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ABSTRACT
Background and aims Aging becomes a growing global 
concern with an increased risk of neurodegenerative 
diseases (NDs) that mainly consist of cognitive decline and 
Parkinson disease (PD). As the most commonly prescribed 
antidiabetic drug, metformin has been shown to have 
inconsistent roles in the incidence of NDs. We performed 
a systematic review and meta- analysis of observational 
studies to evaluate the effect of metformin exposure on 
onset of NDs.
Methods The observational studies that investigated the 
associations between metformin and the incidence of NDs 
were searched in MEDLINE, Embase and Cochrane Library 
databases. A random- effect model was performed using 
STATA to calculate the combined ORs.
Results In total, 23 comparisons out of 19 studies with 
285 966 participants were included. Meta- analysis found 
there was no significant effect on incidence of all the 
subtypes of NDs with metformin exposure (OR 1.04, 
95% CI 0.92 to 1.17). However, metformin monotherapy 
was associated with a significantly increased risk of PD 
incidence compared with non- metformin users or glitazone 
users (OR 1.66, 95% CI 1.14 to 2.42).
Conclusion Metformin has failed to demonstrate a 
beneficial effect on NDs. In addition, it may increase the 
risk of PD development. In light of current results, how 
metformin would impact NDs, especially the potential risk 
of PD, needs to be scrutinized. The underlying mechanisms 
are vital to achieve some more profound understanding on 
the regimen.
Trial registration number CRD 42019133285.

INTRODUCTION
Aging becomes a global growing issue, 
accompanied by an increase in neurodegen-
erative diseases (NDs) related to aging. ND is 
an umbrella term for various types of central 
nervous system (CNS) degenerative disor-
ders, including dementia, Alzheimer disease 
(AD), Parkinson disease (PD) and mild cogni-
tive impairment. Unfortunately, these disor-
ders caused by progressive degeneration or/
and death of neurons are currently without a 
disease- specific cure and lead to a heavy social 
and financial burden. The clinical trials of the 
new drugs for NDs are currently at a stagnant 

stage with a frustrating failure to success ratio 
of 100:1.1 Dementia is the most common 
degenerative disease of the nervous system, 
with an estimate of 40–50 million people 
affected worldwide.2 It is characterized by a 
progressive decline of cognitive function. 
As the second most common type of NDs, 
the global number of people living with PD 
more than doubled from 2.5 million in 1990 
to 6.1 million in 2016, which is character-
ized with movement impairment.3 However, 
the increase was not solely due to aging 
because the age- standardised prevalence 
rates were also increased. More and more 
studies have shown that both dementia and 
PD are related to the pathogenesis of insulin 
resistance, which has been regarded as the 

Significance of this study

What is already known about this subject?
 ► Neurodegenerative diseases (NDs) caused by pro-
gressive degeneration or/and death of neurons are 
associated with insulin action in central nervous 
system.

 ► As a first- line antidiabetic pharmacotherapy, wheth-
er metformin is protective or detrimental to NDs re-
mains controversial.

What are the new findings?
 ► Metformin was found to play a neutral role on the 
incidence of the overall NDs.

 ► Subgroup analysis showed metformin exposure in-
creased the risk of Parkinson disease (PD) by 66% 
(OR 1.66, 95% CI 1.14 to 2.42).

How might these results change the focus of 
research or clinical practice?

 ► These results indicate that the risk–benefit balance 
of metformin should be carefully evaluated before 
being prescribed as the first- line therapy for patients 
with diabetes mellitus with PD or deemed at high 
risk of PD.

 ► Further studies are required to render a better under-
standing of the underlying pathogenic mechanism.
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most modifiable risk factor. Growing evidence suggests 
that the mesolimbic dopamine system is finely tuned by 
insulin action in the brain. Dopamine might mediate the 
central and peripheral insulin sensitivities, which indi-
cate the relationship between NDs and glucose metab-
olism.4 Furthermore, some kinds of diabetes drugs have 
been reported to have important impacts on the patho-
genesis of these two major kinds of NDs.

As a top- tier drug for the treatment of type 2 diabetes 
mellitus (T2DM), the role of metformin in dementia and 
PD is highly inconsistent, both in animal models and in 
clinical studies. At present, randomized controlled trial 
(RCT) studies on metformin in the clinical study of the 
degenerative nervous system were very few, which may be 
limited for the nature of NDs, which takes a long time to 
develop. It is insufficient to evaluate the risk changes of 
NDs in such a relatively short term. To better understand 
this issue, we performed a systemic review with meta- 
analysis of available clinical observational studies that 
investigate the effect of metformin on ND development.

SUBJECTS AND METHODS
A completed Strengthening the Reporting of Observa-
tional Studies in Epidemiology statement–checklist is 
presented in online supplementary table S1.

Search strategy
This systematic review was performed according to a 
prespecific protocol registered at PROSPERO and was 
reported in line with the Preferred Reporting Items 
for Systematic Reviews and Meta- Analyses guidelines. A 
literature search of MEDLINE, Embase and Cochrane 
Library database through January 2020 was conducted by 
two study investigators independently for all relevant arti-
cles on the incidence of NDs with metformin exposure. 
The key terms, including ‘metformin’, ‘neurodegenera-
tive Diseases’, ‘Parkinson Disease’, ‘Alzheimer Disease’, 
‘Dementia’, and ‘Cognitive disorder’ were searched in the 
article titles, abstracts and keywords. We also scrutinized 

the reference lists of the identified reviews, reports and 
other related articles to find additional pertinent studies. 
Language was limited to English.

Selection criteria and quality assessment
Published studies will be included if they fulfilled the 
following criteria: (1) evaluated and clearly defined 
exposure to metformin; (2) the primary outcome was 
incidence of various NDs; (3) the study reported either 
relative risks (RRs), HRs, and ORs or provided data 
for their calculation; and (4) the eligibility conditions 
for participants were given, or matching criteria were 
described for matched studies. The studies of basic 
science, reviews, case reports, letters, editorials, commen-
taries or articles not written in English will be excluded. 
The flow diagram summarizing study identification and 
selections is shown in figure 1.

The methodological quality of case–control and 
cohort studies was assessed by two authors independently 
using the 9- star Newcastle- Ottawa Scale (NOS), while 
cross- sectional studies were evaluated by the Agency 
for Healthcare Research and Quality (AHRQ) method-
ology checklist with 11 items. Any discrepancies were 
resolved by a joint re- evaluation of the original article. 
We consider the studies with a cumulative NOS score of 
≥7 or a AHRQ score of ≥8 as high quality.5 6 Then, sensi-
tivity and subgroup analyses were carried out on the basis 
of quality assessment.

Data abstraction and statistical analysis
Data were independently abstracted onto a standardized 
form by two reviewers. The following data were collected 
from each study: study design, location, time period of 
study/year of publication, country of the population 
studied, primary outcome reported, total number of 
persons in each group, ORs, and 95% CIs with or without 
adjustment for confounding factors. Studies comparing 
participants treated with metformin or referring to 
participants with diabetes mellitus (DM) but not treated 
with metformin or subjects without DM were adopted 
if the status of therapy or reference groups were clearly 
classified in the study.

All analyses were performed using STATA V.14.2. 
Because the incidence of outcome was relatively low, 
ORs were considered as approximation of RRs. Adjusted 
ORs reported in studies were used for analysis, so as to 
account for confounding variables. Combined ORs with 
corresponding 95% CI were used to assess the association 
between metformin and incidences of NDs. Natural loga-
rithm of OR (LnORs) were considered to obey normal 
distribution. LnORs and the corresponding in lower 
limits and ln upper limits were used as data points in 
pooling analysis.

Heterogeneity among studies was assessed using I2 
statistic, for which statistically moderate heterogeneity 
was found (I2>0.5); the random- effects model was used 
to combine results. Publication bias was investigated 
by Begg’s test and funnel plot analysis. Prespecified 

Figure 1 Flow diagram summarizing study identification 
and selection. RR, relative risk.
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subgroup analysis was performed to investigate the 
source of heterogeneity by several major covariates based 
on the subtypes of NDs, race and study design. A metare-
gression was performed to explore possible explanations 
for between- subgroup heterogeneity.

RESULTS
Search results
Of the 505 potentially relevant studies identified using 
our search criteria, 23 comparisons out of 19 studies 
comprising a total of 285 966 participants fulfilled our 
inclusion criteria and were involved in the meta- analysis. 
A total of 13 population- based cohorts, 3 cross- sectional 
studies and 3 case–control studies from 19 reports (4 of 
them7–9 provided more than one independent cohort 
for different disease types or age groups) explored the 
risk of cognitive disorder, including cognitive dysfunc-
tion, dementia or AD among users of metformin, with 
one of the studies published only in conference abstract 
form.10 There are three population- based cohort studies 
exploring the association of PD and metformin exposure. 
Among them, the control group in one study included 
the patients with DM treated with glitazone,8 while in the 
other two studies, the control groups were just patients 
with DM without metformin treatment.7 11

Characteristics of the included studies
The characteristics of these studies are shown in table 1.

Among a total of 20 comparisons out of 17 obser-
vational studies focusing on cognitive impairment 
(including cognitive dysfunction, dementia and AD), 
5 cohorts from Taiwan used the same database of the 
National Health Insurance (NHI), but the findings were 
conflicting. Hsu et al reported in 2011 that, compared 
with T2DM without any medication, metformin alone 
decreased the risk of dementia by 24% (HR 0.76, 95% 
CI 0.58 to 0.98).12 The second study in 2014 by Cheng 
et al found that metformin treatment alone in T2DM 
failed in reducing dementia compared with sulfony-
lureas (SUs) (HR 0.82, 95% CI 0.52 to 1.28).13 Another 
study of the same year initiated by Huang et al also failed 
to confirm the benefits of metformin in AD incidence 
as both the monotherapy (HR 0.69 (0.28–1.71) or the 
combination therapy (HR 0.57, 95% CI 0.26 to 1.26).14 
However, it is unsettling that the cohort study published 
in 2017 by Kuan et al observed that the metformin expo-
sure increased all- cause dementia by 66% (HR 1.66, 95% 
CI 1.35 to 2.04), including both AD (HR 2.13, 95% CI 1.2 
to 3.79) and vascular dementia (HR 2.3, 95% CI 1.25 to 
4.22).7 However, the latest study in 2019 by Tseng found 
the incidence of dementia in metformin users decreased 
by 29% (HR 0.71, 95% CI 0.63 to 0.79) compared with 
metformin never users in newly diagnosed diabetes.15 
Results of cohort studies from other countries or regions 
were mostly neutral,9 16–18 but there were also improve-
ments19 22 or exacerbations9 10 on cognitive decline with 
metformin. Among them, a cohort study of US veterans 

found metformin, compared with SU, had a neutral effect 
in patients with DM older than 75 years and a protec-
tive effect on individuals between 65 and 75 years.18 By 
contrast, a population- based study in UK demonstrated 
that HR of incident dementia with metformin users 
increased by 42% (95% CI 1.02% to 1.98%, p=0.038), 
and incident AD also had an increasing trend but failed 
to reach the statistical significance (HR 1.6 (0.87–2.93), 
p=0.131).9 There were three cross- sectional studies: 
the first study of Japan concluded a protective effect of 
metformin in cognitive dysfunction (OR 0.59, 95% CI 
0.35 to 0.99).19 The second study from the USA found 
that patients with diabetes with metformin intake were 
less likely to have cognitive decline effects (OR 0.52, 95% 
CI 0.24 to 1.0; p=0.05).20 The latest one from Northern 
Ireland showed a trend toward higher cognitive dysfunc-
tion in hyperglycemia with metformin treatment (OR 
1.29, 95% CI 0.96 to 1.74).21 In all three case–control 
studies published so far, two studies from UK22 and 
Australia,23 respectively, had concluded that cognitive 
performance became worse (OR 1.73, 95% CI 1.11 to 
2.68, and OR 2.23, 95% CI 1.05 to 4.75) in the metformin 
intake group; the latter one also found the association 
was weakened after adjusting for vitamin B12 levels (OR 
1.75, 95% CI 0.81 to 3.78). Another German case–control 
study yielded a neutral result (with vs without metformin 
OR 0.96, 95% CI 0.88 to 1.04).24

To date, there have been three cohort studies evalu-
ating metformin effect on PD incidence, two of which 
were from the NHI database in Taiwan. Kuan et al found 
metformin exposure increased PD incidence signifi-
cantly compared with non- metformin cohort (HR 2.27 
(1.68–3.07)).7 However, the study by Wahlqvist et al in 
2012 did not reach a similar conclusion with metformin 
exposure on PD (HR 1.3, 95% CI 0.69 to 2.46).11 Another 
study performed in Norway concluded that metformin 
use was associated with a significantly higher incidence of 
PD compared with glitazone use (HR 1.39, 95% CI 1.06 
to 1.85).

Quality of included studies
Online supplementary table S2–S4 described the meth-
odological quality of each included study. Most studies 
were adjusted for age, gender, education, body mass 
index, comorbidity, DM complications and other medi-
cations, whereas a few studies were adjusted for glycated 
hemoglobin (HbA1c) value (4/19) and vitamin B12 level 
(2/19) (online supplementary table S5 shows the vari-
ables adjusted for in each study). The median NOS score 
for all of the cohort studies and case–control studies (full 
score of 9) was 7, which means they can be considered as 
high quality except for two studies with a relatively small 
sample size.10 16 The other limitations of these two studies 
are (1) metformin exposure and adherence to treatment 
were determined by self- reports; (2) subjects with missing 
values on covariates were omitted16; and (3) the follow- up 
time was not long enough for outcomes to occur.10 The 
median AHRQ score for three cross- sectional studies 
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was 5 (range 4–7, full score of 11), which was somewhat 
self- explanatory on the overall quality of these three 
studies.19–21

Risk of NDs and publication bias
On meta- analysis of all the included studies, the appli-
cation of metformin has a neutral effect on the onset of 
general NDs (OR 1.04, 95% CI 0.92 to 1.17). However, 
the results showed considerable heterogeneity (I2=84.6%, 
Cochran’s Q test p=0.00). The funnel plot showed there 
was no significant asymmetry (figure 2). Also, Begg’s 
test did not reveal the risk of publication bias (Z=0.32, 
p=0.751>0.05).

Subgroup analysis
We performed preplanned stratified analyses of studies 
based on the category of disorders, race and study design 
(online supplementary table S6).

Quality of observational studies
Only five studies were considered as low quality with a 
relatively small sample size in total (n=4947). The low- 
quality studies yielded an OR of 0.86 (95%CI 0.5 to 1.48) 
compared with high- quality studies (n=29 436, OR 1.07, 
95% CI 0.94 to 1.21) (figure 3).

Subtypes of ND
The pooled adjusted OR for PD was 1.66 (95% CI 1.14 to 
2.42); that for AD was 0.9 (95% CI 0.47 to 1.73); and that 
for dementia was 0.96 (95% CI 0.85 to 1.09) (figure 4).

Race
Considering the influence of racial differences, the 
pooled OR of 11 Asian studies was 0.97 (95% CI 0.69 to 
1.36), whereas combined OR for 12 Caucasian compari-
sons was 1.04 (95% CI 0.93 to 1.15). (online supplemen-
tary figure S2)

Study design
Regarding the study design, the pooled OR for 17 cohort 
studies (including prospective and retrospective) was 

Figure 2 Funnel plot of log OR for neurodegenerative 
disease incidence with metformin exposure.
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1.04 (95% CI 0.89 to 1.21), 0.77 (95% CI 0.41 to 1.46) 
for three cross- sectional studies and 1.33 (95% CI 0.82 to 
2.16) for three case–control studies, respectively (online 
supplementary figure S3).

Sensitivity analysis
To evaluate the influence of individual study in overall 
estimate, we performed a sensitivity analysis by omitting 
each study in turn. As shown in online supplementary 
figure S1 with each of the studies individually removed, 

the corresponding pooled ORs were not materially 
altered for all models. This indicated that no single study 
influenced the pooled OR qualitatively, suggesting that 
the outcomes of this meta- analysis was viable.

Metaregression
In spite of the subgroup analysis performed previously, 
significant heterogeneity still remained among individual 
studies. So metaregression was conducted to locate the 
origins of heterogeneity. As a result, none of the regres-
sion coefficients was of statistical significance, revealing 
that race, study design as well as subtypes of NDs were 
unable to explain the source of heterogeneity between 
studies (online supplementary table S7).

DISCUSSION
As a result of present comprehensive meta- analysis with 
285 966 participants, we found metformin plays a neutral 
effect on the risk of NDs in general (pooled adjusted 
OR 1.04, 95% CI 0.92 to 1.17). It was found in subgroup 
analysis that the role of metformin in the pathogenesis of 
cognitive impairment with different severity, from mild 
cognitive impairment determined by different perfor-
mance scales to dementia, yielded an OR of 0.96 (95% CI 
0.85 to 1.08). As a specific type of dementia, AD has been 
studied as a primary outcome with similar combined 
OR (0.9, 95% CI 0.47 to 1.73) as other types of cognitive 
decline.

So far, there are a few interventional human studies 
to assess metformin effect on cognitive function. A pilot 
study (n=80) performed by Luchsinger et al in 2016 
found metformin treatment for a year can only margin-
ally improve the selective reminding score compared 
with the control group in patients with mild cognitive 
impairment.25 Another cross- over RCT study of 20 partic-
ipants with cognitive impairment due to AD also showed 
metformin treatment for 8 weeks improved in a measure 
of executive function but not in other cognitive score.26 
However, these RCT studies lacked sufficient exposure 
time and subjects to evaluate the effect of metformin on 
ND incidence in patients with diabetes.

The meta- analysis conducted by Fang et al in 201527 
failed to find a protective effect (RR 0.79, 95% CI 0.82 to 
1.01), in which only six observational studies evaluating 
the impact of metformin on dementia were included. A 
more recent meta- analysis conducted in 2017 by Camp-
bell et al reached a conclusion that metformin can reduce 
the cognitive decline and dementia incidence in patients 
with DM.28 Since then, several observational studies with 
large sample sizes have been continuously reported 
(Kuan et al,7 Weinstein et al,9 Porter et al,21 Bohlken et 
al,24 Koo et al10 and Tseng.15 Among them, only Tseng et 
al found the protective effect of metformin on cognitive 
decline. These made it possible to include much more 
comparisons evaluating the association of metformin with 
risk of cognitive disorders in the present meta- analysis. 
This may partly explain that our results are somewhat 

Figure 3 Adjusted OR for metformin exposure on 
neurodegenerative disease incidence subgrouped by 
research quality stratification: L, low quality; H, high quality.

Figure 4 Adjusted OR for metformin exposure on 
ND incidence subgrouped by subtypes of NDs. ND, 
neurodegenerative disease.
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inconsistent with the previous two meta- analysis studies. 
In addition, our meta- analysis also included studies on 
PD incidence, another age- related disorder of NDs. This 
might be another reason for the difference on the overall 
outcomes.

In contrast, subgroup analysis found metformin expo-
sure increased the risk of PD by 66% (OR 1.66, 95% CI 
1.14 to 2.42). The results should be interpreted with 
caution for only three cohort studies included, and 
some confounding factors may interfere with the results. 
In order to evaluate the effect of metformin solely, 
only the comparison outcomes of metformin as mono-
therapy group and non- pharmacotherapy group in the 
study performed by Wahlqvist et al were included, while 
the data of metformin as combined treatment were not 
included.11 The study reported by Brakedal et al, which 
was based on the Norwegian Prescription Database, 
compared the incidence of PD between the metformin 
monotherapy group and the glitazone therapy group 
with or without metformin.8 The results of increased PD 
risk found in the metformin solo group would inevitably 
be confounded by the effect of the glitazones. However, 
it is noteworthy that Kuan et al found metformin expo-
sure increased risk of PD occurrence compared with 
non- metformin controls in both duration and dose- 
dependent ways.7

To the best of our knowledge, whether metformin plays 
the beneficial or detrimental role in various NDs remains 
inconclusive, in spite of some compelling evidence that 
suggests its positive effect against age- related NDs.29 
Metformin, as one of the first- line pharmacological 
agents for T2DM treatment, has growing evidence for 
retarding aging in model organisms and reducing aging- 
related diseases.30 Metformin can penetrate the blood–
brain barrier; its concentration in cerebrospinal fluid 
is about one- tenth of that in plasma.26 Cellular energy 
metabolism alterations due to adenosine monophos-
phate (AMP)- activated protein kinase (AMPK) activa-
tion are thought to be the main effect of metformin. So 
it can be hypothesized that metformin may act on the 
energy balance of CNS neurons. Metformin was found to 
decrease phosphor- Ser129 α-synuclein,31 as well as rescue 
TH- positive dopaminergic neurons by inhibiting several 
proinflammatory markers and brain oxidative stress 
levels via autophagy and mitochondria Reactive Oxygen 
Species (ROS) clearance.32 33 Although metformin was 
reported to exert a neuroprotective role in most of the 
PD animal models induced by neurotoxins,34 it failed to 
improve motor coordination/balance35 and even exacer-
bated dopaminergic damage in response to 1- methyl-4- ph
enyl-1,2,3,6- tetrahydropyridine (MPTP),36 which was the 
most frequently used neurotoxin to evaluate the effect of 
metformin on models of PD. Another study reported that 
the overactivation of AMPK might lead to the accumula-
tion of α-syn.37 All these aforementioned animal studies 
applied different PD models induced by neuron toxin 
regimen, which was hard to replicate the idiopathic PD 
with strong heterogeneity. AMPK activation was found 

to play a dual role in cognitive decline. It was demon-
strated to inhibit the production of β-amyloid peptide 
(Aβ) as well as the phosphorylation of tau.38 39 However, 
upregulation of AMPK will increase the production of Aβ 
through enhancing neuron beta- site amyloid precursor 
protein (APP)- cleaving enzyme 1.40

A reasonable explanation for this paradox is that the 
effect of metformin on neurodegenerative processes 
may vary in species, cell types or underlying metabolic 
state.29 In addition, it has been established that long- 
term metformin intake is associated with the deficiency 
of vitamin B12.

41 Recent clinical studies have shown that 
low vitamin B12 levels in serum and cerebrospinal fluid 
predict greater worsening of PD clinical progression.42 43 
This mechanism may also involve the detrimental effects 
of metformin on cognitive function. Moore et al found 
the association between metformin and cognitive decline 
was significantly weakened after adjusting for vitamin B12 
levels.23 As a preventable and treatable side effect, vitamin 
B12 level monitoring and appropriate supplementation 
should be strongly recommended, especially in diabetic 
patients with NDs or high risk of NDs.

There are several limitations of this meta- analysis. First, 
the considerable heterogeneity was revealed despite the 
use of random- effects models. Sensitivity analysis was 
conducted, and not a single study was found as the hetero-
geneity source. Subgroup analysis based on subtypes of 
NDs, race, study design and study quality classification 
was performed. There was no heterogeneity detected 
within the subgroups except for subtypes of ND; thus, a 
metaregression was performed. None of the regression 
coefficients was found to be the significant sources of 
heterogeneity. The diagnosis discrepancies, uncertainties 
of metformin exposure and different status of control 
groups may contribute to an increase of heterogeneity. 
Second, the sample size of three studies was less than 
500 subjects, which may be insufficient to draw a reli-
able conclusion.16 20 23 Third, the adjusted factors in each 
study were different, and some important confounders, 
such as HbA1c, duration of diabetes and levels of vitamin 
B12, were not controlled.

Notwithstanding its limitations, this study does suggest 
metformin exposure is a potential risk for PD incidence. 
Therefore, all the future investigations of metformin 
that carried out for other purposes should include moni-
toring of neurological function especially the dopami-
nergic neurons involved.

CONCLUSION
A total of 23 comparisons out of 19 studies evaluating 
metformin effect on the onset of both various cogni-
tive decline and PD were included in the present meta- 
analysis; most of them can be considered as high quality. 
In general, metformin exposure has a neutral effect on 
the incidence of general NDs (OR 1.04, 95% CI 0.92 to 
1.17) with considerable heterogeneity. It is well known 
that long- term use of metformin leads to vitamin B12 
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malabsorption, which may aggravate the disease of CNS. 
Therefore, the subjects with long- term metformin expo-
sure should be monitored for vitamin B12 levels and 
supplemented if necessary.

However, it is noteworthy that metformin exposure 
increased the risk of PD incidence by 66%. Metformin 
should be carefully selected as the first- line therapy for 
patients with DM with PD or deemed at high risk of PD. 
Further studies are required to confirm these findings 
and to render a better understanding of the underlying 
pathogenic mechanism.
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