

Using these two strategies for data analysis, we
consistently found that patients receiving metformin
had a better cognitive performance compared to other
patients, particularly in a selection of neuropsycho-
logical tests designed to measure cognitive func-
tions affected in prodromal AD and AD patients,
like memory and learning capabilities. Moreover, it
is important to emphasize that the positive impact of
metformin treatment was not restricted to the cogni-
tive sphere, as it is supported by biological changes
in terms of biomarkers associated with AD progres-
sion. In the principal component analysis, we found
that patients receiving metformin exhibited also a

(2]
N
a
<

Plasma cholesterol
(mg/100ml)

mci® mci*P mci*®
+T2D +T2D
+Met

lesterol (C) measured in mg/100 ml. Data are presented as
mean+SEM. **p<0.01 (one-way ANOVA with pairwise
comparisons)
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healthier profile of biomarkers in the CSF, associated
with AD progression, globally suggesting a dimin-
ished impact of the pathology in this subpopula-
tion. In the paired analysis, we found that cognitive
improvement in metformin-receiving patients was
associated with reduced atrophy in the hippocampus
and cortex, considering sub-areas that are particularly
affected in the prodromal stage of AD.

One of the elemental questions arising from our
results is whether metformin is acting on the damage
caused by diabetes or caused by AD. It is particu-
larly difficult to answer this question in an observa-
tional study, where metformin was administered only
to diabetic patients. So, in our study, all the patients
with MCI due to AD receiving metformin showed
metabolic alterations, and thus, we were not able to
analyze the effect of metformin in each scenario sepa-
rately. Qualitatively, data from our paired analysis
showed that metformin partially reduced the cogni-
tive impairment and neuroanatomical alterations in
diabetic patients into values that were very similar to
non-diabetic subjects. This suggests that metformin
could be acting on the brain damage caused only
by diabetes. Although this study was not designed
to answer this particular question, Samaras et al.
[39] recently reported an investigation similar to our
paired analysis on cognitively normal subjects and
diabetic patients with no sign of dementia from the
Sydney Memory and Ageing Study. They found that
metformin has a strong effect on reverting or prevent-
ing cognitive damage due to T2D in this particular
demographic. So, our results confirm these previous
findings, and extend this conclusion to a global popu-
lation and to patients with prodromal AD.

However, we cannot discard the fact that met-
formin is also acting on the brain damage caused
by AD. At this point, it is important to note that the
impact of metformin on diabetic-MCI patients could
be underestimated in our analysis. As patients were
assigned to different groups according to their diag-
nosis in the baseline of ADNI, it is possible that some
MCI patients that were receiving metformin in the
past reverted their diagnosis to cognitively normal, so
they are not included in the MCI group. If that was
the case, we would be excluding from our analysis
the cases where metformin has the strongest effect on
damage caused by both diabetes and AD. This under-
estimation arises from the fact that patients in ADNI
are diagnosed regarding the neuropsychological
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parameters. In recent years, these diagnostic criteria
have been debated, and several authors support the
idea that diagnosis should be based on biological
parameters, as it was claimed in 2018 by the NIA-AA
Research Framework [19]. The AT(N) system is the
most accepted criteria within its field, and is based on
biomarkers for amyloid and tau pathology, including
biomarkers for neurodegeneration. Even if it would
be very informative to redefine our groups in terms
of the AT(N) system, a large number of metformin-
receiving patients included in ADNI have no meas-
ures for biomarkers related to amyloid or tau pathol-
ogy, so the number of individuals could be drastically
lower.

Our paired analysis is also limited by the low
number of patients included in each group. This
limitation arises from the fact that most diabetic
patients in ADNI, as expected, were treated with
metformin, limiting the number of subjects included
in the MCI*P +T2D group and, by pairing, the oth-
ers groups. Because of this limitation, we decided to
include both male and female patients, even if males
are considerably overrepresented in the groups and
the risk of AD is quite lower in male than females.
The low number of subjects and the overrepresen-
tation of males in the paired analysis could also be
responsible for the lack of significant differences
between patients receiving metformin and non-dia-
betic MCI patients. In this case, the principal compo-
nent analysis that includes a greater number of sub-
jects seems to be a more powerful tool to discriminate
the effect of metformin in MCI patients. It is impor-
tant to note that in the principal components analysis,
the original variables make a differential contribution
in the discrimination of the subjects, being the Logi-
cal Memory delayed recall (a memory test) the most
important to explain these differences. In the paired
analysis, however, PACC was designed so each one of
the original variables makes an equal contribution to
the total PACC score.

On the other hand, the group of patients receiving
metformin was defined by subjects that were receiv-
ing metformin as a concurrent medication at base-
line. That means—in terms of ADNI criteria—that
these individuals were receiving metformin during
at least the last 3 months before baseline. Therefore,
we are not able to know if this drug was administered
before or after the appearance of cognitive impair-
ment caused by T2D or AD. So, one of the limitations
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of the present study is that it is not able to confirm if
metformin is preventing or reverting the deleterious
effects of diabetes and/or AD. However, the results
that we obtained exhibited a preserved cortex and
hippocampal integrity in these patients, which sug-
gest that metformin could be acting by preventing
pathological changes, at least in terms of brain atro-
phy. Moreover, we already know by data informed
in Table 1 that most of the patients included in the
paired analysis were treated with metformin dur-
ing several years. This means that our study contains
mainly patients that were treated with this drug in a
long-term period, probably even prior to MCI diagno-
sis. It is also consistent with the findings by Samaras
et al. in cognitively normal people, as they informed a
reduced risk of dementia associated with metformin
treatment after 5 years [39].

At this point, it is interesting to discuss if the
effects of metformin on cognition, CSF biomark-
ers, and neuroanatomy are mediated by an improve-
ment in metabolic status or by a direct effect on the
brain. We wanted to address this question by includ-
ing a partial characterization of the metabolic profile
of the patients with relevant variables evaluated in
ADNI, which was not designed to have a comprehen-
sive understanding of these parameters. Even though
metformin is considered the drug of choice for the
treatment of T2D, we have not found a great effect on
parameters other than plasmatic glucose, where met-
formin is slightly effective. Although we cannot dis-
card that these or other metabolic parameters affected
by metformin might have a major impact on brain
and cognition, we think that metformin is probably
acting directly upon brain function and maintenance.
Findings in several experimental models of AD sup-
port this claim. For instance, Ou et al. (Abbatecola
et al. 2004) demonstrated that metformin administra-
tion on APP/PS1 mice—an animal model of famil-
iar AD—attenuates the spatial memory and learning
deficits showcased by these mice. The authors also
suggest a direct activation of glial AMPK by met-
formin, causing a decrease in the neuroinflamma-
tory response. More recently, Chen and collaborators
[11] employed the same murine model of AD and
proved that metformin administration reduces amy-
loid and tau pathology in association to an increase
in the capacity of glial cells to degrade extracellular
amyloid. So, if it cannot be disproved that metformin
could be acting indirectly on the brain by regulating

the metabolic status, metformin could be also acting
directly upon the brain by promoting amyloid and
tau degradation and preserving neurons from chronic
neuroinflammation.

To conclude, we report that metformin adminis-
tration was associated with improved cognition and
preserved brain status in diabetic patients with pro-
dromal AD. Future interventional studies should be
directed to evaluate the potential benefits of the treat-
ment with metformin on AD patients without dia-
betes. As ADNI is a multicenter study that includes
patients from all around the world, it would be inter-
esting to replicate the analysis we performed here
with data obtained from other observational stud-
ies, to identify the peculiarity of each population. It
would also be desirable to compile additional data
regarding the metabolic profile and biomarkers for
neuroinflammation.
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