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INTRODUCTION  
 

Aging involves slow deterioration of many homeostatic 

functions throughout the life of an organism. Moreover, 

middle age is a life period during which many 

physiological and psychological changes occur, leading 

to cognitive impairment, behavioral deterioration, and 

eventually, deterioration of brain function [1ï3]. 

Metformin, a drug approved to treat diabetes, appears to 

have many aging-related protective effects. 

Epidemiological studies have shown that metformin can 

decrease the incidence of multiple age-related diseases 

including diabetic angiopathy, cardiomyopathy, and 

nephropathy in both diabetic and non-diabetic 

individuals [4, 5]. Furthermore, association studies have 

shown that metformin can lower the incidence of age-

related neurosystemic diseases (such as Alzheimerôs 

disease and dementia), while clinical studies have 

shown that metformin plays an role in preventing 

cognitive decline and reducing mortality in patients 

with diabetes [6]. Nevertheless, the actions of 

metformin in the central nervous system have been less 

studied [7]. Compelling evidence obtained from both 

elderly patients and rodent models shows that aging 

signif icantly impairs neurovascular coupling responses 

[8ï10]. Importantly, age-related neurovascular 

impairments have been linked to impaired cognitive 

function and gait abnormalities. Increasing emerging 

evidence indicates that glucose metabolism controls 

endothelial cell proliferation, migration, and 

neovascularization generation [8, 11]. Additionally,  

blood vessel function is required for efficient neural 
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ABSTRACT 
 

Metformin is a widely used drug for type 2 diabetes that is considered to have potential anti-aging effects. 
However, the beneficial effects of metformin in middle-aged normoglycemic mice are less explored. Here, we 
report that metformin treated by tail vein injection improved cognitive function of aged mice better than oral 
administration, which seem to show a dose-dependent manner. Correspondingly, long-term oral administration 
of metformin was associated with significant disability rates. Further, metformin restored cerebral blood flow 
and brain vascular density and promoted neurogenic potential of the subependymal zone/subventricular zone 
both in vivo and in vitro. RNA-Seq and q-PCR results indicated that metformin could enhance relative mRNA 
glycolysis expression in blood and hippocampal tissue, respectively. Mechanistically, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), a key enzyme in glycolysis pathway, may contribute  to angiogenic and 
neurogenic potentials of NSCs. Interestingly, the relative GAPDH mRNA expression of peripheral blood 
mononuclear cell was gradually decreased with aging. Meanwhile its expression level positively correlated with 
cognitive levels. Our results indicated that metformin represents a candidate pharmacological approach for 
recruitment of NSCs in aged mouse brain by enhancing glycolysis and promoting neurovascular generation, a 
strategy that might be of therapeutic value for anti-aging in humans. 
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stem cell (NSC) proliferation and differentiation,  

providing oxygen or a local source of signaling 

molecules secreted from endothelial cells and also 

deliver ing systemic regulatory factors that may regulate 

NSC metabolism [12]. Thus, therapeutic interventions 

that restore neurovascular function in elderly patients 

have the potential to improve a range of age-related 

neurological deficits. Metformin, a drug approved to 

treat diabetes, appears to target many aging-related 

mechanisms, such as inhibition of mitochondrial 

complex 1 in the electron transport chain, and 

consequent reduction of endogenous production of 

reactive oxygen species (ROS) [13]. In addition, 

metformin was shown to stimulate glycolytic lactate 

production in cultured primary rat astrocytes [14]. 

Unexpectedly, metformin can also recruit NSCs to 

enhance neural function and restore central nervous 

system remyelination capacity by rejuvenating aged 

stem cells [15, 16]. These findings arouse our interest to 

determine whether age-related declines of cognitive 

level, vascular integrity, and neurogenic niche can be 

restored by administering metformin. Overall, our 

results suggest that metformin has beneficial effects by 

tail vein injection (not oral administration) on cognitive 

levels in aged mice. These effects are associated with 

restoration of vascular integrity, producing a richer 

cerebral blood flow as well as activation of 

neurogenesis in the subependymal zone/subventricular 

zone (SEZ/SVZ). Furthermore, mRNA expression 

levels of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), a key glycolysis enzyme, gradually decreased 

with age, and positively correlated with cognitive levels. 

Meanwhile, metformin administration enhanced 

glycolysis through increased mRNA expression of 

GAPDH, which ultimately increased angiogenesis and 

neurogenic potential of NSCs. Our results indicate that 

metformin represents a candidate pharmacological 

approach for recruitment of NSCs in aged mouse brain. 

Further, metformin restores neurovascular integrity by 

enhancing glycolysis, a strategy that might be of 

therapeutic value for anti-aging in humans. 

 

RESULTS  
 

Metformin by tail vein injection improved cognitive 

levels of aged mice 

 

As aging is frequently accompanied by cognitive 

impairments, we examined the effect of metformin 

administration by tail vein injection on spatial learning 

and memory of aged mice. Mice aged 4, 10ï12, or 20 

months were treated with metformin by tail vein 

injection every 2 days for 1 month. Subsequently, 

MWM testing was used to examine the effect of 

metformin on spatial learning and memory. Five-day 

acquisition trials were then conducted using a hidden 

platform test. Short-term memory retention was tested 

24 h after 5 days of training. Decreased escape latency 

was detected among 10ï12 month and 20-month 

metformin-treated mice (Figure 1A, 1D). In this probe 

test, the metformin-treated group showed a signif icantly 

enhanced ability to reach the virtual platform, as 

measured by first time-to-platform (Figure 1B, 1E). 

Both control and metformin groups exhibited similar 

swim speeds to the virtual platform (Figure 1C, 1F), 

suggesting comparable vision and motivation between 

the two groups. To distinguish the effect of different 

metformin doses on cognitive function, 20-month mice 

were treated with metformin at different concentrations 

using the same procedure described above. The results 

showed that the beneficial effect of metformin on 

decreased escape latency of aged mice exhibited a dose-

dependent tendency (Figure 1D). In the probe test, first 

time-to-platform among the different metformin doses 

also exhibited a dose-dependent tendency (Figure 1E). 

However, 4-month-old mice treated with metformin did 

not exhibit improved cognitive function, as escape 

latency in the metformin-treated group was not different 

than the control group during the five-day training 

period (Supplementary Figure 1A). In the probe test, 

first time-to-platform was not significantly decreased in 

the metformin-treated group (Supplementary Figure 

1B). Both the control and metformin groups exhibited 

similar swim speeds to the virtual platform 

(Supplementary Figure 1C), suggesting that metformin 

did not improve the cognitive function of young mice. 

Collectively, these results indicate that metformin can 

enhance spatial learning and memory function of aged 

mice, but not young mice, and may exhibit a dose-

dependent tendency. 

 

Metformin restores brain vascular integrity in aged 

mice 

 

Aging significantly impairs neurovascular coupling 

responses. Such age-related neurovascular deterioration 

is accompanied with a sharp decrease in cerebral blood 

flow (CBF) [17]. To determine whether the beneficial 

effect of metformin on spatial learning and memory 

ability was associated with increased CBF, Doppler laser 

blood stream detector was used to examine CBF in mice 

treated with metformin. The results indicated that fold-

change relative to the control group in CBF responses to 

contralateral whisker stimulation was significantly 

increased in 10ï12 month- and 20-month-old aged mice 

(Figure 2A, 2B). Moreover, CBF of 20-month-old mice 

treated with different dose of metformin exhibited a 

dose-dependent tendency (Figure 2B). However, CBF of 

4-month-old mice treated with metformin was not 

significantly increased compared with the control group 

(Supplementary Figure 1D). To further examine the 

effects of metformin on cerebral microvasculature, 
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immunofluorescence staining was performed. Our 

results showed that the number of branchpoints in the 

hippocampus and cerebral cortex (labeled green) were 

significantly increased in the metformin-treated group 

(Figure 2C). These results demonstrate that metformin 

can restore cerebromicrovascular integrity impairments 

and improve cognitive function in aged mice. 

 

Metformin rejuvenation of neurogenic potential in 

aging mice 

 

The vasculature can influence NSC proliferation and 

differentiation, as it provides a local source of signaling 

molecules secreted from endothelial cells or oxygen as 

well as delivers systemic regulatory factors and possibly 

regulates NSC metabolism [12, 18]. Considering that 

aging causes reduced numbers of progenitor cells, and 

that metformin can rejuvenate brain vascular integrity of 

aged mice, we next examined the neurogenic potential of 

aged mice by analyzing sagittal SVZ and dentate gyrus 

sections of metformin-treated brain for expression of 

relevant markers (e.g., SRY-box 2 [Sox2]+ stem cells, 

glial fibrillary acidic protein [GFAP]+ stem cells, 

doublecortin [DCX]+ newborn neurons). Our results show 

that Sox2+ NSC numbers were significantly increased in 

the SVZ and dentate gyrus (Figure 3A, 3C, and 

Supplementary Figure 2). In addition, DCX+ cell numbers 

were also increased in SVZ areas of the metformin-treated 

group (Figure 3A, 3B). To determine whether the increase 

in neural stem and progenitor cells could produce a 

subsequent change in SVZ neurogenesis in the 

metformin-treated group, aged mice were injected with 

bromodeoxyuridine (BrdU) three-times after metformin 

treatment at 24-h intervals to label actively dividing  

cells. The mice were analyzed for BrdU+/NeuN+  

cells to quantify newborn neurons. Our results showed 

 

 
 

Figure 1. Metformin improved spatial learning and memory of older mice in the Morris water maze test. (A) Escape latency of 
10ς12-month mice treated with metformin (Met) (n = 9) was significantly shorter compared wi th the control group (Ctrl) (n = 11). (B) Probe 
tests conducted 24 h after the acquisition phase indicated that the firs t time-to-platform of 10ς12-month-old mice treated with metformin 

was shorter than the control  group. (C) No difference in swim speed was observed between control  and metformin-treated groups. (D) Mean 

escape latency during 5 training days in 20-month-old mice treated with different doses of metformin. (E) Probe tests  conducted after 24 h of 
the acquisition phase indicated that fi rst time-to-platform was shorter in 20-month-old mice treated wi th higher doses of metformin than the 
control group. (F) No difference in swim speeds were observed between control and metformin-treated groups. (Number of mice in control 
group n=5, in 0.5mg/kg group n=6, in 5mg/kg group n=6, in 15mg/kg group n=5). The overall significance between two groups was 
ŘŜǘŜǊƳƛƴŜŘ ōȅ {ǘǳŘŜƴǘΩǎ t-test, among three group was determined by one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not 
s ignificant. 
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that metformin increased the number of BrdU+/NeuN+ 

cells in the SVZ (Figure 3D, 3E). To further validate 

these results, we microdissected the lateral ventr icle 

walls (ependymal zone together with SEZ/SVZ) 

covering the striatum, and dissociated the tissue into a 

single cell suspension to obtain NSCs. The CCK8 value 

was detected to evaluate NSCs proliferation state. The 

results showed that metformin promoted NSCs 

proliferation within the safe concentration range (Ò1 

mM/L), but exceeding the safe dose or long-term 

metformin treatment produced cytotoxicity and cell 

death. (Supplementary Figure 3). To confirm that 

 

 
 

Figure 2. Metformin restores brain vascular integrity of old mice. (A) Fold-change relative to the control  group (n = 11) in 
cerebral  blood flow (CBF) response to contralateral  whisker s timulation was signi ficantly increased in 10ς12-month-old mice treated 
wi th metformin (n = 9). (B) Fold-change relative to the control  group in CBF response to contralateral  whisker s timulation was 

signi ficantly increased in 20-month-old mice treated wi th metformin, and exhibi ted a dose-dependent tendency (number of mice in 

control  group, n = 5; in 0.5mg/kg group, n = 6; in 5mg/kg group, n = 6; in 15mg/kg group, n = 5). (C) (left) 3D reconstruction of the 
hippocampus dentate gyrus and cortex zone vasculature generated by confocal  imaging of 100 µm thick sections. (right) Quanti fication 
of blood vessel branchpoint per field in the hippocampus dentate gyrus and cortex of metformin, vascular endothelial growth factor 
(VEGF), and control  groups (every treated group n җ оύΦ {ŎŀƭŜ ōŀǊ Ґ млл ˃ƳΦ /ǘǊƭΥ /ƻƴǘǊƻƭΤ aŜǘΥ aŜǘŦƻǊƳƛƴΦ ¢ƘŜ ƻǾŜǊŀƭƭ ǎƛƎƴƛŦƛŎŀƴŎŜ 
between tǿƻ ƎǊƻǳǇǎ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ {ǘǳŘŜƴǘΩǎ t-test, among three group was determined by one-way ANOVA. * p < 0.05, ** p < 
0.01, *** p < 0.001, ns, not s ignificant. 
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Figure 3. Metformin rejuvenation of neurogenic potential in aged mice. (A) The subventricular zone (SVZ) of old mice treated wi th 

metformin (n җ оύ ƛƳƳǳƴƻǎǘŀƛƴŜŘ ǿƛǘƘ ǘƘŜ ƴŜǳǊŀƭ ǎǘŜƳ ŎŜƭƭ ƳŀǊƪŜǊΣ {ƻȄнΣ ŀƴŘ ƴŜǿōƻǊƴ ƴŜǳǊƻƴŀƭ ƳŀǊƪŜǊΣ 5/·Φ wƛƎƘǘΥ vǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ όB) 

Sox2+ cells and (C) DCX+ cells. (D) SVZ of old mice immunostained with the neuronal cell marker, NeuN, and cell proliferation marker, BrdU. 
Right: Quantification of (E) BrdU+ /NeuN+ cells to quantify newborn neurons. (F) Representative fields of GFAP and Tuj1 immunofluorescence 
staining of cul tured neural s tem cells treated with metformin after 7 days of spontaneous di fferentiation. Right: Statistical analysis of 

percentages of (G) GFAP+ cells and (Hύ ¢ǳƧмҌ ŎŜƭƭǎΦ {ŎŀƭŜ ōŀǊ Ґ млл ˃ƳΦ /ǘǊƭΥ /ƻƴǘǊƻƭΤ aŜǘΥ aŜǘŦƻǊƳƛƴΦ ¢ƘŜ ƻǾŜǊŀƭƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ōŜǘǿŜŜƴ ǘǿƻ 
ƎǊƻǳǇǎ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ {ǘǳŘŜƴǘΩǎ t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant. 
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metformin treatment promoted neurogenesis of NSCs, we 

also examined spontaneous differentiation of primary 

NSCs treated with metformin. First, a single-cell 

suspension of NSCs was plated onto laminin-coated 

coverslips at a density of 2 × 105 cells/cm2. When cell 

confluence reached approximately 80%, basic fibroblast 

growth factor (bFGF) was withdrawn and NSCs were 

treated with metformin. After 7 days of continuous 

treatment with metformin, cells were fixed with 4% 

paraformaldehyde (PFA) and immunostained with GFAP 

and class III beta-tubulin (Tuj1) antibodies. The results 

showed that the ratio of Tuj1+ cells to total cells in the 

metformin-treated group was significantly increased 

(Figure 3F, 3H), while the ratio of GFAP+ cells to total 

cells was slightly decreased (Figure 3F, 3G). These 

results suggest that upon differentiation, metformin-

treated NSCs differentiated into more neurons compared 

with control NSCs, indicating increased neurogenic 

potential. Taken together, these observations suggest that 

metformin promotes the neurogenic potential of NSCs in 

the SVZ zone both in vivo and in vitro. 

 

Metformin enhanced glycolysis in blood of aged mice 

 

To examine the molecular mechanisms underlying the 

beneficial effects of metformin on cognitive function 

of aged mice, we performed whole genome 

transcriptomic analyses combined w ith weighted gene 

co-expression network analys is (WGCNA) of 

peripheral blood from mice treated with metformin 

(Figure 4A). Differential gene express ion clearly 

demonstrated that compared with the control group,  

glycolys is/gluconeogenesis, Forkhead box (FOXO) 

signaling, and 5¡ AMP-activated protein kinase 

(AMPK) signaling pathways were upregulated in the 

metformin-treated group (Figure 4B, 4C). In addition, 

 

 
 

Figure 4. Transcriptome analysis of blood of 8-month-old mice treated with metformin. (A) Heatmap of differentially expressed 
genes in the blood of 8-month-old mice treated wi th metformin. (B) and (C) KEGG pathway analysis of green and turquoise modules. (D) 

Relative PFKP mRNA expression in hippocampal tissue from metformin-treated mice. (E) Relative GAPDH mRNA expression in hippocampal 
tissue from metformin-treated mice (every treated group n Ó 3). Ctrl : Control ; Met: Metformin. The overall significance between two groups 
was determined by Studentôs t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant. 
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we found decreased plasma fructosamine in 

metformin-treated mice (Supplementary Figure 4). 

Increasing emerging evidence indicates that glucose 

metabolism controls endothelial cell proliferation,  

migration, and neovascular ization generation. Thus, 

we examined relative mRNA expression of enzymes  

in the glycolysis pathway of metformin-treated 

hippocampus tissue by quantitative real-time 

polymerase chain reaction (qRT-PCR). Our results  

showed that relative GAPDH and platelet isoform of 

phosphofructokinase (PFKP) mRNA expression were 

upregulated (Figure 4D, 4E). 

 

GAPDH was the key enzyme in the glycolysis 

pathway positively associated with increased 

cognitive levels in humans 

 

Age-related decreases in brain glucose uptake exceed 

that of oxygen use, resulting in loss of brain aerobic 

glycolysis and blood flow. RNA-Seq results indicated 

that metformin could enhance levels of glycolysis of 

aged mice both in vivo. GAPDH is an important enzyme 

for glycolysis that converts glyceraldehyde-3-phosphate 

derived from glucose to 1, 3-bisphosphoglycerate in the 

presence of NAD+ [19]. Apart from this basic function, 

GAPDH has been suggested to play multifunctional 

roles in biological processes including apoptosis [20], 

endocytosis [21], DNA replication [22], and DNA 

repair [23]. Research has shown that GAPDH, the 

enzyme separating lower and upper glycolysis, is the 

rate-limiting step in the glycolysis pathway. Further, 

levels of fructose (1, 6) bisphosphate are predictive of 

the rate and control points of glycolysis [24]. Thus, we 

speculated that GAPDH is the key enzyme in the 

glycolysis pathway enhanced by metformin. To test this 

hypothesis, NSCs were treated with metformin and 

iodoacetic acid (IA) , an inhibitor of GAPDH [24]. 

Relative GAPDH mRNA expression was signif icantly 

upregulated in NSCs from metformin-treated groups, 

while IA-treated groups showed signif icant 

downregulation (Figure 5A). Meanwhile, relative 

mRNA expression of the angiogenesis-related gene,  

 

 
 

Figure 5. Metformin enhanced relative mRNA expression of GAPDH in the glycolysis pathway and was associated with 

relative mRNA-related angiogenesis and neurogenesis and increased expression. (A) Relative GAPDH mRNA expression of neural 
s tem cells (NSCs) treated wi th metformin and iodoacetic acid (IA), as examined by qRT-PCR. (B) Relative VEGFR2 mRNA expression of NSCs 

treated with metformin and IA, as examined by qRT-PCR. (C) and (D), Relative Tuj1 (C) and GFAP (D) mRNA expression of NSCs treated wi th 
metformin and IA, as examined by qRT-PCR. Ctrl : Control; Met: Metformin. The overall significance between two groups was determined by 
{ǘǳŘŜƴǘΩǎ t-test, among three group was determined by one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant. 
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vascular endothelial growth factor receptor 2 

(VEGFR2), was also significantly upregulated in NSCs 

from metformin-treated groups, but signif icantly 

downregulated in IA-treated groups (Figure 5B). These 

results indicate that GAPDH was enhanced by 

metformin and served as a key factor to promote 

angiogenesis. To examine this effect of GAPDH in the 

context of neurogenesis, NSCs were similarly treated 

with metformin and IA. Relative mRNA expression of 

the neuronal marker, Tuj1, was significantly increased 

in the metformin-treated group and signif icantly 

downregulated in the IA-treated group (Figure 5C). 

Relative mRNA expression of the astrocyte marker, 

GFAP, was not signif icantly different in the metformin-

treated group compared with the control group, but was 

signif icantly downregulated in the IA-treated group 

(Figure 5D). These results, which are consistent with 

those of spontaneous differentiation of metformin-

treated primary neural progenitor cells, suggest that the 

key glycolytic enzyme, GAPDH, was enhanced by 

metformin, which promoted both angiogenesis and 

neurogenesis in NSCs. In addition, relative GAPDH 

mRNA expression levels in peripheral blood 

mononuclear cells from healthy individuals of young 

age (chronicle age: 20s and 30s) and old age (chronicle 

age: > 50s), as well as patients with Alzheimerôs 

disease, were gradually downregulated with aging 

(Supplementary Figure 5A, 5B). We next performed the 

Mini-Mental State Examination of old people (chronicle 

age > 70s) to determine correlation between cognitive 

function and GAPDH mRNA expression levels [25]. Our 

results indicate a positive association between age-

dependent cognitive function and improvement in 

GAPDH levels (Supplementary Figure 5C). 

 

Treatment by tail vein injection results in better 

cognitive function than oral administration of 

metformin 

 

Metformin is a drug approved to treat diabetes that 

appears to target many aging-related mechanisms. 

However, some studies have reported that long-term 

oral administration of metformin in old mice does not 

restore aging-related defic its [26]. To investigate the 

anti-aging effects of oral administration of metformin 

on old mice, 8-month-old mice were treated with 

metformin orally for 10 months, and the overall 

disability rate was recorded. The results showed that 

overall disability rate of metformin-treated mice was 

signif icantly lower than the disability rate of control 

mice (Figure 6A). This indicates that long-term use of 

metformin is associated with a marked impairment. To 

avoid this side effect of metformin by oral 

administration, we compared treatment of old mice by 

tail vein injection and oral administration. As aging is  

frequently accompanied by cognitive impairments, the 

Morris water maze (MWM) was used to examine the 

anti-aging effect of metformin treatment by different 

administration methods. The results showed that 

metformin treatment by tail vein injection to mice 

resulted in a better performance on first latency to 

platform compared with metformin by oral 

administration and the control group (Figure 6B). In 

the probe test, mice treated with metformin by tail vein 

injection showed a significantly enhanced ability to 

reach the virtual platform, as measured by first time-

to-platform (Figure 6C). Both control and metformin 

groups exhibited s imilar swim speeds to the virtual 

platform (Figure 6D). Thus, we concluded that 

metformin treatment by tail vein injection is associated 

with better performance on spatial learning and 

memory tasks compared with oral administration of 

metformin. 

 

DISCUSSION 
 

Aging is a process involving slow deter ioration of 

many homeostatic functions throughout an organismôs 

life. Middle age is a life period during which many 

physiological and psychological changes occur, 

leading to cognitive impairment, behavioral 

deter ioration, and eventually, deter ioration of brain 

function [1ï3]. Metformin, a drug approved to treat 

diabetes, appears to target many aging-related 

mechanisms. However, it is likely that animals treated 

with metformin at different doses will experience 

differ ing impacts on age-related phenotypes. Mice 

treated with metformin at a low dose show improved 

lifespan, while a higher dose of metformin was toxic  

[27]. This is similar to our results, which show 

improved cognitive function at a higher dose of 

metformin in old mice by tail vein injection at a 

clinically relevant therapeutic concentration/dose 

(0.5ï15 mg/kg). Conversely, higher concentrations of 

metformin (> 60 mg/kg) by tail vein injection were 

toxic and caused a greater disability rate. In contrast, 

cognitive function did not signif icantly improve in 

young mice treated with metformin (at a dose of 5 

mg/kg). These results are consistent with a study by 

the ShaoïHua Yang group, who found that metformin 

treatment can impair cognitive function in young non-

diabetic mice [7]. Fewer effects of metformin on 

certain phys iological processes in young subjects 

were also found in a recent study on the ability of 

metformin to reduce inf lammatory aging [27]. 

Overall, this appears to indicate that young mice have 

better phys iological function and stronger tolerance to 

metformin than old mice. 

 

The anti-aging mechanism of metformin is proposed to 

inhibit mitochondrial complex 1 of the respiratory 

chain, leading to increased AMP/ATP and ADP/ATP 
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ratios, and consequently contributes to AMPK 

activation [28, 29]. Metformin inhibition of complex I 

also affects mitochondrial- induced oxidative stress by 

lowering ROS or indirect scavenging mechanisms, 

which ultimately mediates interleukin (IL)-6 release in 

alveolar macrophages [30ï33]. This inhibitory action 

also induces an anti-inf lammatory response by 

inhibiting proIL-1b production in macrophages [30]. 

Interestingly, anti-inf lammatory therapies aiming to 

improve neurogenesis in old age and the inflammatory 

microenvironment of the aging brain regulate 

quiescence or activation of NSCs [34, 35]. Meanwhile,  

we found that metformin treatment increased the 

extracellular acidif ication rate (ECAR), even when 

oxidative phosphorylation-dependent ATP production 

was inhibited by oligomycin, suggesting that metformin 

treatment significantly increases lactic acid levels in a 

glycolysis-dependent mechanism. 

 

Glycolysis is a multi-step process that prepares the 

glucose molecule for oxidative phosphorylation and 

subsequent generation of energy. In the normal brain, 

glycolysis exceeds that required for the needs of 

oxidative phosphorylation. Because this process occurs 

in a setting with adequate oxygen availability for 

oxidative phosphorylation, it is often referred to as 

aerobic glycolysis, and is a biomarker for metabolic 

functions broadly supporting biosynthesis and 

neuroprotection [36]. Numerous studies have shown 

that lactate production is beneficial for memory 

function during normal aging [37, 38]. Age-related 

decreases in brain glucose uptake exceed that of oxygen 

 

 
 

Figure 6. Mice treated with metformin by tail vein injection showed better performance in the Morris water maze test. (A) 

Mice treated wi th metformin (n = 12) for 10 months showed a considerable disability rate compared with the control  group (n = 12). (B) 

Twenty-month-old mice treated wi th metformin by tail vein injection (n = 4) showed a better performance in escape latency than mice 
treated by oral administration (n = 6). (C) Probe tests  conducted at 24 h after the acquisition phase indicated that the fi rst time-to-platform of 
20-month-old mice treated with metformin by tail vein injection was shorter than in mice treated by oral administration. (D) No difference in 
swim speed was observed between control  and metformin-treated groups (tail vein injection or oral administration). Ctrl : Control ; Met: 
aŜǘŦƻǊƳƛƴΦ ¢ƘŜ ƻǾŜǊŀƭƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ōŜǘǿŜŜƴ ǘǿƻ ƎǊƻǳǇǎ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ {ǘǳŘŜƴǘΩǎ t-test, among three group was determined by one-
way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, ns, not significant. 


