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Abstract
Despite tremendous advances in modern medicine, effective prevention or therapeutic strategies for age-related neurodegener-
ative diseases such as Alzheimer’s disease (AD) remain limited. Currently, accumulating evidence has demonstrated that
microRNAs (miRNAs) are increasingly associated with age-related diseases and are emerging as promising therapeutic targets.
Urolithin A, a metabolite compound resulting from the transformation of ellagitannins by gut bacteria, has been reported to have
anti-oxidant, anti-inflammatory, and anti-apoptotic properties. The present study primarily focused on the ameliorative effect of
urolithin A on aging mice and on the exploration of the potential mechanisms of such an ameliorative effect on cognitive
impairment and brain aging. In this study, we first tested the neuroprotective effect of urolithin A using an in vitro H2O2-induced
PC12 cell oxidative damage model. The in vivo D-gal-induced brain aging model showed that urolithin A significantly sup-
pressed the upregulation of miR-34a induced by D-gal. Moreover, target genes associated with miR-34a were also examined.
Urolithin A supplementation ameliorated apoptosis induced by D-gal and rescued miR-34a overexpression–induced impaired
autophagy in brain aging mice after a 2-month administration. Furthermore, urolithin A activated autophagy by upregulating the
SIRT1 signaling pathway and downregulating the mTOR signaling pathway. In conclusion, urolithin A may exert neuroprotec-
tive effects and may aid in preventing D-gal-induced brain aging through activation of the miR-34a-mediated SIRT1/mTOR
signaling pathway.
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Introduction

Alzheimer’s disease (AD) is one of the most common aging-
associated neurodegenerative diseases in the elderly population
worldwide and is characterized by a gradual and incremental loss
of cognitive and motor performances [1, 2]. Although specific
pathological hallmarks of AD have been identified and included

amyloid precursor protein (APP), tau, and beta-siteAPP-cleaving
enzyme 1 (BACE1), the exact biochemical mechanism of AD is
still not fully known, and effective treatments still remain scarce
[3, 4]. Up to now, noncoding RNAs have been paid great atten-
tion and interest of the researchers in recent years as a potentially
new and crucial layer of biological regulation [5].

MicroRNAs (miRNAs) constitute a recently discovered class
of noncoding RNAs (ncRNAs, ∼18–25 nucleotides in length)
that play key roles in the regulation of mRNA stability and gene
expression [6]. It is well known that miRNAs are abundant in the
brain and play a crucial role in neurodevelopment, synaptic plas-
ticity, and pathological mechanisms for neurodegenerative dis-
eases [7, 8]. Accumulating evidence suggests that alterations in
miRNA expression could be involved in the pathogenesis of AD
[9]. It has been confirmed that miR-34a is a key factor in the
induction of senescence, cell cycle arrest, and apoptosis, which is
closely related to a variety of aging-associated diseases including
AD [10]. Therefore, miRNAs may be promising therapeutic tar-
gets for pharmacological intervention in the treatment of neuro-
degenerative disorders.
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To date, natural metabolic active products have been wide-
ly tested as important sources for drug discovery in anti-aging
and aging-related diseases. Urolithin A (C13H8O4, 3,8-
dihydroxyl-6H-dibenzo [b,d] pyrane-6-ketone; the chemical
structure is shown in Fig. S1A) is a major metabolite produced
by rats and humans after the consumption of pomegranate
juice or pure ellagitannin geraniin [11]. Pharmaceutical stud-
ies on urolithin A have reported that it possesses many phar-
macological functions such as anti-oxidative, anti-inflamma-
tory, anti-apoptotic, and cardioprotective functions [12].
Recently, the anti-aging effect of urolithin A has drawn con-
siderable attention, and it has been confirmed that urolithin A
can induce mitophagy, prolong the lifespan of C. elegans, and
increase muscle function in rodents [13]. However, there are
still no scientific reports to date on the protective effect of
urolithin A on D-galactose (D-gal)-induced aging and degen-
erative brain disease.

It has been reported that mammalian target of rapamycin
(mTOR) and silent mating type information regulation 2 ho-
mologue 1 (sirtuin 1, SIRT1) are involved in the regulation of
aging through the modulation of the functional status of au-
tophagy [14]. More importantly, accumulating data have re-
vealed that miRNAs can be regulated by dietary and pharma-
cological agents [15]. Thus, we propose the hypothesis that a
potential approach for the prevention and treatment of aging-
associated diseases could be accomplished by inducing au-
tophagy via the miR-34a-mediated SIRT1/mTOR signaling
pathway. The aim of the present study was therefore to esti-
mate the effect of urolithin A on D-gal-induced aging mice
with cognitive deficits and brain injury and to validate our
hypothesis by evaluating protein and gene expression associ-
ated with the miR-34a/SIRT1/mTOR signaling pathway,
which will provide a comprehensive foundation for the theo-
retical basis and practical application of urolithin A in the
treatment of aging-associated diseases.

Materials and Methods

Chemicals and Regents

D-Galactose (D-gal, lot no. 1602032) was purchased from
Guangyuan Hengxin Technology Development Co., Ltd.
(Beijing, China, purity > 99%). Urolithin A standard was pur-
chased from Sigma Chemical Co. (St. Louis, MO, lot no.
100151-231, purity > 99%). Commercial kits for measuring
malondialdehyde (MDA, no. 20180924), monoamine oxidase
(MAO, no. 20180951), superoxide dismutase (SOD, no.
20181042), total anti-oxidant capacity (T-AOC, no.
20180516), glutathione peroxidase (GSH-Px, no.
20180614), catalase (CAT, no. 20180512), and acetylcholin-
esterase (AChE, no. 20180741) were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). ELISA

assay kits for tumor necrosis factor-α (TNF-α, no. 20180413),
interleukin-1 beta (IL-1β, no. 20180520), and interleukin-6
(IL-6, no. 20180701) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Cleaved caspase-3, Bcl-2,
Bax, LC-3, p62, Atg7, SIRT1, phospho-p53, p53, p21, GFAP,
and mTOR antibodies were obtained from Thermo Fisher
Scientific (Shanghai, China). All other solvents and chemicals
used in the study were of analytical grade.

Neuroprotective Effects of Urolithin A
on H2O2-Induced Cytotoxicity

Cell Culture

PC12 cells, a rat cell line derived from pheochromocytoma
cells, were obtained from the China Center for Type Culture
Collection and cultured in minimum essential medium
(MEM) supplemented with 10% fetal bovine serum,
100 units mL−1 penicillin, and 100 μg mL−1 streptomycin
sulfate at 37 °C with 5% CO2. Cell viability was estimated
by the CCK (WST-8) assay. Cells were seeded in 96-well
culture plates (1 × 103 cells/well). Prior to exposure to
100 μM H2O2 for 2 h, PC12 cells were pretreated with
urolithin A (50 μg/mL, 30 μg/mL, and 10 μg/mL) for 24 h.
Ten microliters of CCK solution was added to each well, and
the mixtures were incubated for an additional 1 h at 37 °C.
Finally, the cells were dissolved in 100 mL of DMSO, and
absorbance at 450 nm was measured in a Victor 1420 micro-
plate reader (Perkin Elmer, Waltham, MA).

Cell cytotoxicity was measured with the lactate dehydro-
genase (LDH) release assay. Neuronal PC12 cells were treated
with H2O2 and incubated at 37 °C for 2 h in 96-well plates.
Then, urolithin A (50 μg/mL, 30 μg/mL, and 10 μg/mL) was
added to the culture 24 h prior to H2O2 addition, and the LDH
content was determined using the LDH assay. Briefly, the
reactions were conducted in a 96-well plate containing a
30-μL aliquot of the medium and 60-μL kit reagent and were
incubated for 30 min at room temperature. Finally, the absor-
bance of each well was measured at 490 nm using a micro-
plate reader.

Assessment of Apoptosis by Flow Cytometry

To further verify the effect of urolithin A on H2O2-induced
apoptosis in PC12 cells, an Annexin V-FITC apoptosis detec-
tion kit was used. After treatment with urolithin A (50 μg/mL,
30 μg/mL, and 10 μg/mL) for 24 h, cells were collected by
trypsin treatment and then washed twice with PBS. Then,
500 μL binding buffer was added to resuspend the cells, and
5 μL fluorescein-conjugated Annexin V and 5 μL PI were
added to each tube and incubated for 15 min. Finally, apopto-
sis was detected by flow cytometry.
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Experimental Animals and Model

Male Institute of Cancer Research (ICR) mice (aged 4–
6 weeks, body weight from 18–22 g) were purchased from
Wuhan Institute of Biological Products Co., Ltd. (Wuhan,
China). The animals used in this work were housed in indi-
vidual standard cages and were kept on a 12-h light–dark
cycle in a temperature-controlled room at 21 to 23 °C, with
free access to water and food. All procedures were approved
by the internal ethical committee of Wuhan University
(IACUCWU protocol number: SCXK (E) 2013-0004).

After 7 days of adaptive feeding, 60 mice were randomly
divided into 5 groups, with 12mice per group, named the normal
control group, agingmodel group (D-gal), high-dose urolithin A–
treated group (150 mg/kg), medium-dose urolithin A–treated
group (100 mg/kg), and low-dose urolithin A–treated group
(50 mg/kg). Except for the normal control group, all groups
received daily subcutaneous injection (SI) of D-gal, which was
dissolved in 0.9% normal saline (NS) at a dose of 150mg/kg/day
for 8 weeks [15, 16]. Then, mice in the urolithin A group were
subcutaneously and orally gavaged, whereas the mice in the
control group were injected with equal volumes of 0.8%
Tween 80 and concomitantly administered normal saline by ga-
vage [17]. Furthermore, behavioral tests were performed after
8 weeks of daily SI of D-gal. All mice were fed a standard pellet
diet, and water was freely available (Fig. S1B). The dose of
urolithin A used in the present study was determined according
to a preliminary experiment in our lab.

At the end of the 8 weeks, all mice were euthanized, and the
blood samples collected from the tail vein of the mice were
prepared for measurements of biochemical parameters. Then,
the brain tissues were isolated on ice. One part of the brain was
cut longitudinally, fixed with 4% polyformaldehyde, and H&E-
stained for pathological studies, whereas the other parts of the
brain tissues were homogenized for further experiments. The
blood samples and brain tissues were rapidly frozen and stored
at − 80 °C until biochemical determinations were performed. All
experiments were performed in compliance with the ARRIVE
(Animal Research: Reporting In Vivo Experiments) guidelines.

Additionally, 2-month (n = 24) and 12-month (n = 24) old
mice were used to investigate the mechanism of urolithin A.
After oral administration with urolithin A (150 mg/kg, n = 12)
for 2 months, the animals were sacrificed andWestern blotting
analysis was performed to measure the effect of urolithin A on
the activation of the miR-34a-mediated SIRT1/mTOR signal-
ing pathway.

Behavioral Tests

Open-Field Test

To evaluate the motor activity and exploratory behavior of
mice, an open-field test (OFT) was conducted using our

previously described protocol with slight modifications [18].
In brief, mice were placed individually in a square arena, after
which the total time spent in the central zone and total number
of squares crossed in the OFT were recorded during 5-min
trials. The apparatus was cleaned with 70% ethanol solution
between each test to eliminate possible odors left by other
mice.

Morris Water Maze Test

To evaluate the spatial learning and memory capacity of the D-
gal-induced aging mice in this study, we performed a Morris
water maze test (MWM) according to a protocol described
previously with some modifications [19]. The experimental
equipment consisted of a circular water tank (120 cm in diam-
eter, 50 cm in height) that contained water (22 ± 1 °C) to a
depth of 25 cm, which was divided into 4 quadrants (northeast
(NE), northwest (NW), southeast (SE), and southwest (SW))
and rendered opaque by adding milk powder. A small plat-
form (10 cm in diameter, 22 cm in height) was placed at the
center of the third quadrant and submerged 1.5 cm below the
surface of the water in a fixed location. The MWM procedure
consisted of a place for the navigation training trial and a
probe test. During the learning and memory training period,
each mouse received 4 tests per day for 4 consecutive days.
Once the mice were placed in the water maze, the animals
were artificially guided to the hidden platform if they could
not find it in 60 s and then stayed on the platform for 15 s to
memorize its location. After the training trial, the probe test
without the platform was conducted for 60 s in the tank.

Object–Place Recognition

To test a short-term object–place recognition memory, a
modified version of the standard object recognition task
was performed, according to previous studies [20].
Before the beginning of the experiment, each animal was
allowed to adapt for 10 min in an open box (70 × 50 ×
40 cm) and then started training at 30-min intervals during
the course of testing. Object–place recognition training and
testing took place in a quadratic dark gray box (80 × 80 cm
W, 40 cm H, PVC), and the time given to each individual
rat was 10 min. In the training session, 2 identical plastic
objects (object A, 2.5 × 2.5 × 5 cm) were placed in the ap-
paratus diagonally at a distance of approximately 10 cm
away from the wall. There was a 1-day rest interval be-
tween the training session and testing session. During the
testing session, 2 other identical objects (objects A and B;
cube B, 5 × 5 × 5 cm) were placed in a symmetrical posi-
tion approximately 10 cm from the wall and the animals.
All of the objects are similar in texture, color, and size, but
were distinctive in shape, and each type was filled with
sand of a different color. The measures for trial and test
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were the time spent on each object by each animal. The
objects and open field were cleaned thoroughly between
trials with 60% ethanol solution.

Body Weight Measurement and Tissue Sampling

After a 24-h fasting period, body weight was monitored and
recorded. After the behavioral tests, all mice were deeply
anaesthetized and sacrificed by cervical dislocation. The brain
tissues were promptly dissected and perfused with ice-cold
0.1 M phosphate-buffered saline (PBS) solution. The organs
were thenwashedwith 0.9% normal saline (w/v = 1:5) until no
blood was found. Then, the brain tissues were weighed and
homogenized in 50 mM cold PBS (pH 7.4) followed by cen-
trifugation at 10,000g for 10 min at 4 °C. The collected super-
natants were stored and used for biochemical evaluation. The
tissue protein concentration was measured with the
bicinchoninic acid (BCA) method.

To investigate the effect of urolithin A on the brain index in
aging mice, the organ coefficient was calculated. Brain index
(BI) was the ratio of brain weight and body weight, and the
coefficient was calculated according to the following equa-
tion: coefficient (mg/g) = organ weight (mg)/body weight (g).

Immunohistochemistry

Immunohistochemistry was used to detect the expression
of glial fibrillary acidic protein (GFAP) in the brain tissue.
Immunohistochemistry was performed as previously de-
scribed [21]. Paraffin-embedded tissues were cut into
4-μm section, mounted on glass slides, and stained using
indirect immunoperoxidase. The paraffin sections were
baked in an oven at 65 °C for 24 h, then rinsed with PBS
3 times, each time for 5 min. The well-washed section was
placed in the ethylene diamine tetraacetic acid (EDTA)
buffer and then heated to boiling in a microwave oven.
This step was repeated for 4 times, each time for 6 min.
After natural cooling, the sections were washed with PBS 3
times, each time for 3 min. The sections were blocked with
3% H2O2 for 30 min at room temperature, then washed
with PBS 3 times and incubated with 5% bovine serum
albumin (BSA) for 20 min. Next, the slices were incubated
overnight at 4 °C with 50-μL diluted anti-GFAP antibody,
then incubated with 50 to 100-μL goat anti-rabbit second-
ary antibody at 4 °C for 50 min. The sections were washed
with PBS 3 times and incubated in 3,3′-diaminobenzidine
(DAB) and then were washed with distilled water. The
Image Pro-Plus version 6.0 software (IPP, version 6.0,
Media Cybernetics, Silver Spring, MD, USA) was used
for analysis of the positively stained area. The cell mem-
brane or cytoplasm of neurons represented brown as strong
positive staining, and the staining density revealed the
GFAP protein expression level.

Histomorphological Evaluations

Fresh brain biopsy specimens were collected from mice and
fixed in 4% polyformaldehyde (pH 7.4) at 4 °C for 4 h, incu-
bated overnight at 4 °C in 100 mM sodium phosphate buffer
(pH 7.4) containing 30% sucrose, and embedded in paraffin.
Then, sections (4-μm-thick) were stained with haematoxylin
and eosin (H&E) and Nissl staining according to standard
procedure and examined under a microscope.

Biochemical Analysis

The levels of T-SOD (U/mg protein), CAT (U/mg protein),
GSH-Px (U/mg protein), T-AOC (U/mg protein), and MDA
(nmol/mg protein) and the activity of AChE (U/mg protein)
and MAO (U/mg protein) in the whole brain tissue were mea-
sured by spectrophotometry with commercially available kits
(Nanjing Jiancheng) at the Department of Pharmacy, Renmin
Hospital of Wuhan University. A Shimadzu 2450 UV spec-
trophotometer (UV2450; Shimadzu, Kyoto, Japan) was used
for the analysis of these samples, and the reagent kits were
SOD450 (SOD), CAT405 (CAT), GSH-Px412 (GSH-Px), T-
AOC520 (T-AOC), MDA532 (MDA), AChE412 (AChE),
and MAO242 (MAO). The levels of the pro-inflammatory
cytokines TNF-α (pg/mL), IL-1β (pg/mL), and IL-6 (pg/
mL) were determined in a hippocampal tissue supernatant
using standard ELISA kits (Santa Cruz, CA), and the evalua-
tion was performed with a Shimadzu (UV2450) spectropho-
tometer. All biochemical analyses followed the manufac-
turer’s protocols.

Real-Time Polymerase Chain Reaction (RT-PCR)

The extraction of brain tissue samples from mice was sim-
ilar to that described in the previous section. The frozen
tissue samples were retrieved and then homogenized in
1-mL TRIzol reagent (Gibco-Invitrogen, Carlsbad, USA).
Total mRNAwas extracted using the RNeasy Lipid Tissue
Mini Kit and reverse-transcribed into cDNA using
oligo(dT)18 primers and AMV reverse transcriptase
(Gibco). Quantitative gene expression was determined by
Power SYBR Green PCR Master Mix in an IQ 5.0 optical
system. The fold change for each miRNA was calculated
using the comparative Ct(ΔΔCt) equation after normaliza-
tion to the reference expression of U6 small nuclear RNA.
The relative miR-34a expression was calculated from 3
different experiments. The primer sequences used in this
study are listed as follows: miR-34a forward: 5′-ACAC
TCCAGCTGGGTGGCAGTGTCTTAGCT-3′, reverse: 5′-
CTCAACTGGTGTCGTGGAGTCGGCAATTCAGT
TGAGACAACCAG-3′.
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Western Blot Analysis

Brain t i s sue homogenates were lysed by RIPA
(radioimmunoprecipitation assay) lysis buffer, which enables
the extraction of cytoplasmic, membrane, and nuclear proteins.
The tissue homogenates were collected by centrifugation at
12,000 rpm for 30 min at 4 °C, and the supernatant was saved
and used for concentration determination with a bicinchoninic
acid (BCA) protein assay kit. Equal amounts of protein (100 μg)
were isolated by 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to a
polyvinylidene difluoride (PVDF) membrane, which was
blocked with 5% nonfat dry milk in Tris-buffered saline with
Tween 20 (TBST, 150 mM NaCl, 20 mM Tris-HCl, and 0.1%
Tween 20, pH 7.5) at room temperature for 1 h.Membraneswere
incubated overnight at 4 °Cwith the respective antibodies diluted
at 1:1000 and then incubated with secondary antibody HRP-
labeled goat anti-rabbit IgG (1:2000) or anti-mouse IgG
(1:4000) for 1.5 h after being washed 3 times with TBST.
Finally, images of the target protein were developed, collected,
and analyzed with the LAS4000 mini gel-imaging system
(General Electric, Boston, MA).

Statistical Analyses

All data were expressed as the mean ± S.D.. The statistical
analyses were performed using the SPSS 13.0 statistical soft-
ware package (SPSS Inc., Chicago, IL). One-way analysis of
variance (ANOVA) was used to perform comparisons among
the different groups, and P < 0.05 was considered statistically
significant.

Results

Effect of In Vitro Treatment of Urolithin A on PC12
Cells

Urolithin A Protected PC12 Cells Against H2O2-Induced
Cytotoxicity and Viability

To assess the cytotoxic and neuroprotective effects of urolithin A
on PC12 cells, cell viability and cytotoxicity assays were per-
formed. As shown in Fig. S2A, compared with the viability of
the control group, the viability of PC12 cells exposed to H2O2

was significantly (P < 0.01) decreased; however, cells treated
with urolithin A significantly inhibited this decrease (all
P < 0.01) with a significant dose–effect relationship.
Furthermore, the results of the cytotoxicity assay (Fig. S2B)
showed that treatment with H2O2 caused a significant increase
in LDH release compared to the control group (P < 0.01), and
urolithin A significantly attenuated this increase in LDH activity

(all P < 0.01). These data indicated that urolithin A can exert a
protective effect on H2O2-induced PC12 cell oxidative injury.

The Effects of Urolithin A on the Apoptosis of PC12
Cells Induced by H2O2

To study and confirm whether urolithin A can inhibit the
apoptosis of PC12 cells induced by H2O2, an Annexin V-
FITC apoptosis detection kit was used. The results of apo-
ptosis experiments showed that exposure to H2O2 for 2 h
resulted in evident apoptosis with an apoptosis rate of
73.45% compared to the control group (P < 0.01, Fig.
S3). However, pretreatment with urolithin A significantly
decreased the apoptosis rate (all P < 0.01), and the urolithin
A group with a concentration of 50 μg/mL had the best
effect on alleviating cell apoptosis induced by H2O2. These
findings demonstrated that apoptosis in PC12 cells induced
by H2O2 was effectively reversed by urolithin A treatment.

Furthermore, the effect of urolithin A on the protein expres-
sion of Bcl-2 and cleaved caspase-3 in H2O2-induced PC12
cell oxidative injury process was observed. As indicated in
Fig. S4, treatment with H2O2 significantly increases the ex-
pression level of Bcl-2 and increases in caspase-3 activation
when compared to the vehicle control (both P < 0.01).
However, the protein expressions of caspase-3 and Bcl-2 were
markedly regulated after 24 h of treatment with urolithin A
(both P < 0.01).

Effect of In Vivo Treatment of Urolithin A
on D-Gal-Induced Aging Mice

Effect of Urolithin A on Body Weight and Brain Index

After 4 weeks of establishment of aging model, the mice in the
normal group were active, were sensitive to sound and light,
and possessed white and shiny hair and their feces were gran-
ular, whereas the mice in the model group were gaunt, listless,
and unresponsive and their hair was lusterless. However, these
deteriorated symptoms alternated in mice of urolithin A
group. It was observed that there was a significant decrease
in the body weight and brain index in D-gal-treated model
group when compared with that in the control group when
the experiment ended (P < 0.05 or P < 0.01, Fig. 1A, B).
After 8 weeks of treatment with urolithin A, the brain index
and weight of mice were significantly improved (P < 0.05 or
P < 0.01).

Effect of Urolithin A on Behavioral Test of Mice

Open-Field Activity

An open-field arena was used to evaluate the effect of
urolithin A on the spontaneous locomotion of aging mice
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induced by D-gal. As shown in Fig. S5, there was a signif-
icant decrease in the number of squares crossed and the
time spent in the central square with D-gal-treated mice
versus the control animals (P < 0.01), which was consid-
ered a spontaneous activity defect. However, these sponta-
neous activity defects were significantly ameliorated by all
3 tested doses of urolithin A in our study (all P < 0.01).

Morris Water Maze

To assess the effect of urolithin A on spatial learning and
memory in the aging model mice, the Morris water maze
was used in this study. As a result, chronic D-gal adminis-
tration resulted in a significantly longer latency to reach the
platform (P < 0.01), and treatment with urolithin A signif-
icantly decreased the escape latencies (P < 0.01) during the
training period (Fig. S6A and S6B). In the spatial probe
trial, D-gal-treated aging mice crossed into the former lo-
cation of the platform fewer times (P < 0.01, Fig. S6D) and
spent a significantly decreased time in the goal area
(P < 0.01, Fig. S6C) compared with the control group.
Interestingly, mice in the D-gal treatment plus urolithin A
group displayed a remarkable reversion in these poor con-
ditions. These findings demonstrated that urolithin A could
restore the D-gal-induced deficit in memory and learning
abilities. In addition, the aging mice in the model group
displayed increased swimming speed compared with the
other groups, but the difference was not significantly dif-
ferent (data not presented).

Object–Place Recognition Test

The results of the object–place recognition test for all
groups are illustrated in Fig. S7. The model group
displayed a significant deficit in object recognition learn-
ing caused by D-gal, as indicated by a reduced object ex-
ploration time (s) of spatially stationary and spatially
displaced objects in the test trial compared with the control
group (P < 0.01). In contrast, urolithin A administration
significantly reversed these alterations in the object–place
recognition task (all P < 0.01), suggesting that urolithin A
can significantly ameliorate D-gal-induced spatial learning
and memory impairments.

The Effect of Urolithin A on Biochemical Parameters
in Mice

Effects of Urolithin A on AChE and MAO Activities in Whole
Brain

As shown in Fig. S8, the activity of AChE and MAO in
the model group was significantly higher than that in the
control group (both P < 0.01). As a result, after supple-
mentation with urolithin A, the levels of AChE and
MAO were significantly lowered in the whole brain of
aging mice induced by D-gal when compared with the
whole brain of the model group (all P < 0.01). These find-
ings showed that urolithin A could improve cognitive
impairment.

Fig. 1 The effect of urolithin A on body weight and brain index in aging
mice. (A) Effect of urolithin A on body weight in D-gal-induced aging
mice. (B) Effect of urolithin A on brain index in D-gal-induced aging

mice. All data are expressed as means ± S.D. (n = 12). #P < 0.05 and
##P < 0.01 versus the control group; *P < 0.05 and **P < 0.01 versus
the model group

Chen et. al1274



Effect of Urolithin A on SOD, CAT, GSH-Px, and T-AOC
Activities and MDA Levels in the Brain

To investigate the effects of urolithin A on D-gal-induced ox-
idative stress, the activity of anti-oxidant enzymes and the
content of anti-oxidants were measured. As shown in Fig.
S9, there was a significant decrease in CAT, GSH-Px, SOD,
and T-AOC activities, and a remarkable increase in MDA
levels in brain tissues of D-gal-treated mice compared with
the control animals (all P < 0.01). However, the reductions
in the activities of enzymatic or nonenzymatic enzymes in
brain tissues could be significantly reversed by treating aging
mice with urolithin A. These results suggested that urolithin A
could attenuate D-gal-induced oxidative stress to protect brain
tissues from damage.

TNF-α, IL-1β, and IL-6 Determination

As shown in Fig. S10, the expression of inflammatory medi-
ators of TNF-α, IL-6, and IL-1β in brain tissue increased
significantly after modeling, which suggested that administra-
tion of D-gal could lead to chronic inflammatory conditions in
aging mice. More importantly, the levels of the 3 pro-
inflammatory cytokines were markedly decreased by treat-
ment with different concentrations of urolithin A (50 mg/kg,
100 mg/kg, or 150 mg/kg) compared with those of the aging
group activated by D-gal (P < 0.05 or P < 0.01).

Histological Findings

Multiple lines of evidence have shown that D-gal injection can
cause brain injury and dysfunction, as well as changes in brain
morphology. H&E and Nissl staining was used to analyze the
histopathological features of mouse brain tissue in this study.
As seen with H&E staining (Fig. 2A), pyramidal cells,
karyopyknosis, disorganized nerve fibers with irregular neu-
rons, and an expended gap of neurons were observed in the
CA3 region of D-gal-induced aging mice. However, urolithin
A treatment reversed these pathological changes, and the
high-dose urolithin A (150 mg/kg) treatment provided a max-
imum protective effect with minor changes observed in the
morphological structure of the treatment group, which was
almost identical to that of the normal control groups.

In the Nissl staining assay, it was observed that neurons were
significantly damaged or lost in the CA3 region of the hippo-
campal tissue (Fig. 2B). The results revealed that the number of
neurons in the hippocampus was significantly decreased in the
model group; moreover, the population of Nissl bodies in aging
model mice was also significantly decreased. However, the num-
ber of neurons in the hippocampus treated with urolithin A clear-
ly recovered (P < 0.01, Fig. 2C). These results showed that
urolithin A treatment produced a significant effect on ameliorat-
ing hippocampal injury caused by D-gal.

Protective Effects of Urolithin A Against D-Gal-Induced
Brain Aging via Regulating miR-34a-Mediated
SIRT1/mTOR Signaling Pathway

Urolithin A Downregulated D-Gal-Induced miR-34a
in the Hippocampal Tissue

miR-34a mRNA expression was examined in the hippocam-
pal tissue before and after urolithin A intervention via quanti-
tative real-time polymerase chain reaction. The present study
showed that the expression of miR-34a in the hippocampal
tissue varied in each group of mice. As described in Fig.
S11, miR-34a expression was significantly upregulated in ag-
ing mice induced by D-gal compared with that in the control
group (P < 0.01). Conversely, miR-34a mRNA expression
was notably decreased after the administration of urolithin A
for 8 weeks. These findings indicated that the upregulation of
miR-34a was positively correlated with brain aging in D-gal-
induced mice.

Urolithin A Ameliorated D-Gal-Induced Aging of Hippocampal
Neurons Through Upregulating SIRT1 and Downregulating
p53/p21

In this study, we investigated whether p53 could induce miR-
34a expression and whether this increase was modulated by
urolithin A, and the protein expression of p-p53, p53, and p21
was detected using Western blotting analysis. As indicated in
Fig. 3A, a positive correlation was observed among p53, p21,
and miR-34a; in contrast, these changes were significantly
alleviated by urolithin A treatment in a concentration-
dependent manner (all P < 0.01).

To test whether the inhibition of miR-34a by urolithin A
was specifically modulated by SIRT1 signaling, we also de-
termined the effect of urolithin A on SIRT1 protein expression
by Western blot analysis. Western blot analysis showed that
SIRT1 protein expression was markedly decreased in mice
with aging induced by chronic treatment with D-gal, whereas
urolithin A significantly reversed the decreased expression of
SIRT1 (all P < 0.01). These data suggest that urolithin A is
associated with the regulation of SIRT1 and p53 phosphory-
lation in aging mice.

Urolithin A Suppressed D-Gal-Induced Apoptosis and Rescued
Dysfunctional Autophagy

As shown in Fig. 3B, D-gal caused an obvious increase in
cleaved caspase-3 and a significant decrease in Bcl-2 in the
hippocampus of D-gal-administered mice compared with
those of the normal group (P < 0.01). In contrast, cleaved
caspase-3 expression significantly decreased and Bcl-2 ex-
pression was notably upregulated in the urolithin A treatment
group compared with those in the model group (all P < 0.01).
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Fig. 2 Effect of urolithin A treatment on brain histopathological
alterations with H&E staining (A) and Nissl staining (B) (magnification
× 200): (a) control group; (b) model group; (c) H-UroA group; (d) M-
UroA group; (e) L-UroA group. The population of Nissl-positive cells in

hippocampus tissues with Nissl staining (C). Data are presented as mean
± S.D. from each group (n = 12). #P < 0.05 and ##P < 0.01 versus the
control group; *P < 0.05 and **P < 0.01 versus the model group

Fig. 3 The effect of urolithin A on SIRT1/p53 signaling in the hippocam-
pus tissue of D-gal-induced aging mice (A). Urolithin A attenuated the
excessive apoptosis in the hippocampus tissue of D-gal-induced aging

mice (B). Data are presented as mean ± S.D. from each group (n = 12).
#P < 0.05 and ##P < 0.01 versus the control group; *P < 0.05 and
**P < 0.01 versus the model group
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These data demonstrate that urolithin A can exert an anti-
apoptotic function to protect aging mice against D-gal-induced
cell damage.

Moreover, the expression levels of the proteins associated
with the functional status of autophagy were detected. As
shown in Fig. 4A, compared with those in the control group,
the expression of Atg7 protein and the LC3-II/LC3-I ratio in
the D-gal-induced aging model group were dramatically de-
creased (P < 0.01), suggesting that dysfunctional autophagy
was evidently induced in the hippocampal tissue due to D-
gal administration. However, the downregulation of
autophagy-related proteins was significantly rescued by pre-
treatment with urolithin A (all P < 0.01). Furthermore, it was
observed that the p62 level in the hippocampal tissues of aging
mice induced by D-gal was significantly increased, and these
increases were attenuated by treatment with urolithin A.

Urolithin A Attenuated D-Gal-Induced Astrocyte Activation
in the Hippocampal Tissue

As illustrated in Fig. 4B, the GFAP expression in mice of the
D-gal-induced aging model group was significantly increased
compared with that of the control group (P < 0.01). However,
after treatment with urolithin A, GFAP was significantly
downregulated (all P < 0.01). Furthermore, the immunohisto-
chemical results indicated that GFAP levels are significantly
higher in the D-gal model group than in the control group (Fig.
S12A). Interestingly, the administration of urolithin A resulted
in a significant decrease in the number of GFAP

immunoreactive astrocytes when compared with that of the
model group (P < 0.01, Fig. S12B). These findings reinforce
the benefits of urolithin A on aging mice induced by D-gal to
further support that urolithin A attenuates D-gal-induced as-
trocyte activation in the hippocampal tissue.

Urolithin A Inhibited the mTOR Signaling Pathway
in the Hippocampal Tissue of D-Gal-Induced Aging Mice

To further assess whether modulation of mTOR occurs via
urolithin A–mediated protective effects, we assessed the ex-
pression of mTOR byWestern blot analysis. As shown in Fig.
4C, D-gal administration resulted in increased levels of mTOR
phosphorylation at Ser2448 (p-mTOR) in the hippocampal tis-
sue of D-gal-induced aging mice. In addition, urolithin A sup-
plementation significantly reversed the increased mTOR ex-
pression level, indicating that the activation of autophagy oc-
curred through inhibiting the effect of urolithin A on mTOR
signaling.

Effect of Urolithin A on Normal Young Mice
and Natural Aging Mice

To further study the effects of urolithin A on normal young
mice and natural aging mice, 2-month-old and 12-month-old
mice were treated with urolithin A for 2 months, and the
expression of miR-34a in the hippocampal tissue was mea-
sured in these mice. As shown in Fig. S13, urolithin A signif-
icantly decreased the miR-34a expression levels in both the 2-

Fig. 4 Urolithin A rescued the deficient autophagy in the hippocampus
tissue of D-gal-induced aging mice (A). Urolithin A reduced the
overexpression of GFAP in the hippocampus tissue of D-gal-induced
aging mice (B). Urolithin A inhibited mTOR activation in the

hippocampus tissue of D-gal-induced aging mice (C). Data are
presented as mean ± S.D. from each group (n = 12). #P < 0.05 and
##P < 0.01 versus the control group; *P < 0.05 and **P < 0.01 versus
the model group
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month-old and 12-month-old mice (P < 0.01 and P < 0.01).
Furthermore, we found that the 12-month-old mice experi-
enced a significant increase in miR-34a expression compared
with the 2-month-old mice (P < 0.01). In addition, we also
investigated the effect of urolithin A on the activation of
miR-34a-mediated SIRT1/mTOR signaling pathway on nor-
mal young and natural aging mice. Similar to the results of D-
gal-induced aging model experiment, urolithin A can upregu-
late SIRT1 and downregulate p53/p21 (Fig. 5A), suppress
apoptosis (Fig. 5B) and rescue dysfunctional autophagy
(Fig. 6A), attenuate astrocyte activation (Fig. 6B, Fig. S14),
and inhibit the mTOR signaling pathway (Fig. 6C) in the
hippocampal tissue of normal aging mice. These data con-
firmed the hypothesis that miR-34a expression levels in young
rodents were lower than in their partners and urolithin A has a
protective effect on brain aging mice via the activation of the
miR-34a-mediated SIRT1/mTOR signaling pathway.

Discussion

Natural aging is a progressive process related to a series of
morphologic and behavioral changes including observed neu-
rodegenerative dysfunction, such as in motor and cognitive
performance [22]. Drug discovery from natural bioactive sub-
stances against neurodegeneration may be an effective inter-
vention to delay brain aging. In the present study, we first
evaluated the neuroprotective effects of urolithin A on
H2O2-induced oxidative injury and apoptosis in PC12 cells
in vitro. We then established an animal aging model by

chronic injection of D-gal (150 mg kg day−1) for 8 weeks in
mice to assess the effects of urolithin A on spatial learning and
memory function by using the Morris water maze, the open-
field test, and the object–place recognition. Furthermore, we
also investigated the action of urolithin A supplementation on
excessive apoptosis and dysfunctional autophagy of hippo-
campal neurons and astrocyte activation associated with D-
gal-induced brain aging. To our knowledge, this study pro-
vides evidence for the first time that 1) pretreatment with
urolithin A attenuates H2O2-induced apoptosis in PC12 cells;
2) urolithin A treatment ameliorates the cognitive deficits in-
duced by D-gal in mice; and 3) urolithin A has a protective
effect on neurological deficits in D-gal-induced aging mice.
Moreover, urolithin A administration suppressed cell apopto-
sis and astrocyte activation and activated autophagy in the
hippocampal tissue of aging mice.

Accumulating evidence has indicated that a number of
miRNAs play a crucial role in modulating cellular senescence
[23]. Previous studies have shown that miR-34a is upregulat-
ed in a variety of age-related diseases, including AD [24].
Based on the above research findings, we examined the acti-
vation of miR-34a mRNA expression in the brain during ag-
ing. Interestingly, our results showed that miR-34a levels in-
creased in the D-gal-induced brain aging model, which is con-
sistent with previous studies [5, 10], suggesting that elevated
miR-34a is involved in common pathologic events of brain
aging. Strikingly, urolithin A treatment significantly reversed
the D-gal-induced upregulation of miR-34a, which prompted
us to further explore the target gene of miR-34a in the rescue
process of urolithin A treatment for brain aging. It has been

Fig. 5 The effect of urolithin A on SIRT1/p53 signaling in the hippocam-
pus tissue of normal young mice and natural aging mice (A). Urolithin A
attenuated the excessive apoptosis in the hippocampus tissue of normal

young mice and natural aging mice (B). Data are presented as mean ±
S.D. from each group (n = 12). #P < 0.05 and ##P < 0.01 versus the con-
trol group; *P < 0.05 and **P < 0.01 versus the model group
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confirmed that p53 and p21 are related to the regulation of cell
cycle, DNA repair, apoptosis, and other important biological
functions, whereas SIRT6 acts as a negative regulator of cell
senescence and can reduce the risk of aging-related diseases,
especially disorders associated with brain dysfunction [25,
26]. In the present study, we observed that D-gal administra-
tion in mice resulted in the overexpression of senescence-
associated signals including p-p53, p53, and p21 and the
downregulation of SIRT1 in the hippocampus, and urolithin
A treatment reversed these changes, accompanied by a signif-
icant decrease in miR-34a expression. Therefore, the reduc-
tion of related proteins and genes associated with aging and/or
longevity in the model could be compensated through the
upregulation of SIRT1 induced by urolithin A intervention
[27]. However, the mechanisms of protective effects of
urolithin A against brain aging are not fully understood, and
its effect on SIRT1 expression remains to be further explored.

It has been reported that oxidative stress is one of the key
factors responsible for neuronal apoptosis, which is associated
with natural aging [15, 17]. As a result, cell apoptosis is
markly increased in the hippocampal tissue of aging mice; in
contrast, urolithin A can attenuate the D-gal-induced apopto-
sis. The results suggested that urolithin A may possess protec-
tive effects against D-gal-induced brain dysfunction. Thus,
miR-34a may have been implicated not only as an initiator
of the apoptotic signaling pathway but also as a promising
therapeutic target in protecting neurons against death during
the process of aging [23, 24]. Moreover, the anti-apoptosis
factor Bcl-2, which acted as an important target of miR-34a,
has been evaluated, and D-gal led to a significant decrease in

Bcl-2 levels in aging mice. The reduction in Bcl-2 levels had
been obviously upregulated by treatment with miR-34a, sug-
gesting that miR-34a expression is strongly correlated with
aging and that urolithin A can exert an anti-aging effect by
inhibiting the expression of the apoptotic signaling pathway
through miR-34a downregulation [28].

Several recent studies have found that activation of astro-
cytes appears to correlate with the accumulation of amyloid
beta (Aβ) occurring early in the brain of human AD and in a
mouse model of AD, and both are accompanied by an increase
in GFAP [21]. The findings reported here are consistent with
previous characterizations that learning and memory deficits
induced by long-term injection of D-gal (prominent changes of
AD in the early stage) are relevant to increased GFAP levels as
a marker of astrocyte activation in the AD mouse hippocam-
pus, suggesting that astrocytes contribute to age-related cog-
nitive dysfunction, including impairment of the hippocampus
[29]. It is interesting to note that urolithin A can accomplish its
neuroprotective function due to the effective inhibition of
GFAP in the hippocampus of mice induced by D-gal upon
urolithin A therapy.

It has been reported that miRNAs, through mRNA silenc-
ing, can affect the functioning of multiple downstream cell
signaling pathways and can provide new avenues of research
to complete recovery or dramatic improvement of human cog-
nitive functions associated with many age-related diseases
[6–8]. Autophagy, as a catabolic process that recycles macro-
molecules and organelles, is primarily responsible for seques-
tering cytoplasmic components for degradation/recycling and
generating substrates to maintain cellular homeostasis and

Fig. 6 Urolithin A rescued the deficient autophagy in the hippocampus
tissue of normal young mice and natural aging mice (A). Urolithin A
reduced the overexpression of GFAP in the hippocampus tissue of
normal young mice and natural aging mice (B). Urolithin A inhibited

mTOR activation in the hippocampus tissue of normal young mice and
natural aging mice (C). Data are presented as mean ± S.D. from each
group (n = 12). #P < 0.05 and ##P < 0.01 versus the control group;
*P < 0.05 and **P < 0.01 versus the model group
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healthy neurons [30]. However, if autophagy is impaired or
excessive, it can lead to the accumulation of ubiquitinated
proteins and damaged organelles (such as uncoupled mito-
chondria) and even promote cell death by apoptosis or necro-
sis [31]. A decline in autophagic responses of cells and tissues
has become the characteristic of aging in any complex system.
A growing number of studies have demonstrated that dysfunc-
tion in autophagy has been implicated in the pathogenesis of
neurodegenerative diseases, including AD and PD; thus, ele-
vating miR-34a-mediated functional status of autophagy can
be used for the therapeutic purposes in aging and chronic age-
related diseases [6, 32].

To further elucidate the functional status of autophagy in
the hippocampus, the autophagic markers LC3II and p62,
which are widely used for estimating autophagic activity, were
analyzed by Western blotting in the present study. Western
blot analysis revealed that D-gal led to a significant increase
in p62 levels and downregulated LC3 and Atg7 in hippocam-
pal neurons in the model group. The present findings con-
firmed that autophagy is inhibited in the hippocampus of D-
gal-induced aging mice, which suggested that autophagy may
be the partial mechanism underlying brain aging and the de-
cline of age-related learning and memory [33].

It is now generally believed that autophagy and mTOR-
mediated autophagy signaling pathways are considered to be
major contributors to aging and many aging-associated pa-
thologies [34]. It has been reported that upregulation of au-
tophagy is a mechanism of delaying senescence and can also
be inhibited through activation of the mTOR complex [35]. As
expected, supplementation with urolithin A can deactivate the
mTOR signaling pathway in a D-gal-induced mimetic mouse
model with brain aging. Except for maintaining a functional
energy charge, which is critical for metabolic homeostasis, the
interactions of SIRT1 with FoxO and p53 signaling can also
regulate both autophagic degradation and lifespan extension
[36]. As explained in previous reports, some polyphenolic
compounds and natural anti-oxidants such as resveratrol and
grapes can significantly improve SIRT1 activities in vitro,
thereby enhancing the activities and expression of SIRT2 to
mimic calorie restriction and extend the lifespan of yeast by
approximately 70% [37]. Thus, it suggested that small mole-
cule activators of SIRT1, which function as a key target in
neurological diseases, might be a promising therapeutic strat-
egy to ameliorate the development of brain aging.

Furthermore, it has been demonstrated that SIRT1 can form
a molecular complex with several essential components of
autophagy machinery, including autophagy genes Atg5 and
Atg7 [38]. Because SIRT1 can regulate multiple genes in au-
tophagic signaling pathways and be activated when all activa-
tion conditions are met, SIRT1 regulation has been shown to
play a significant role in the aging process [39]. These obser-
vations are generally consistent with our present data that
urolithin A can clearly enhance the SIRT1 expression level

and thereby contribute to the increased activity of Atg7 [40].
More importantly, there are multiple cellular targets for
urolithin A, similar to other natural compounds. Our extensive
studies have implied that p53 may act as a master repressor of
autophagy in the regulation of autophagy [41]. Our previous
studies revealed that the SIRT1-mediated signaling pathway
interacts with p53 and experiences autophagic regulation, in-
dicating that SIRT1 may also be able to regulate autophagic
degradation via the p53 signaling pathway [36, 42].
Consistent with the above literature reports, it was observed
that urolithin A significantly decreased p-p53 and p53 expres-
sion, thus causing a reversal of brain aging induced by D-gal
by enhancing autophagy.

Conclusion

In conclusion, the urolithin A-activated miR-34a-mediated
SIRT1/mTOR signaling pathway (Fig. S15) plays an evident
protective role in D-gal-induced aging-associated cognitive
impairment. The underlying mechanism may be associated
with the fact that urolithin A contributes to the induction of
autophagy in the hippocampal tissues by restraining aging-
related astrocyte activation and inhibiting the activation of
mTOR, as well as downregulating miR-34a, which provides
a theoretical basis and support for the use of urolithin A as a
promising therapeutic drug against brain aging and its associ-
ated neurological diseases.
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