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ABSTRACT

Metformin is a widely useddrug for type 2 diabetesthat is consideredto have potential anti-agingeffects.
However,the beneficial effects of metformin in middie-aged normoglycemicmice are lessexplored. Here,we
report that metformin treated by tail vein injection improved cognitive function of agedmice better than oral
administration, which seemto showa dose-dependentmanner.Correspondinglylong-term oral administration
of metformin was associatedwith significantdisability rates. Further, metformin restored cerebralblood flow
and brain vasculardensity and promoted neurogenicpotential of the subependymalzone/subventricularzone
both in vivo andin vitro. RNA-Seqand g-PCRresults indicated that metformin could enhancerelative mRN/
glycolysis expression in blood and hippocampal tissue, respectively. Mechanistically glyceraldehyde3-
phosphate dehydrogenase(GAPDH)a key enzymein glycolysispathway, may contribute to angiogenicand
neurogenic potentials of NSCs.Interestingly, the relatve GAPDHmMRNA expression of peripheral blood
mononuclearcell wasgraduallydecreasedvith aging.Meanwhile its expressionlevel positively correlatedwith
cognitive levels. Our results indicated that metformin representsa candidate pharmacologicalapproachfor
recruitment of NSCsn agedmouse brain by enhancingglycolysisand promoting neurovasculargeneration, a
strategythat mightbe of therapeuticvaluefor anti-agingin humans.

INTRODUCTION related neur osystemic di sea
disease and dementia), while clinical studies have

Aging involves slow deterioration of many homeostatic ~ shown that metformin plays an role in preventing

functions throughout the life of an organism. Moreover,  cognitive decline and reducing moital in patients

middle age is a life period during which many with diabetes [6]. Nevertheless, the actions of

physiological and psychological changes occur, leading metformin in the central nervous system have been less

to cognitive impairment, behavioral deterioration, and  studied[7]. Compelling evidence obtained from both

eventually, deterioration of brain functiofli 3]. elderly patients and rodent models shows that aging
Metformin, a drug approved to treat diabetes, appears to significantly impairs neurovasail coupling responses
have many agingelated protective  eftts. [8110]. Importantly, ageelated neurovascular
Epidemiological studies have shown that metformin can impairments have been linked to impaired cognitive
decrease the incidence of multiple agéated diseases function and gait abnormalities. Increasing emerging
including diabetic angiopathy, cardiomyopathy, and evidence indicates that glucose metabolism controls
nephropathy in both diabetic and Rdiabetic endothelial cell proliferation, migration, and
individuals[4, 5]. Furthermore, associatistudies have neovascularization generatiof8, 11]. Additionally,

shown that metformin can lower the incidence of-age  blood vessel function is required for efficient neural
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stem cell (NSC) proliferation and differentiation,
providing oxygen or a local source of signaling
molecules secreted from endotaklicells and also
delivering 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 -aglated
neurological defidé. Metformin, a drug approved to
treat diabetes, appears to target many agifejed
mechanisms, such as inhibition of mitochondrial
complex 1 in the electron transport chain, and
consequent reduction of endogenous production of
reactive oxygen speciesRQS) [13]. In addition,
metformin was shown to stimulate glycolytic lactate
production in cultured primary rat astrocyt¢$4].
Unexpectedly, metformin can also recruit NSCs to
enhance neural function and restore central nervous
system remyelinationcapacity by rejuvenating aged
stem cell§ 15, 16]. These findings arouse our interest to
determine whether agelated declines of cognitive
level, vascular integrity, and neurogenic niche can be
restored by administering metformin. Overall, our
results sggest 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 wel as activatiorof
neurogenesis in the subependymal zone/subventricular
zone (SEZ/SVZ). FurthermoremRNA expression
levels of glyceraldehydes-phosphate dehydrogenase
(GAPDH), a key glycolysis enzymgradually decreased
with age, and positively correlated with cogretilevels.
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 pharmaccdbgic
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 anéiging 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 agéd10i 12, 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. Fiey
acquisition trials were then conducted usindhidden

platform test. Shoterm memory retention was tested
24 h after 5 days of training. Decreased escape latency
was detected among 12 month and 2@nonth
metformintreated micgFigure 1A, 1D). In this probe
test, the metformitreated group showealsignificantly
enhanced abilty to reach the virtual platform, as
measured by first timeo-platform (Figure 1B, 1E).
Both control and metformin groups exhibited similar
swim speeds to the virtual platform (Figut€, 1F),
suggesting comparable vision camotivation between
the two groups. To distinguish the effect of different
metformin doses on cognitive function, -&@onth mice
were treated with metformin at different concentrations
using the same procedure described above. The results
showed that the dmeficial effect of metformin on
decreased escape latency of aged mice exhibited a dose
dependent tendency (Figui®). In the probe test, first
time-to-platform among the different metformin doses
also exhibited a dos@ependent tendency (Figuld).
However, 4-monthold micetreated with metformin did
not exhibit improved cognitive function, as escape
latency in the metformitreated group was not different
than the control group during the fiday training
period (Supplementary Figure 1A). In the protest,
first time-to-platform was not significantly decreased in
the metformintreated group (Supplementary Figure
1B). Both the control and metformin groups exhibited
similar swim speeds to the \virtual platform
(Supplementary Figure 1C), suggesting thatfonmin

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 exhibitdase
dependent tendency.

Metformin restores brain vascular integrity in aged
mice

Aging significantly impairs neurovascular coupling
responsesSuch ageelated neurovasculateterioramn

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 withcreasedCBF, Doppler laser
blood stream detectavas used t@xamineCBF in mice
treated with metforminThe results indicatethat fold-
change relative to the control group in CBF responses to
contralateral whisker stimulation was significantly
increased irlGi 12 month and 26monthold aged mice
(Figure 2A, 2B). Moreover,CBF of 20monthold mice
treated with different dosef metformin exhibited a
dosedependent tendenc¥igure2B). However, CBF of
4-monthold mice treated with metformin was no
significantly increased comparedth the control group
(SupplementaryFigure 1D). To further examine the
effects of metformin on cerebral minasculature,

6660 -BAPARY

MTYynec !

DLbD



immunofluorescence staining waperformed. Our
results showd that the number of branchpoinia the
hippocampus and cerebral cortex (labeled green) were
significantly increased in the metformireated group
(Figure 2Q. These resultslemonstrate that metformin
can refore cerebromicrovascular integrity impairments
andimprove cognitivefunctionin aged mice

Metformin rejuvenation of neurogenic potentialin
aging mice

The vasculaturecan 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

aged micewe next examined the neurogenic poterdfal
aged mice by analyzing sagittal SVZ andentate gyrus
sections of metformitreated brainfor expression of
relevant markers (e.g., SRYx 2 [Sox2* stem ced,
glial fibrilary acidic protein [GFAP]" stem cef,
doublecortin DCX]*" newborn neurois). Our results show
that Sox2 NSC numbersweresignificantly increased in
the SVZ and dentate gyrus(Figure 3A, 3C, and
Supplementary Figur®). In addition,DCX* cell numbes
werealsoincreased in SVAreasof the metformintreaed
group(Figure 3A 3B). Todeterminevhether the increase
in neural stem and progenitor cells could produce a
subsequent change in SVZ unegenesis in the
metformintreated groupagedmice were injected with
bromodeoxyuridine (BrdUXhreetimes after metformin

regulates NSC metabolisiil2, 18].

Consideng that

aging causereducednumbers of progenitor celland
that metformin camejuvenag brain vascular integrity of

treatmentat 24h intervals to label actively dividing
cels. The mie were analyzed foBrdU/NeuN
cells to quantify newborn oeons. Our results showed
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Figure 1. Metformin improved spatial learning and memo

6&0 a@é 4&6 f\o

ry of older mice in the Morris water maze t@$tEscape latency of

10¢12-month mice treated with metformirfMet) (n = 9) was significantly shorter compared with tbentrol group(Cti) (n= 11). B) Probe

tests conducted 24 h after the acquisition phase indicated that

the first-iosplatform of 1@;12month-old mice treated with metformin

was shorter than the control groupC( No difference in swim speed was obget between control and metformitreated groups. D) Mean
escape latency during 5 training days irr@0nth-old mice treated with differentdoses of metformirE)(Probe tests conducted after 24 h of
the acquisition phase indicated that first irle-platform was shorter in 2@nonth-old mice treated with higher doses of metformin than the
control group. F) No difference in swim speeds were observed between control and metfetredrted groups. (Number of mice in control
group n=5, in 0.5mg/kg group n=@ iSmg/kg group n=6, in 15mg/kg group n=Bne owerall significance between two groups was
RS UGS N)YAYSR tdest, afiohgzRégibupavas determined by eway ANOVA. P < 0.05, *p < 0.01, *** p < 0.001, ns, not

significant.
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that metformin increased thmumber of Brd&/NeuN* was detected to evalualdSCs proliferation state.The
cells in the SVZ (Figure 3D, 3E). To further validate results showed thatmetformin promotd NSCs
these results, we microdissected the lateral ventricle proliferation within the safe concentrationnge QL
wals (ependymal zone together with SEZ/SVZ) mM/L), but exceeding the safe dose or Ildegn
covering the striatum, and dissociated the tissue into a metformin treatment produced cytotoxicity and cell

single cell suspension to obtairB8s. The CCK8 value death. (SupplementaryFigure 3). To confirm that
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Figure 2. Metformin restores brain vascular integrity of old mic&) Foldchange relative tahe control group § = 11) in

cerebral blood flow (CBF) response to contralateral whisker stimulation was significantly increasegl?amtithth-old mice treated

with metformin (0 = 9). B) Foldchange relative to the control group in CBF response to contralateral whisker stimulation was
significantly increased in 2@onth-old mice treated with metformin, and exhibited a dogependent tendency (number of mice in

control group,n = 5; in 06mg/kg group,n = 6; in 5mg/kg groupn = 6; in15mg/kg group,n = 5). ©Q (left) 3D reconstruction of the
hippocampus dentate gyrus and cortex zone vasculature generated by confocal imaging of 100 um thick sections. (righita@uantf

of blood vessebranchpoint per field in the hippocampus dentate gyrus and cortex of metformin, vascular endothelial growth factor
(VEGF), and control groups (every treated groug o0 ® { OF tS o6F NI T wmnn >Y®d /GNIY /2y{iNRt
between 2 3INRdzZLJA o1 & RS (i $dEY, amydoBgRhred §roup wadzBeeyminetiby enay ANOVA. P < 0.05, **p <

0.01, ** p< 0.001, ns, not significant.
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Figure 3. Metformin rejuvenation of neurogenic potential in aged mig@) The subventriculazone (SVZ) of old mice treated with
metlormin nx o0 AYYdzy2&0F AYySR 6AGK (GKS ySdzN}f adSy OStf YI NISBE {2E!
Sox2+ cells and DCX+ cellsDf SVZ of old mice immunostained with the neurocell marker, NeuN, and cell proliferaion marker, BrdU.

Right: Quantification off) BrdU+ /NeuN+ cells to quantify newbom neuroi3.Representative fields of GFAP and Tujl immunofluorescence
staining of cultured neural stem cells treated with metfomarfiter 7 days of spontaneous differentiation. Right: Statistical analysis of
percentages of @ GFAP+ cellsantl{ ¢ dz2mb OSttad {OFES 6FNIT mnn >Yd /GNIY /2y (N2
IANR dzLJA o1 a RSGSNDGKNERS5FP< .0, dRpS ¢.000 &s, not significant.
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metformin treatment promoted neurogenesis 8Edlwe
also examinedspontaneous differentiation of primary
NSCs treated with metformin. First, a singlell
suspensionof NSCs was plated onto laminmoated
coverslips at a density & x 1@ cells/cnt. When cell
confluence reached approximately 80%, basic fibroblast
growth factor (bFGF) was withdrawn andSBs were
treated with metformin. After 7 days of continuous
treament with metformin, cells were fixed with 4%
paraformaldehyde (PFA) aritimunostained with BAP
and class Il bettubulin (Tujl) antibodies. The results
showed that the ratio of Tujkells to total cells in the
metformintreated group wassignificantly increased
(Figure 3F 3H), while the ratio of GAP* cells to total
cells wasslightly decreasedFigure 3F 3G). These
results suggest thatipon differentiation, metformin
treated $Cs differentiated into more neurons compared
with control NSCs, indicatingincreased neurogenic
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potential. Taken together, these observations sugfugst
metformin promotes the neurogenic potential &8 in
the SVZzonebothin vivoandin vitro.

Metformin enhanced glycolysis inblood of aged mice

To examine the molecular mechanisms underlying the
benefcial effects of metformin orcognitive function

of aged mice, we performed whole genome
transcriptomic analyses combined with weighted gene
co-expression network analysis (WGCNA) of
peripheral bloodfrom mice treated with metformin
(Figure 4A) Differential gene expressiorclearly
demonstrated thatompared with thecontrol group
glycolysis/gluconeogenesisForkhead box (BXO)
signaling and 5; AMP-activated protein kinase
(AMPK) signaling pathway were upregulated inhe
metformintreated group (Figure 4BC). In addition,
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Figure 4. Transcriptome analysis of blood ofn®nth-old mice treated with metformin.(A) Heatmap of differentially expressed
genes in the blood of-8onth-old mice treatedwith metformin. B) and O KEGG pathway analysis of green and turquoise modugs. (
Relative PFKP mRNA expression in hippocampal tissue from metioeaiad mice. B Relative GAPDH mRNA expression in hippocampal
tissue from metformintreated mice (eery treated groupn O3). Cti: Control; Met: Metformin. The overall significance between two groups
was determined by Studedgt-test. *p< 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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we found decreased plasma fructogse in
metformintreated mice Supplementary Fige 4).
Increasing emerging evidence indicates that glucose
metabolism controls endothelial cell proliferation,
migration, and neovascularizatiogeneration. Tus
we examinedrelative mRNA expressionof enzyme

in the glycolysis pathway of metformitreated
hippocampus tissue by quantitative reatime
polymerase chain reactiolgRT-PCR. Our results
showed that relative GAPDIdNnd platelet isoform of
phosphofructokinaséPFKP) mRNA expression were
upreguated (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 los$ lrain aerobic
glycolysis and blood flowRNA-Seq results indicated
that metformin could enénce levels of glycolysisof
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aged mice botim viva GAPDH is an important enzyme
for glycolysis thatconverts glyceraldehyd&phosphate
derived from glucose to, B-bisphosphoglycerate in the
presencef NAD* [19]. Apart from this basic function,
GAPDH has been suggested play multifunctional
roles in biological processes includirapoptosis 2Q,
endocytosis 21], DNA replication p2], and DNA
repair R3]. Research hashown that GAPDH,the
enzyme separating lower and upper glycolysss the
ratelimiting step in theglycolysis pathway Further,
levels of fructose (1, 6) bisphosphate are predictive of
the rate and control pointsf glycolysis [24]. Thus we
speculated thatGAPDH is the key enzymen the
glycolysis pathway enhanced by metformifio test tlis
hypothesis, NSCs were treated with metformin and
iodoacetic acid(lA), an inhibitor of GAPDH[24].
Relative GAPDH mRNA expression ag significantly
upreguated in NSCs from metformintreated groug
whie  IA-treated group showed significant
downregulabn (Figure 5A) Meanwhile relative
MRNA expression of theangiogenesigelated gene
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Figure 5. Metformin enhanced relative mRNA expression of GAPDH in the glycolysis pathway and was associated with
relative mRNArelated angiogenesis and neurogenesis and increased expresgirkRelative GAPDH mRNA expression of neural
stem cells (NSCs)etited with metformin and iodoacetic acid (1A), as examined byBBR.K) Relative VEGFR2 mRNA expression of NSCs
treated with metformin and 1A, as examined by gRIR.Q and D), Relative Tuj1Q and GFAFD) mRNA expression of NSCs treated with
me,tforrrjinAand,lA, as examined by ¢gRTR. Ctd: Control; Met: Metformin. The overall significance between two groups was determined by
{ 0 dzR &tygst) adng three group was determined by eway ANOVA. p< 0.05, **p< 0.01, ***p < 0.001, ns, not significh
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vascular endothelial growth factor receptor 2
(VEGFR2), was also significantly upregulateth NSCs
from metformintreated group, but significantly
downregulated in 1Areated group (Figure 5B).These
results indicate that GAPDH was enhanced by
metformin and servedas a key factor to promote
angiogenesisTo examinethis effect of GAPDH in the
context of neurogenesisNSCs weresimilarly treated
with metformin and 1A Relative mRNA expression of
the neuronal marker, Tujlyas significantly increased
in the metformintreated group and significantly
downregulated inthe |A-treated group (Figure 5C)
Relative mRNA expression of the astrocyte marker,
GFAP, was not significantly different in theetformin
treated grougomparedwith the control group but was
significantly downregulatedin the |A-treated group
(Figure 5D).Theseresults which are consistent with
those of spontaneousdifferentiation of metformin

treated primary neural progenitor cells, suggest that the

key glycolyic enzyme, GAPDH was enhancedby
metformin, which promoted both angiogenesis and
neurogenesian NSCs. In addition relative GAPDH
MRNA expression levels in peripheral blood
mononuclear cellfrom healthy individuals of young
age €hronicle age20s and30s) and old agecfironicle

Morris water mazg MWM) was used taexaminethe
anti-aging effect of metformin treatent by different
administration methods The results showed that
metformin treatent by tail vein injectionto mice
resulted ina better performance on first latency to
platform compared with metformin by oral
administration andhe control group Figure 6B). In
the probeest mice treated with metformin kil vein
injection showed a significantly enhanced ability to
reach the virtual platform, as measured by first time
to-platform (Figure6C). Both contol and metformin
groups exhibited similar swim speeds to the virtual
platform (Figure 6D). Thus we concluded that
metformin treamnentby tail vein injectionis associated
with better performance orspatial learning and
memory tasks compared withoral administration of
metformin

DISCUSSION

Aging is a process involving slow deterioration of
many homeostatic funct
life. Middle age is a life period during which many
physiological and psychological changes occur,
leading to cogiive impairment, behavioral

age: > 50s) as well as patients withAl z h e i me rdéterioration, and eventually, deterioration of brain

disease, were gradually downregulated with aging
(Supplementary Figre 5A, 5B). We next performed the
Mini-Mental State Examinatioof old people(chronicle
age >70s) to determme correlation between cognitive
function and GAPDH mRNA expression leveRy Our

results indicate a positive association between- age

dependent cognitivefunction and improvement in
GAPDH levels (Supplementary Rige5C).

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 aginglated mechanisms
However, somestudies have reported that longerm
oral administratiorof metforminin old mice doesnot
restore agingelated defic [26]. To investigatethe
antiaging effects of oral administratiosf metformin
on old mice, 8monthold mice were treated with
metformin oraly for 10 months, and the overall
disability rate wa recorded The results showed that
overall disability rate of metformintreatedmice was
significantly lower than the disabilityrate of control
mice (Figure 6A).This indicates that longterm use of
metformin is associated with markedimpairment To
awid ths side effect of metformin by oral
administration, we eamparedtreament ofold miceby
tail vein injection and oral administratioss aging is
frequently accompanied by cognitive impairmerite

function [1i 3]. Metformin, a drug approved to treat
diabetes, appears to target many agialgted
mechanisms. However, it is likely that animals treated
with metformin at dferent doses will experience
differing impacts on ageelated phenotypes. Mice
treated with metformin at a low dose show improved
lfespan, while a higher dose of metformin was toxic
[27]. This is similar to our results, which show
improved cognitive fuation at a higher dose of
metformin in old mice by tail vein injection at a
clinically relevant therapeutic concentration/dose
(0.5115 mg/kg). Conversely, higher concentrations of
metformin (> 60 mg/kg) by tail vein injection were
toxic and caused a greatéisability rate. In contrast,
cognitive function did not significantly improve in
young mice treated with metformin (at a dose of 5
mg/kg). These results are consistent with a study by
the ShaoHua Yang group, who found thatetformin
treatment can impatognitive function in young nen
diabetic mice[7]. Fewer effects of metformin on
certain physiological processes in young subjects
were also found in a recent study on the ability of
metformin to reduce inflammatory aging27.
Overall, this appears todicate that young mice have
better physiological function and stronger tolerance to
metformin than old mice.

The antiaging mechanism of metformin is proposed to
inhibit mitochondrial complex 1 of the respiratory
chain, leading to increased AMP/ATP and®/ATP
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ratios, and consequently contributes to AMPK
activation P8, 29]. Metformin inhibition of complex |
also affects mitochondrighduced oxidative stress by
lowering ROS or indirect scavenging mechanisms,
which ultimately mediates interleukin (H§ release in
alveolar macrophages3(i 33. This inhibitory action
also induces an antiflammatory response by
inhibiting prolL-1b production in macrophagesd.
Interestingly, antinfllmmatory therapies aiming to
improve neurogenesis in old agadthe nflammatory
microenvironment of the aging brain regulate
quiescence or activation dNSCs B4, 3. Meanwhile,

we found that metformin treatment increased the
extracellular acidification rate (ECAR), even when
oxidative phosphorylaticdependent ATP prodtion
was inhibited by oligomycin, suggesting that metformin

treatment significantly increases lactic acid levels in a
glycolysisdependent mechanism.

Glycolysis is a multstep process that prepares the
glucose molecule for oxidee 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 phosphoryla@n, 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 agg [37, 38]. Age-related
decreases in brain glucose uptake exceed that of oxygen

Figure 6. Mice treated with metformin by tail vein injection showed bett@erformance in the Morris water maze tes(A)
Mice treated with metformin i = 12) for 10months showed a considerable disability rate compared with the control group 12). B)
Twentymonth-old mice treated with metformin by tail wein injectiom € 4) showed a better performance in escape latency than mice
treated by oral administrationn= 6). O Probe tests conducted at 24 h after the acquisition phase indicated that the firstdirptatform of
20-month-old mice treated with metformin by tail vein injection was shorter than in mice treated by oral ad ministrafiphlo(difference in
swim speed was obsened between control and metfortnéated groups (tail vein injection or oral administration). Ctd: Control; Met:

aSUF2NYVAYyD ¢KS 2@SNYff aiadayir FAolyOS wbeStiamdng fhreeligioap WASNIE telaiath by éne &
way ANOVA. p< 0.05, *p < 0.01, **p < 0.001, ns, not significant
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