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Urolithin A alleviates blood-brain barrier disruption
and attenuates neuronal apoptosis following traumatic
brain injury in mice
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Abstract

Urolithin A (UA) is a natural metabolite produced from polyphenolics in foods such as pomegranates, berries, and nuts. UA is neuroprotective
against Parkinson’s disease, Alzheimer’s disease, and cerebral hemorrhage. However, its effect against traumatic brain injury remains
unknown. In this study, we established adult C57BL/6J mouse models of traumatic brain injury by controlled cortical impact and then
intraperitoneally administered UA. We found that UA greatly reduced brain edema; increased the expression of tight junction proteins in
injured cortex; increased the immunopositivity of two neuronal autophagy markers, microtubule-associated protein 1A/B light chain 3A/B (LC3)
and p62; downregulated protein kinase B (Akt) and mammalian target of rapamycin (mTOR), two regulators of the phosphatidylinositol 3-kinase
(PI3K)/Akt/mTOR signaling pathway; decreased the phosphorylation levels of inhibitor of NFkB (IkB) kinase alpha (IKKa) and nuclear factor
kappa B (NFkB), two regulators of the neuroinflammation-related Akt/IKK/NFkB signaling pathway; reduced blood-brain barrier permeability
and neuronal apoptosis in injured cortex; and improved mouse neurological function. These findings suggest that UA may be a candidate drug
for the treatment of traumatic brain injury, and its neuroprotective effects may be mediated by inhibition of the PI3K/Akt/mTOR and Akt/IKK/
NFkB signaling pathways, thus reducing neuroinflammation and enhancing autophagy.

Key Words: autophagy; blood-brain barrier; cerebral edema; controlled cortical impact model; neuronal apoptosis; neuropharmacology;
neuroprotection; tight junction protein; traumatic brain injury; urolithin A

Introduction

Traumatic brain injury (TBI) can be divided into primary injury and
secondary injury. Primary injury occurs at the moment of harm;
its extent depends on the mechanism and force of impact. After
primary injury, a complex cascade of events contributes to secondary
injury, such as blood-brain barrier (BBB) disruption, oxidative stress,
brain edema, neuronal apoptosis, impaired autophagy flux, and ionic
homeostasis imbalance (Stocchetti et al., 2017; Desai and Jain, 2018),
which contributes to patients’ morbidity and mortality. Here, we
investigate a neuroprotective strategy to mitigate secondary injury
after TBI.

Autophagy is a highly conserved intracellular degradation pathway by
which cells deliver cytoplasmic organelles and proteins to lysosomes
for degradation (Mizushima et al., 2008). This process recycles

cellular substances and plays a vital role in maintaining cellular
metabolism. Research over the past decade shows that dysregulation
of autophagy is involved in various diseases, including tumors (Byun
et al., 2017), neurodegenerative diseases (Menzies et al., 2015; Shao
etal., 2021; Zhang et al., 2021), and neurotrauma (Sarkar et al., 2014;
Wu and Lipinski, 2019). Dysregulated autophagy plays an important
role in TBI secondary injury processes such as neuronal apoptosis,
BBB disruption, and neuroinflammation (Chang et al., 2013; Sarkar
et al., 2014; Wu et al., 2020; Mytych, 2021). Therefore, targeting of
autophagy shows promise for the treatment and prevention of TBI-
induced secondary injury.

Urolithin A (UA) is a natural metabolite produced from food that
contains ellagitannins, such as pomegranates, berries and nuts.
During digestion, ellagitannins taken from food spontaneously
hydrolyze into ellagic acid, which is further converted into urolithins
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A, B, C, and D by gut microbiota (Espin et al., 2013; Nufiez-Sanchez
et al., 2014; Kujawska and Jodynis-Liebert, 2020). Urolithins are
transported into the blood circulation by intestinal epithelial cells
and exert a broad spectrum of bioactivities, such as autophagy
activation, anti-inflammation, and antioxidant effects (Ishimoto et
al., 2011; Gonzalez-Sarrias et al., 2017; Komatsu et al., 2018; Xu
et al., 2018; Ahsan et al., 2019). Urolithins have a broad range of
safe dosage (Heilman et al., 2017; Andreux et al., 2019) and are
permeable to the BBB (Yuan et al., 2016; Kujawska et al., 2019).
Recent studies showed that UA is the most potent urolithin to
exert its beneficial effects in various diseases, including diabetes
(Tuohetaerbaike et al., 2020; Lee et al., 2021), inflammatory bowel
diseases (Singh et al., 2019), ischemic brain injury (Ahsan et al.,
2019), and Alzheimer’s disease (Gong et al., 2019). Andreux et
al. (2019) reported that oral consumption of UA could increase
biogenesis of mitochondria and improve muscle health by mitophagy
enhancement in a cohort study consisting of older adults. Singh
et al. (2019) found that UA treatment significantly protects tight
junction proteins of the gut barrier and reduces inflammation in
a rodent model of inflammatory bowel disease. Regarding central
nervous system diseases, Gong et al. (2019) demonstrated that UA
improved cognitive impairment in an Alzheimer’s disease mouse
model by targeting multiple pathological processes, such as neuronal
apoptosis, amyloid-beta plaque formation, and inflammatory
signaling. Another study reported that UA administration reinforced
ischemia-induced autophagy and reduced ischemic brain injury in
a mouse model of middle cerebral artery occlusion (Ahsan et al.,
2019). However, it is still unknown whether UA is neuroprotective
following TBI. On the basis of the above studies, we hypothesized
that UA could protect the BBB, reduce brain edema, and preserve
neuron survival by alleviating neuroinflammation and reinforcing
autophagy, thus exerting neuroprotective effects against TBI-induced
secondary injury. This study aimed to evaluate UA as a promising
neuroprotective drug for TBI treatment and to explore its underlying
mechanism of action.

Materials and Methods

Animals and experimental design

Estrogen has neuroprotective effects on TBI (Chakrabarti et al., 2016),
and therefore we excluded female mice from the present study
to avoid data misinterpretation. Male C57BL/6J mice aged 8-10
weeks and weighing 22-25 g were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd., Shanghai, China (license No. SCXK (Hu)
2017-0005). All animals used in this work were kept in individual
standard cages under a 12-hour light/dark cycle with controlled
temperature and humidity and full access to food and water. All
experimental procedures were approved by the Institutional Animal
Care and Use Committee of Shanghai Jiao Tong University Affiliated
Sixth People’s Hospital, Shanghai, China (approval No. 2019-0180)
on February 2, 2019. All experiments were designed and reported
according to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines (Percie do Sert et al., 2020).

UA (Cat# S5312, Selleck Chemicals, Houston, TX, USA) was dissolved
in DMSO (Cat# D8418, MilliporeSigma, Burlington, MA, USA) to make
a 40 mg/mL stock solution, which was further diluted in 0.9% normal
saline and 0.5% Tween-80 to a prescribed concentration before being
used for intraperitoneal injections. Mice were randomly grouped into
sham, TBI + vehicle, and TBI + UA (2.5 mg/kg) groups. Mice in the
TBI + vehicle group were treated with the same volume of vehicle
(0.1 mL per injection). The first dose of UA was injected immediately
after controlled cortical impact (CCl) injury, and an additional dose of
the same concentration and volume was given every 24 hours until
sacrifice. The dosage of UA was determined by brain water content
assay (described below).

In total, 126 mice were sacrificed: 36 for the brain water content
assay (six groups of six rats per group), 12 for the Evans Blue (EB)
extravasation assay (three groups of four rats per group), 15 for
western blot analysis (three groups of five rats per group), 18 for
immunofluorescence and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay (three groups
of six rats per group), and 45 for behavior tests (three groups of 15
rats per group). Samples were collected 72 hours after the CCl injury,
except for behavior tests.

Controlled cortical impact model of traumatic brain injury
We described the TBI model used in this work in our previous

study (Liu et al., 2018b). Briefly, adult male C57BL/6J mice were
anesthetized intraperitoneally with ketamine (75 mg/kg, Cat# K2753,
MilliporeSigma) and xylazine (10 mg/kg, Cat# X1126, MilliporeSigma),
a widely used mix of anesthetics that are safe and effective (Curl,
1988). Then, mice were placed in a stereotaxic frame (Stoelting Co.,
Wood Dale, IL, USA) with a heating pad. First, an incision was made
from the midline of the skull, and the skin and fascia were retracted
using a vascular clamp. Then, a 4 mm trephine was used to perform
a craniotomy over the center of the right parietal bone, between
bregma and lambda and 1 mm lateral to the sagittal suture. Mice
were excluded from the study if the dura was broken. Following
the craniotomy, the stereotaxic frame was adjusted to ensure that
the impactor tip was perpendicular to the cortical surface; then,
a moderate contusion injury was made using a precision cortical
impactor (PCI3000, Hatteras Instruments Inc., Cary, NC, USA) at an
impact velocity of 1.5 m/s, depth of 1.5 mm, and dwell time of 100
ms (Additional Figure 1A). Bleeding was stanched with sterile cotton,
bone wax was placed over the craniotomy site, and the incision was
closed with silk sutures. The animal remained on a heating pad until
full recovery of body temperature and consciousness occurred and
was then returned to its home cage. The sham group underwent the
same procedure, except without the contusion injury.

Brain water content assay

We used the brain water content assay as a pilot study to determine
the optimal dosage of UA, as well as to exclude neurotoxicity of
the vehicle. Based on previous studies (Savi et al., 2017; Ahsan et
al., 2019; Lee et al., 2021), 36 mice were randomly divided into six
groups of sham, sham + vehicle, TBI + vehicle, TBI + UA (2.5 mg/kg),
TBI + UA (5 mg/kg), and TBI + UA (10 mg/kg), with 6 mice in each
group.

Brain water content was performed by the wet/dry weight method
72 hours after CCl. The mice were anesthetized and sacrificed,
and the brains were removed immediately without intracardial
perfusion. The cerebrum ipsilateral to the CCl was separated from
the remaining brain and weighed with a precise analytical balance
(Mettler-Toledo, Greifensee, Switzerland) to obtain the wet weight.
Then, the ipsilateral cerebrum was dried in an oven (Shanghai
Bluepard Instruments Co., Shanghai, China) at 60°C for 72 hours. The
dry weight was obtained by weighing the brain tissue after drying.
The brain water content was calculated as (wet weight — dry weight)/
wet weight x 100%.

Blood-brain barrier permeability assay

BBB permeability was measured by EB dye extravasation. EB is a
macromolecular dye that can only permeate a broken BBB (Kaya and
Ahishali, 2011). Three days after TBI, mice were injected with 0.1
mL of EB (2% in saline, Cat# E2129, MilliporeSigma) in the jugular
vein, put on a heating pad for 2 hours, and then perfused with 50
mL phosphate-buffered saline through the left ventricle to remove
the EB dye from the blood circulation. The hemisphere ipsilateral
to the CCl was immediately separated from the remaining brain
and weighed with a precise analytical balance. After weighing,
the ipsilateral hemisphere was homogenized using an ultrasonic
homogenizer (Sonics & Materials Inc., Newtown, CT, USA) in 1 mL of
solvent (3:1 trichloroacetic acid:ethanol). Following centrifugation
(12,000 x g for 20 minutes), the solvent divided into 2 layers, and
the supernatant was collected and transferred to a 96-well plate. A
microplate reader (Biotek, Winooski, VT, USA) was used to detect
the absorbance of the supernatant at 610 nm. Each sample was read
in triplicate, and EB concentration was calculated according to the
absorbance and a standard curve. Finally, the EB concentration was
expressed as EB content per gram brain tissue weight.

Immunofluorescence and TUNEL assay

Mice were anesthetized, sacrificed, and perfused intracardially with
30 mL phosphate-buffered saline 72 hours after CCI. The whole brain
was removed carefully from the skull, immersed in —80°C isopentane
for 30 seconds, and then cut into successive coronal sections of
20 um with a freezing microtome (Leica, Wetzlar, Germany). After
attachment onto slides, the brain sections were fixed with 4%
paraformaldehyde or methanol for 10 minutes, penetrated with
0.1% Triton X-100 for 10 minutes, and blocked with 10% bovine
serum albumin (Cat# MB4219, Meilunbio, Dalian, China) for 60
minutes. For immunofluorescence staining, sections were incubated
in primary antibodies at 4°C overnight, in secondary antibodies at
room temperature for 1 hour, and in 4',6-diamidino-2-phenylindole
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working solution (Cat# C1002, Beyotime Biotechnology Co., Nantong,
China) for 10 minutes.

For the TUNEL assay, the sections were first stained by
immunofluorescence using a neuronal nuclei antigen (NeuN) primary
antibody. Then, a TUNEL assay kit (Cat# C1098, Beyotime) was used to
detect apoptosis in accordance with the manufacturer’s instructions.
Briefly, each section was incubated with 50 puL TUNEL reaction
mixture at 37°C for 30 minutes to stain nuclei of apoptotic cells red.
Apoptotic neurons were defined as cells that stained positive for
both NeuN and TUNEL. For each brain, three equally spaced coronal
sections were selected from the injury site; we calculated the mean
number of apoptotic neurons by analyzing 4—6 random microscope
fields for each section of injured cortex using the 63x objective lens
of a confocal microscope (Leica). For both immunofluorescence
staining and the TUNEL assay, only the injured cortex was further
analyzed (Additional Figure 1B). Images of all sections were captured
with a confocal microscope (Leica), and fluorescence intensity was
quantified by LAS AF 2.8.0 software (Leica). Antibodies used in
immunofluorescence are listed below: rabbit anti-zona occludens
protein 1 (ZO-1; 1:100, Cat# 61-7300, RRID: AB_2533938, Thermo
Fisher Scientific, Waltham, MA, USA), mouse anti-occludin (1:100,
Cat# 33-1500, RRID: AB_2533101, Thermo Fisher Scientific), goat
anti-CD31 (1:200, Cat# AF3628, RRID: AB_2161028, R&D Systems,
Minneapolis, MN, USA), mouse anti-neuronal nuclei antigen (NeuN;
1:100, Cat# MAB377, RRID: AB_2298772, MilliporeSigma), rabbit
anti-microtubule-associated protein 1 light chain 3 A/B (LC3A/B;
1:100, Cat# 12741, RRID: AB_2617131, Cell Signaling Technology,
Danvers, MA, USA), rabbit anti-p62 (1:200, Cat# ab109012, RRID:
AB_ 2810880, Abcam, Cambridge, UK), donkey anti-goat 1gG—Alexa
Fluor 555 (1:500, Cat# A-21432, RRID: AB_2535853, Thermo Fisher
Scientific), donkey anti-rabbit IgG—Alexa Fluor 488 (1:500, Cat#
A-21206, RRID: AB_2535792, Thermo Fisher Scientific), donkey anti-
mouse IgG—Alexa Fluor 488 (1:500, Cat# A-21202, RRID: AB_141607,
Thermo Fisher Scientific), and donkey anti-rabbit IgG—Alexa Fluor 594
(1:500, Cat# A-21207, RRID: AB_141637, Thermo Fisher Scientific).

Western blot assay

Mice were anesthetized and sacrificed 72 hours following CCI.
Brain samples of injured cortex were collected and homogenized
in lysis buffer using ultrasound and then diluted in loading buffer
(Cat# P0O015, Beyotime) to make all samples the same protein
concentration after centrifugation (Additional Figure 1C). For
sodium dodecy! sulfate-polyacrylamide gel electrophoresis, samples
were loaded onto gels made with the Polyacrylamide Gel Fast
Preparation Kit (Cat# PG110-114, Epizyme, Shanghai, China) and
were subsequently transferred to polyvinylidene fluoride membranes
(Cat# 10600023, Cytiva, Marlborough, MA, USA) by electroblotting.
Polyvinylidene fluoride membranes were blocked with 5% nonfat
milk and then incubated in primary antibodies overnight at 4°C. After
washing in phosphate-buffered saline, membranes were incubated
in horseradish peroxidase-conjugated secondary antibodies for 1
hour at room temperature. Proteins were detected using the Omni-
ECL Pico Light Chemiluminescence Kit (Cat# SQ202, Epizyme) and a
chemiluminescent imaging system (Tanon Science and Technology
Co., Shanghai, China). The relative optical density was calculated by
Imagel 1.52a software (Schneider et al., 2012). Antibodies used for
western blot are listed below: rabbit anti-ZO-1 (1:1000, Cat# 61-7300,
RRID: AB_2533938, Thermo Fisher Scientific), mouse anti-occludin
(1:1000, Cat# 33-1500, RRID: AB_2533101, Thermo Fisher Scientific),
mouse anti-B-actin (1:2000, Cat# 66009-1-lg, RRID: AB_2687938,
Proteintech, Rosemont, IL, USA), rabbit anti-cleaved caspase-3
(1:500, Cat#f 9664, RRID: AB_2070042, Cell Signaling Technology),
rabbit anti-caspase-3 (1:1000, Cat# 14220, RRID: AB_2798429, Cell
Signaling Technology), rabbit anti-bcl-2 (1:1000, Cat# 3498, RRID:
AB_1903907, Cell Signaling Technology), rabbit anti-LC3A/B (1:1000,
Cat# 12741, RRID: AB_2617131, Cell Signaling Technology), rabbit
anti-p62 (1:5000, Cat# ab109012, RRID: AB_2810880, Abcam), rabbit
anti-protein kinase B (Akt; 1:1000, Cat# 4691, RRID: AB_915783,
Cell Signaling Technology), rabbit anti-phospho-Akt (p-Akt; 1:1000,
Cat# 4060, RRID: AB_2315049, Cell Signaling Technology), rabbit
anti-mTOR (1:1000, Cat# 2972, RRID: AB_330978, Cell Signaling
Technology), rabbit anti-phospho-mTOR (p-mTOR; 1:1000, Cat# 2971,
RRID: AB_330970, Cell Signaling Technology), rabbit anti-nuclear
factor kappa B (NFkB; 1:1000, Cat# 8242, RRID: AB_10859369, Cell
Signaling Technology), rabbit anti-phospho-NFkB (p-NFkB; 1:1000,
Cat# 3033, RRID: AB_331284, Cell Signaling Technology), mouse
anti-inhibitor of NFkB (IkB) kinase alpha (IKKa; 1:1000, Cat# 11930,

RRID: AB_2687618, Cell Signaling Technology), rabbit anti-phospho-
IKKa/B (p-IKKa/B, 1:1000, Cat# 2697, RRID: AB_2079382, Cell
Signaling Technology), anti-mouse horseradish peroxidase—linked
secondary antibody (1:5000, Cat# 7076, RRID: AB_330924, Cell
Signaling Technology), and anti-rabbit horseradish peroxidase—linked
secondary antibody (1:5000, Cat# 7074, RRID: AB_2099233, Cell
Signaling Technology).

Modified neurological severity score and rotarod test

The modified neurological severity score (mNSS) test was performed
to evaluate the neurological deficits of each mouse at 1, 3, 7, and 14
days after CCl. Scoring details are as follows. Motor deficits: raising
the mouse by the tail to evaluate forelimb flexion (0-3) and placing
the mouse on the floor to evaluate gait (0-3). Balance deficits:
placing the mouse on a balance beam to assess posture (0-6).
Reflex deficits: testing pinna and corneal reflexes (0-2). A score of O
indicates normal behavior, whereas a score of 14 indicates maximal
deficit (Chen et al., 2001).

The rotarod test (Carter et al., 2001) was performed to evaluate
motor coordination of the mice. Mice were trained for 72 hours (three
sessions/day for 5 minutes/session) before CCl; there was at least a
15-minute interval between each session. The speed of the rod was
increased from 0 to 20 rounds/minute on the first day to 0 to 30
rounds/minute on the second day and 0 to 40 rounds/minute on the
third day. Mice that could not stay on the rod for at least 5 minutes
were excluded from this test. On the 4™ day, CCl was performed;
mice were subjected to the rotarod test before CCl and at 1, 3, 7, and
14 days after CCl. The latency (time taken until the mouse fell off the
rod) was recorded to evaluate the motor coordination function.

Statistical analysis

No statistical methods were used to predetermine sample sizes;
however, our sample sizes are similar to those reported in a previous
publication (Gong et al., 2019). No animals or data points were
excluded from the analysis. The evaluator was blind to the animal
groupings. All data are expressed as mean + standard deviation (SD).
All the experiments were analyzed using one-way analysis of variance
followed by Bonferroni’s post hoc test. P < 0.05 was considered
statistically significant. IBM SPSS Statistics for Windows, version 19.0
(IBM Corp., Armonk, NY, USA) and GraphPad Prism version 8.0.0 for
Windows (GraphPad Software, San Diego, CA, USA) were used for
statistical analysis and visualization, respectively.

Results

Urolithin A reduces brain edema and protects tight junction
proteins and blood-brain barrier function following traumatic brain
injury

The results from the brain water content assay, a pilot study, showed
that TBI significantly increased brain water content (P < 0.001,
compared with sham) and was reversed by UA administration of
2.5 mg/kg (P = 0.016, compared with TBI + vehicle). Compared with
TBI + UA (2.5 mg/kg), 5 and 10 mg/kg UA did not further reduce
brain water content (P = 0.395). No significant difference was found
between sham and sham + vehicle (P = 0.227; Figure 1A). Therefore,
we used 2.5 mg/kg as the dosage for subsequent experiments to
reduce unnecessary sacrifice of experimental animals.

To investigate whether UA alleviates TBI-induced BBB disruption, Evans
blue dye extravasation was performed to evaluate BBB permeability.
The TBI + vehicle group exhibited more extravasation compared
with the sham group, and UA administration after TBI alleviated the
extravasation (Figure 1B). Quantification of the extravasation showed
a significant increase in the EB concentration in brain tissue in the
TBI + vehicle group compared with the sham group (P < 0.001), and
UA administration after TBI significantly reduced EB concentration
compared with TBI + vehicle (P = 0.005; Figure 1C), indicating that UA
administration can alleviate TBl-induced BBB leakage.

Tight junction proteins are closely associated with BBB function
(Obermeier et al., 2013), and therefore we investigated the
changes in expression of ZO-1 and occludin in injured cortex.
Immunofluorescence staining showed that tight junction proteins
accompany the vascular marker CD31. Following TBI, the integrity
of tight junction proteins was disrupted and multiple gaps were
observed (white arrows; Figure 1D and E), but there was no
disruption of CD31 integrity. The TBI + UA group exhibited fewer gaps
compared with the TBI + vehicle group (Figure 1D and E). Western
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blot was used to assess the expression of tight junction proteins
(Figure 1F and G). Consistent with immunofluorescence staining, the
expression of tight junction proteins was significantly reduced after
TBI (P < 0.001, compared with sham), and UA administration after TBI
alleviated the reduction of tight junction proteins compared with TBI
+ vehicle (P <0.001).

Urolithin A attenuates neuronal apoptosis following traumatic
brain injury

To assess whether UA could attenuate neuronal apoptosis following
TBI, we performed TUNEL/NeuN double immunostaining of cerebral
tissue ipsilateral to the injury site (Figure 2A). Extensive neuronal
apoptosis was observed in the cortex following TBI. The number of
apoptotic neurons was significantly decreased in the TBI + UA group
compared with that in the TBI + vehicle group (P < 0.001), indicating
that UA attenuated neuronal apoptosis after TBI (Figure 2B).

Caspase-3 and bcl-2 are key regulators of the apoptotic pathway
(Franklin, 2011). Therefore, we investigated the cortical expression of
cleaved caspase-3, caspase-3, and bcl-2 by western blot. Consistent
with the TUNEL assay, our results showed that UA administration
after TBI significantly reduced the protein expression of cleaved
caspase-3 and increased the protein expression of bcl-2 compared
with TBI + vehicle (P < 0.001 and P = 0.008, respectively; Figure 2C
and D). Caspase-3 levels did not significantly change among the three
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Urolithin A reinforces neuronal autophagy following traumatic
brain injury

UA administration activates autophagy (Ahsan et al., 2019; Andreux
et al., 2019; Lin et al., 2020). To investigate autophagy levels in
cortical neurons, we used immunofluorescence to identify LC3
and p62, two autophagy markers, and the neuron marker NeuN in
injured cortex (Figure 3A and B). We found that LC3 fluorescence
intensity significantly increased following TBI, and the TBI + UA group
had higher LC3 fluorescence intensity than the TBI + vehicle group
(P <0.001). In comparison, p62 fluorescence intensity significantly
decreased following TBI, and the TBI + UA group had lower p62
fluorescence intensity than the TBI + vehicle group (P = 0.010;
Figure 3C). Both LC3 and p62 immunostaining were surrounded by
or merged with NeuN immunostaining in injured cortex. Consistent
with our immunostaining results, western blot of injured cortex also
showed increased LC3-II expression and decreased p62 expression
following TBI (P < 0.001 for both LC3-Il and p62, compared with
sham), and the TBI + UA group had higher LC3-Il expression (P = 0.006)
and lower p62 expression (P = 0.003; Figure 3D and E) than the TBI
+ vehicle group. These results indicate that neuronal autophagy
is activated following TBI, and UA administration could reinforce

neuronal autophagy.
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Figure 1 | Urolithin A attenuates blood-brain barrier leakage and tight junction protein disruption 72 hours following traumatic brain injury.

(A) A pilot study. UA reduced brain water content following TBI at dosages of 2.5, 5, and 10 mg/kg (n = 6). (B) Representative images of the EB extravasation
assay. EB concentration increased following TBI and reduced after UA administration. (C) Quantification of EB concentration for each group (n = 4). (D, E)
Immunostaining of occludin and ZO-1 (green, Alexa Fluor 488) with CD31 (red, Alexa Fluor 555) in injured cortex following TBI. White arrows show disruption
of tight junction proteins. Scale bars: 10 um. (F) Representative western blots of occludin and ZO-1. (G) Quantification of relative protein expression (n = 5)
normalized to the optical density of B-actin. Data are represented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed
by Bonferroni’s post hoc test). BBB: Blood-brain barrier; DAPI: 4,6-diamino-2-phenyl indole; EB: Evans blue; n.s.: no statistical significance between indicated
groups; Ocln: occludin; TBI: traumatic brain injury; UA: urolithin A; Ve: vehicle; ZO-1: zonula occluden-1.
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Figure 2 | Urolithin A attenuates neuronal apoptosis 72 hours following traumatic brain injury.

(A) TUNEL assay (red) and costaining of NeuN (green, Alexa Fluor 488) in injured cortex. TUNEL'/NeuN" cells are apoptotic neurons. UA administration reduced
the number of apoptotic neurons in injured cortex following TBI. Scale bars: 25 um. (B) Count of apoptotic neurons in the cortex for each group (n = 6). (C)
Representative western blots of cleaved caspase-3, caspase-3, and bcl-2. (D) Quantification of relative protein expression (n = 5). Data are represented as
mean + SD. **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Bonferroni’s post hoc test). Cl-caspase3: Cleaved caspase3; n.s.: no statistical
significance between indicated groups; NeuN: neuronal nuclei; TBI: traumatic brain injury; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP-biotin

nick end labeling; UA: urolithin A; Ve: vehicle.
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Figure 3 | Urolithin A reinforces neuronal autophagy in injured cortex
activated by traumatic brain injury.
(A, B) Representative immunostaining of LC3 (red, Alexa Fluor 594) and
p62 (red, Alexa Fluor 594) with NeuN (green, Alexa Fluor 488) 72 hours
following TBI in injured cortex. Fluorescence intensity of LC3 increased after
TBI and was further reinforced by UA, while fluorescence intensity of p62
decreased after TBI and was further weakened by UA. Scale bars: 25 um. (C)
Quantification of relative fluorescence intensity of LC3 and p62 (n = 6). (D)
Representative western blots of LC3-II, LC3-1, and p62. (E) Quantification of
relative protein expression (n = 5). Data are represented as mean + SD. ¥**P <
0.01, ***P < 0.001 (one-way analysis of variance followed by Bonferroni’s post
hoc test). LC3: Microtubule associated protein 1 light chain 3; NeuN: neuronal
nuclei; TBI: traumatic brain injury; UA: urolithin A; Ve: vehicle.

PI3K/Akt/mTOR and Akt/IKK/NFkB pathways are involved in the
neuroprotective effect of urolithin A

Many publications have reported that UA acts as an inhibitor
of Akt phosphorylation, thus reinforcing autophagy via the
phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR signaling pathway
(Komatsu et al., 2018; Xu et al., 2018; Totiger et al., 2019). Akt is
also a key regulator in the Akt/IKK/NFkB signaling pathway, which
regulates neuroinflammation (Ozes et al., 1999). Therefore, we
speculate that the neuroprotective effects of UA may be partially
achieved by inhibiting Akt phosphorylation, thus reinforcing
autophagy and attenuating neuroinflammation via the PI3K/Akt/
mTOR and Akt/IKK/NFkB signaling pathways, respectively (Figure
4A). Western blot analysis of injured cortex samples showed that
the phosphorylation levels of Akt and mTOR decreased after TBI (P
< 0.001, compared with sham) and were further decreased by UA
administration after TBI (P = 0.010 and P = 0.001, for Akt and mTOR,
respectively, compared with TBI + vehicle). The phosphorylation
levels of IKKa and NFkB increased after TBI (P < 0.001, compared
with sham) and were reduced by UA administration after TBI (P <
0.001; Figure 4B and C). These results indicate the involvement of
the PI3K/Akt/mTOR and Akt/IKK/NFkB signaling pathways in the
neuroprotective effects of UA to reinforce autophagy and attenuate
neuroinflammation.

Urolithin A ameliorates neurological deficits following traumatic
brain injury

We evaluated the neurological deficits in mice by the mNSS score
and the rotarod test. Our results showed that the mNSS score of
the TBI + UA group was significantly reduced 72 hours after TBI; this
reduction continued to 14 days following TBI (P = 0.658, P = 0.002, P
=0.007, and P =0.003, for 1, 3, 7, and 14 days after TBI, respectively;
Figure 5A). The rotarod test showed that the TBI + UA group had a
longer latency to fall than the TBI + vehicle group at 3, 7, and 14 days
following TBI (P = 0.226, P = 0.008, P < 0.001, and P <0.001, for 1, 3, 7,
and 14 days after TBI, respectively; Figure 5B).

Discussion

Currently there is no specific therapy for TBI, and all curative
treatments focus on relieving TBI-induced secondary damage. UA
can permeate the BBB (Yuan et al., 2016; Kujawska et al., 2019)
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Figure 4 | PI3K/Akt/mTOR and Akt/IKK/NFkB signaling pathways may be
involved in the neuroprotective effect of urolithin A.
(A) Pattern diagram of involved pathways. UA downregulates Akt
phosphorylation, thus reinforcing autophagy via the PI3K/Akt/mTOR signaling
pathway and alleviates inflammation via the Akt/IKK/NFkB signaling pathway.
(B) Representative western blots of p-Akt, Akt, p-mTOR, mTOR, p-IKKa, IKKa,
p-NFkB, and NFkB. (C) Quantification of relative protein expression (n = 5).
Data are represented as mean + SD. **P < 0.01, ***P < 0.001 (one-way
analysis of variance followed by Bonferroni’s post hoc test). Akt: Protein kinase
B; BBB: blood-brain barrier; BBB: blood-brain barrier; IKK: inhibitor of NFkB
kinase; mTOR: mammalian target of rapamycin; NFkB: nuclear factor kappa
B; p-Akt: phospho-Akt; PI3K: phosphatidylinositol 3-kinase; p-IKKa: phospho-
IKKa; p-mTOR: phospho-mTOR; p-NFkB: phospho-NFkB; TBI: traumatic brain
injury; TBI: traumatic brain injury; UA: urolithin A; Ve: vehicle.
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Figure 5 | Urolithin A ameliorates neurological deficits following traumatic
brain injury.

(A) mNSS score was calculate at 1, 3, 7, and 14 days following TBI (n = 15). (B)
Rotarod tests were performed before TBI and 1, 3, 7, 14 days following TBI,
and latencies to falls were recorded to assess motor and balance deficits (n =
15). Data are represented as mean + SD. **P < 0.01, ***P < 0.001, vs. TBI + Ve
group (one-way analysis of variance followed by Bonferroni’s post hoc test).
mNSS: Modified neurological severity score; n.s.: no statistical significance
between indicated groups; TBI: traumatic brain injury; UA: urolithin A; Ve:
vehicle.

and has neuroprotective effects against central nervous system
disorders such as Alzheimer’s disease (Gong et al., 2019), ischemic
brain injury (Ahsan et al., 2019), and Parkinson’s disease (Kujawska
et al., 2019). Our present study demonstrated for the first time
that UA produces neuroprotective effects against TBI at a dose of
2.5 mg/kg in an experimental TBI mouse model by protecting the
BBB, attenuating brain edema, reducing neuronal apoptosis, and
alleviating neurobehavioral deficits. Inhibition of the PI3K/Akt/mTOR
and Akt/IKK/NFkB pathways and activation of neuronal autophagy
may be involved in these effects.

As previously described, UA is a natural metabolite produced from
food enriched in ellagitannins, which is further transformed by gut
microbiota to urolithins (Espin et al., 2013; Nufiez-Sédnchez et al.,
2014; Kujawska and Jodynis-Liebert, 2020). The bioavailability of UA is
highly divergent among individuals and depends on the composition
of their gut microbiota (Gerhauser, 2018). Therefore, intraperitoneal
injection of UA bypasses the transformation step performed by gut
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microbiota, thus avoiding individual variations in bioavailability. UA
has a favorable safety profile: a clinical trial reported no side effects
in volunteers administered with up to 2000 mg/day UA (Andreux et
al., 2019). Recent studies have revealed that the pharmacological
effects of UA mainly stem from its anti-inflammatory and autophagy-
activating properties (Ishimoto et al., 2011; Gonzélez-Sarrias et al.,
2017; Komatsu et al., 2018; Xu et al., 2018; Ahsan et al., 2019), and
we validated these properties in an experimental TBI mouse model.

BBB damage is a common secondary injury following TBI that
further leads to cerebral edema and intracerebral hemorrhage,
thus worsening morbidity and mortality in TBI survivors. Singh et
al. (2019) reported that UA could protect tight junction proteins
and, thus, gut barrier function in patients with inflammatory bowel
diseases. Similarly, in our present study, we found that UA reduces
brain edema and protects BBB function by alleviating the disruption
of tight junction proteins. Neuroinflammation plays a crucial role
in the breakdown of the BBB, and NFkB is one of the key regulators
of this inflammatory response (Sulhan et al., 2020). Following TBI,
NFkB can be activated by multiple pathways regulated by molecules
such as reactive oxygen species and heat shock proteins (Corps et
al., 2015; Corrigan et al., 2016). Akt/IKK/NFkB is one of the upstream
pathways regulating NFkB activation. Activated Akt mediates the
phosphorylation of the IKK complex, which continues to degrade
IkB. In a resting state, IkB is located in the cytoplasm and binds
to NFkB. After degradation of IkB, the activation site of NFkB is
released and phosphorylated, and NFkB transfers into the nucleus
to exert its inflammatory effects (Ozes et al., 1999; Hayden and
Ghosh, 2004). A growing body of evidence shows that UA inhibits
Akt activation (Komatsu et al., 2018; Xu et al., 2018; Totiger et al.,
2019), which is in accordance with results from this present study.
Western blot confirmed the downregulation of Akt, IKKa, and NFkB
phosphorylation after UA administration, which indicates that UA
alleviates the inflammatory response following TBI via the Akt/IKK/
NFKkB pathway, thus protecting BBB function and preserving neuronal
survival.

Autophagy is a process by which cells conserve and recycle
their organelles and toxic proteins. Baseline autophagy occurs
continuously and is further activated under environmental stresses
such as starvation and cell injury (Wu and Lipinski, 2019). Autophagy
includes several steps. First, organelles and proteins are sequestered
by a specific double membrane structure, called the phagophore, to
form autophagosomes. Then, the autophagosomes are transported
and fuse with lysosomes to degrade their contents. Many proteins
play a crucial role in this process. LC3-| exists in the cytoplasm;
when autophagy is activated, LC3-I is lipidated to form LC3-Il,
which is specifically recruited to the phagophore. Ubiquitylated
proteins are bound by p62, which enables them to be taken up
by autophagosomes, leading to degradation of the ubiquitylated
proteins, as well as p62 itself. Hence, LC3-Il levels positively correlate
with the number of autophagosomes, and p62 levels negatively
correlate with the level of substrate degradation (Narendra et al.,
2010; Noda and Inagaki, 2015). It is generally believed that autophagy
activates following TBI with LC3-Il levels increasing and p62 levels
decreasing (Zhang and Wang, 2018). These responses match the
results from our present study. However, some researchers found
that LC3-Il and p62 were both increased after TBI, suggesting that
the number of autophagosomes increase and substrates accumulate,
indicating impairment of autophagy flux (Sarkar et al., 2014; Zeng
et al., 2018). This divergence may be due to the severity of TBI, the
time-window assessed, or sampling. An increase of p62 was more
likely to be observed after severe TBI, while a decrease of p62 was
more likely to be observed after mild or moderate TBI (Wu and
Lipinski, 2019).

PI3K/Akt/mTOR is one of the main pathways of autophagy regulation;
in particular, the mTOR complex 1 has an intense inhibitory effect
on autophagy (Akira and Takeda, 2004). In this study, we observed
that the phosphorylation of Akt and mTOR decreased after UA
administration, suggesting involvement of the PI3K/Akt/mTOR
pathway in the autophagy reinforcement effect of UA.

Though numerous studies have reported the activation of
autophagy following both experimental and clinical TBI (Zhang and
Wang, 2018; Zeng et al., 2020), it remains controversial whether
modulating autophagy is beneficial or detrimental to TBIl-induced
secondary injury. Erlich et al. (2007) first found that administration of
rapamycin reduced inflammation, increased neuronal survival, and
improved neurobehavioral function in an experimental TBI model.
Because rapamycin can augment autophagy by inhibiting PI3K/AKT/

mTOR signaling, Erlich et al. (2007) concluded that rapamycin was
neuroprotective following TBI by activating autophagy. Similarly,
Yin et al. (2018) reported that administration of docosahexaenoic
acid improves neurological function recovery and reduces brain
damage after TBI by activating autophagic flux. In addition, many
neuroprotective drugs are thought to alleviate TBI-induced secondary
injury by autophagy activation (Xu et al., 2014; Zhang et al., 2017; Ma
et al., 2019). However, some studies suggest that autophagy plays a
detrimental role in TBI. Luo et al. (2011) reported that bafilomycin Al
and 3-methyladenine, two autophagy inhibitors, improve behavioral
outcomes, attenuate cell injury, and reduce lesion volume and
apoptosis after TBI, suggesting that autophagy is detrimental to
TBIl. Wang et al. (2017) found that administration of ketamine at
a subanesthetic dose could exert neuroprotective effects against
TBI by suppression of autophagy, and effects of an anesthetic dose
of ketamine on TBI are not clear. This divergence can be explained
by the multiple targets of ketamine and the complex network of
associated signaling pathways. In this study, we found that UA
reinforced neuronal autophagy and decreased neuronal apoptosis,
suggesting that neuronal autophagy may be involved in the
neuroprotective effect of UA. This supports the view that autophagy
plays a beneficial role in TBI. Following TBI, large quantities of
byproducts from endoplasmic reticulum stress accumulate in
neurons, which will promote neuronal apoptosis; autophagy helps
to reduce endoplasmic reticulum stress (Sarkar et al., 2014; Liu et
al., 2015). Inhibition of autophagy can increase the expression of
receptor-interacting protein kinase 1, thus inducing necroptosis (Liu
et al., 2018a). These specific mechanisms need to be explored in the
future.

There are several limitations to this study. First, the present research
only includes in vivo investigations, and thus it is impossible to
distinguish variations in function and pathway activation in different
cell types. Second, we did not use inhibitors or knock-out technology
to validate the specific targets in signaling pathways. Further work on
these limitations needs to be performed in the future.

To conclude, our present study found that UA exerts its
neuroprotective effects against TBI by protecting against BBB
disruption, reducing brain edema, decreasing neuronal apoptosis,
and reinforcing neuronal autophagy, thus ameliorating TBI-induced
neurological deficits. Downregulation of the PI3K/Akt/mTOR and Akt/
IKK/NFkB pathways may be involved in the neuroprotective effect of
UA. This study provides a solid in vivo experimental basis for UA as a
promising neuroprotective drug against TBI.
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Additional Figure 1 Illustration for CCI model and sampling region of the brain.

(A) The process of CCI modeling in mice. (B) Coronal section of the brain after CCI. Shaded area indicates the
region where sampled for Immunofluorescence and TUNEL assay. (C) Gross specimen of the brain after CCI.
After evacuating the hemorrhage, the injured cortex in shaded area would be sampled for western blot. CCI:
Controlled cortical injury; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling.

o
%

R~



