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Introduction

Ameliorative effect of urolithin A on p-gal-induced
liver and kidney damage in aging mice via its
antioxidative, anti-inflammatory and antiapoptotic
properties

Peng Chen, 12 Jiexin Lei, Fuchao Chen® and Benhong Zhou & *2

Urolithin A, a metabolite produced by human colon microflora from ellagic acid and related compounds,
has been reported to have antioxidant, anti-infammatory and antiapoptotic properties. The present
study investigates the protective effects of urolithin A (Uro A) on p-galactose (p-gal)-induced liver and
kidney injury and the possible mechanisms in mice. In this study, we first investigated the antioxidant
ability of Uro A in vitro. Then mice were treated with p-gal subcutaneously (150 mg kg™t d™3), followed
by Uro A at different dosages (50, 100, 150 mg kg™t d™%, administered orally) for 8 weeks. The levels of
aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN) and
creatinine (Cr) in the serum were tested. Histopathological features were assessed by hematoxylin and
eosin (HE) staining followed by an assessment of the antioxidant and anti-inflammatory activities.
Furthermore, we also evaluated the expression levels of the genes Bax, Bcl-2 and cleaved caspase-3 in
the liver and kidney. The results showed that Uro A treatment obviously attenuated p-gal-induced liver
and kidney damage. The beneficial effects of Uro A were accompanied by a decline in malondialdehyde
(MDA) levels and a rise in the superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase
(CAT), and total antioxidant capacity (T-AOC) activity in the liver and kidney and downregulation of the
levels of inflammatory cytokines, such as tumor necrosis factor-a (TNF-a), interleukin-1 beta (IL-1pB) and
interleukin-6 (IL-6), in serum. Moreover, Uro A could modulate the expression of Bax, Bcl-2 and cleaved
caspase-3 in the livers and kidneys of aging mice. These findings suggested that Uro A ameliorated p-
gal-induced liver and kidney injury through attenuating oxidative stress, inflammatory responses and
apoptosis.

tissue damage play a critical role in the pathological process of
aging.* Plenty of evidence has demonstrated that oxygen free

Aging is a gradual and biological process that has received great
attention and interest from society.' Accumulating evidence has
shown that aging is one of the greatest risk factors leading to the
dysfunction of normal cellular modulation, and aging is asso-
ciated with numerous diseases, including diabetes, cancers,
cardiovascular and cerebrovascular diseases (CCD), Alzheimer's
disease (AD) and others, which are harmful to the health of aged
people.>* Thus, anti-aging has become one of the hot research
topics with an increasing elderly population worldwide.

The free radical theory of aging posits that oxidative stress and
reactive oxygen species (ROS) accumulation-induced cell and
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radicals, which are generated during metabolism and energy
production in the body, are closely related to the regulation of
signal transduction and gene expression as well as redox
homeostasis.” However, high levels of ROS can cause the perox-
idation of membrane lipids, and damage to DNA, proteins and
phospholipids, eventually resulting in cellular injury, apoptosis
and inflammation.® Furthermore, natural antioxidants have been
proven to be successful scavengers of oxygen radicals, which can
prevent the peroxidation of lipids and delay aging.

It has been confirmed that chronic injections of p-galactose
(p-gal) can simulate the pathology of aging along with liver and
kidney injury.” p-gal is a normal reducing sugar in the body that
can be metabolized into glucose at normal levels; however, p-gal
can be converted into aldose and hydroperoxides under the
action of oxidase at high concentrations, leading to the forma-
tion of the superoxide anion and oxygen-derived free radicals
that can form advanced glycation end products (AGEs) in vivo.?
Evidence has shown that excessive AGEs can accelerate the
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production of intracellular ROS and result in the accumulation
of oxidative stress. The liver and kidney are vulnerable to p-gal-
induced oxidative damage, which could lead to an increase in
ROS generation, a decline in antioxidant enzyme content and
the inflammatory response.”'® Therefore, systemic administra-
tion of p-gal could be applied to establish an animal aging
model for an organ damage study.

Urolithin A (C;3HgOy, 3,8-dihydroxy-6H-benzo[c]chromen-6-
one, Uro A; the chemical structure is shown in Fig. 1A), also
named 3,8-dihydroxy-urolithin, is a type of microflora human
metabolite that is produced by the gut microbiota from ellagi-
tannins (ETs) and ellagic acid (EA) and has been reported to
possess a high capacity to scavenge free radicals." Furthermore,
abundant in vivo research has indicated that urolithin A
possesses a variety of pharmacological activities, such as anti-
oxidative, anti-inflammatory, and antiapoptotic effects.'>*
Because of its great antioxidant activity, urolithin A may play
avital role in protecting against these oxidative stress-mediated
pathological conditions.” Recently, the anti-aging effects of
urolithin A have drawn considerable attention, and it has been
confirmed that urolithin A can induce mitophagy, prolong the
lifespan of C. elegans and increase muscle function in rodents.*
However, there are still no scientific reports to date on the
protective effects of urolithin A on p-gal-induced aging and p-
gal-induced liver and kidney injury.

Thus, the present study was performed to investigate how
urolithin A ameliorates p-gal-caused liver and kidney injury and
to explore the potential underlying mechanisms, which will
provide a comprehensive foundation for the theoretical basis
and practical application of urolithin A in the prevention or
treatment of aging-associated diseases.'®

Materials and methods
Materials

p-gal (cat. no. T9420, purity >99%) was purchased from Guan-
gyuan Hengxin Technology Development Co., Ltd. (Beijing,
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China). The urolithin A standard was purchased from Sigma
Chemical Co. (St. Louis, MO, USA, cat. no. 100151-231, purity
>99%). Malondialdehyde (MDA, cat. no. A003-2), superoxide
dismutase (SOD, cat. no. A043-1), glutathione (GSH, cat. no.
A037-2), catalase (CAT, cat. no. A023-4) enzyme, total antioxi-
dant capacity (T-AOC, cat. no. A028-5), aspartate aminotrans-
ferase (AST, cat. no. A045-2), alanine aminotransferase (ALT,
cat. no. A024-6), blood urea nitrogen (BUN, cat. no. A048-1) and
creatinine (Cr, cat. no. A037-4) assay kits were purchased from
Nanjing Jiancheng Biotechnology Co., Ltd. (Nanjing, China).
ELISA assay kits for tumor necrosis factor-a. (TNF-a,, cat. no. sc-
1462), interleukin-1 beta (IL-1B, cat. sc-1457) and
interleukin-6 (IL-6, cat. no. sc-1471) were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies
against Bax (cat. no. MA5-14003), Bcl-2 (cat. no. MA5-11757) and
cleaved caspase-3 (cat. no. PA5-23921) were obtained from
Thermo Fisher Scientific (Shanghai, China). 8-Actin (1 : 1000; cat.
no. 48727) and goat anti-rabbit IgG antibodies (1 : 30 000; cat. no.
sc-2005) were acquired from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). All other solvents and chemicals used in
the experiments were of at least analytical grade and purity.

no.

In vitro antioxidant activities

DPPH radical scavenging assay. The assessment of DPPH
radical scavenging capacity of urolithin A was performed
according to the previous method with only minor modifica-
tions.*” Urolithin A were dissolved by 50% ethanol and diluted
into a gradient solution of 30-200 ug mL~" samples. Then 2 mL
of sample solution was mixed with 2 mL of 0.24 mM DPPH
solution in 95% ethanol, and the mixtures were fully shaken
and placed in the dark place for 30 min at room temperature.
After that, the absorbance (Abs) of mixtures was measured at
519 nm with UV visible spectrophotometry. Vitamin C (VC) was
used for the positive control in this study. The DPPH radical
scavenging activity (%) was defined as follows: scavenging rate
(0/0) = (ACOntrol - ASample)/ACOntrol X 100%.
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(A) Molecular structure of urolithin A. (B) Schematic representation of treatment schedule followed for the modulation of aging using p-gal
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ABTS" radical scavenging assay. The ABTS' radical scav-
enging activities of urolithin A was determined based on
a published report.** In brief, the isometric 7.4 mM ABTS"
aqueous solution and 2.6 mM K,S,0z aqueous solution were
mixed and placed for overnight to prepare for ABTS' stock
solution. The ABTS" stock solution was diluted 1 : 40 (v/v) using
95% ethanol to obtain proper absorbance of 0.7 £ 0.02 at
a wavelength of 734 nm. Then 1.2 mL ABTS" diluent was mixed
with 0.3 mL of urolithin A solution varied from 30 to 200 ng
mL~", and incubated at room temperature for 5 min, after
which the absorbance was detected at 734 nm. The calculation
formula of scavenging rate (%) was [(Acontrol — Asample)/Acontrol |
x 100%. VC was used as a positive control in this study. Each
sample was measured in quintuplicate.

Superoxide anion radical scavenging. The superoxide anion
radical assay was determined as described previously.* Uroli-
thin A solution was prepared by mixing 1 mL of 30-200 pg mL ™"
urolithin A with 3 mL of Tris-HCI buffer (pH = 8.2), and then
100 pL pyrogallol was added and mixed well. After 2 minutes,
the absorbance was recorded at 325 nm every 30 s for 5 minutes
using a spectrophotometer. The ability to scavenge O, " radi-
cals was expressed as [(Acontrol — Asample)/Acontrol ] X 100%.

OH" scavenging activity assay. OH ™~ scavenging activity assay
was performed following the method of Smirnoff and
Cumbes.*®** The reaction mixture contained 1 mL FeSO,
(9 mM), 1 mL H,0, (9 mM), 1 mL of various concentrations
extract solution and 1 mL ethanol with 9 mM salicylic acid. The
total mixture was incubated at 35 °C for 30 min, and then the
absorbance was read at 510 nm. Ascorbic acid was used as the
positive control. OH™ scavenging activity was calculated by the
following equation: scavenging rate (%) = [(Adcontro/T —
AMAsampie/T)/(Acontrol/ T) % 100%, T = 5 min].

Animal study in vivo

Sixty adult male Institute of Cancer Research (ICR) mice
(4 weeks old, weighing 19.9-27.5 g) were purchased from
Wubhan Institute of Biological Products Co. (Wuhan, China). All
groups of animals were kept at a regulated temperature (22 + 2
°C) and humidity (50 + 10%) on a 12 hour light/dark cycle with
ad libitum access to standard commercial food and pure water.
All procedures were approved by the internal ethical committee
of Wuhan University (IACUCWU protocol number: SCXK (E)
2013-0004).

After one week of adaptive feeding, the mice were randomized
into 5 groups (n = 12 per group): normal control group, aging
model group (p-gal, 150 mg kg™ d™ ), p-gal (150 mg kg ' d~ ") +
urolithin A (150 mg kg~ ' d™ ") group, p-gal (150 mg kg™ * d™ ") +
urolithin A (100 mg kg~ * d ™) group and p-gal (150 mg kg~ * d %) +
urolithin A (50 mg kg™" d™") group. Except for the normal control
group, all groups were administered p-gal (150 mg kg™ d™* for 8
weeks) daily via subcutaneous injection (SI), which was dissolved
in 0.9% normal saline (NS); the control group was subjected
to 0.9% NS injection in the same way. Then, mice in the
urolithin A groups were administered with urolithin A (150, 100,
50 mg kg™ d "), dissolved in 0.5% carmellose sodium (CMC-Na)
via gavage for 8 consecutive weeks, while the mice in the control
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group and model group were subjected to equal volumes of 0.5%
CMC-Na in the same way."*® All mice were fed a standard pellet
diet, and water was freely available (the experimental design is
illustrated in Fig. 1B). The dose of urolithin A used in the present
study was according to a preliminary experiment in our lab. The
body weight of the mice was measured every 3 days using elec-
tronic scale during the experiment. And we observed the hair color
and mental state of mice with the naked eye and then recorded
them before and after the experiment. The animal experiments
were carried out in accordance with the guidelines of ARRIVE
(Animal Research: Reporting In Vivo Experiments).

Tissue preparation

At the end of the treatment period, the mice were anesthetized
intraperitoneally with a ketamine—xylazine mixture (100 mg kg ™"
and 10 mg kg, respectively). Following decapitation, 0.1 mL
blood samples were collected with the addition of anticoagulants
for centrifugation at 3000 x g for 10 min for the subsequent
determination of clear serum, the liver and kidney from each
animal were rapidly removed, and the organ tissues were quickly
dissected on ice, rinsed with saline, and frozen at —80 °C until
use. The frozen tissues were thawed and homogenized in cold PBS
at a pH of 7.4 (100 mg tissue per 1 mL of the buffer), which
contained a protease inhibitor cocktail.® The samples were
centrifuged at 10 000 x g for 20 min at 4 °C, and the clear
supernatants were collected carefully, divided into aliquots, and
stored immediately at —80 °C until analysis.” The total protein
concentration of each supernatant was determined using a Bio-
Rad protein assay kit according to the manufacturer's protocol.
In addition, we weighed the livers and kidneys for the organ
coefficient calculation (ratio of organ weight to body weight).

Hematoxylin and eosin (HE) staining

For histomorphological examinations, all samples were fixed in
4% formaldehyde buffer followed by embedding in paraffin and
slicing longitudinally, with 5 pm-thick sections obtained for
hematoxylin-eosin staining for histomorphological analysis.**
Furthermore, liver and kidney histopathological score was
performed. Briefly, the degree of necrosis in liver was expressed
as the mean of twelve different fields within each classified on
a scale of 0-3 (normal-0, mid-1, moderate-2, severe-3). The
number of inflammatory cells was counted in twelve randomly
selected fields from each slide at a magnification of 200x. For
histological evaluation on kidney, the following parameters
were graded on a scale 0-2 (0-absent, 1-mild-moderate, 2-
severe): tubular dilatation, lymphocyte infiltration, macrophage
infiltration, and dilatation of the Bowman's capsule.

Biochemical analysis

The levels of MDA and protein content, as well as the activities
of T-SOD, T-AOC, GSH-Px, and CAT in the liver and kidney tissue
were measured using commercially available assay kits. The
activities of TNF-a, IL-1p and IL-6 were determined in the liver
and kidney tissue supernatant using a standard ELISA Kkit. All
biochemical analyses followed the manufacturer's protocols.

RSC Adv, 2020, 10, 8027-8038 | 8029
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Similarly, the ALT, AST, Cr and BUN concentrations in the
serum samples were analyzed with ELISA kits.

Real-time-polymerase chain reaction (RT-PCR)

Total RNA was purified from fresh mouse liver tissue (50-100 mg)
on ice with RNA fast 1000. The purity of the total RNA was
checked with a spectrophotometer and the wavelength absorp-
tion ratio (260/280 nm) was between 1.7 and 2.0 in all prepara-
tions. Reverse transcription of total RNA (0.1-5 ng) to cDNA was
performed using Revert Aid First Strand cDNA Synthesis Kits in
20 pL reaction volumes at 44 °C for 1 h using a Mastercycler
personal PCR machine (Eppendorf AG, Hamburg, Germany).
Specific primers were designed using the Beacon Designer 4.0
software and synthesized by Sunbiotech (Beijing Sunbiotech CO.,
Ltd, China). Real-time PCR was performed with Maxima SYBR
Green/ROX qPCR Master Mix (2x) in an IQ 5.0 system. The
system automatically monitors the binding of the fluorescent dye
SYBR® Green to double-stranded DNA during each cycle of PCR
amplification. PCR was performed under the following condi-
tions: (1) heating at 50 °C for 2 min; (2) followed by 95 °C for
10 min and (3) 40 PCR cycles at 94 °C for 15 s, 60 °C for 30 s, and
72 °C for 30 s. The relative amount of mRNA was calculated using
the comparative C, (AAC,) equation. The B-actin gene was used as
a reference for normalizing the data. The derived normalized
values are the mean of three runs. The mouse and human primer
sequences are listed in Table 1.

Western blotting

To determine the protein expression levels of Bax, Bcl-2 and
cleaved caspase-3, whole liver and kidney tissues were homoge-
nized at 4 °C in homogenizing buffer (50 mM Tris-Cl pH 7.5),
containing 2 mM dithiothreitol (DTT), 2 mM ethyl-
enediaminetetraacetic acid (EDTA), 2 mM ethylene glycol tetraa-
cetate (EGTA), 5 mg mL ™" each of leupeptin, aprotinin, pepstatin
A, and chymostatin, 50 mM potassium fluoride (KF), 50 nM
okadaic acid, 5 mM sodium pyrophosphate, and 2% sodium
dodecyl sulfate (SDS). The homogenate was then sonicated to
dissolve the tissue completely, and the protein quantities of each
sample were determined by a BCA protein assay kit. Equal
amounts of protein (100 pg) were isolated by 10% SDS-
polyacrylamide gel electrophoresis and were electrophoretically
transferred to a nitrocellulose membrane. The membrane was
blocked with 5% skim milk powder in a washing buffer [Tris-
buffered saline containing 0.05% (v/v) Tween 20] for 2 h at

Table 1 Real-time PCR primer sequences

Product size

Gene Primer sequence (bp)

TNF-o F: 5“-TGTAGCCCACGTCGTAGCAA-3’ 216
R: 5'-ATAGCAAATCGGCTGACGGT-3'

IL-1B F: 5“-TGCCACCTTTTGACAGTGATG-3' 220
R: 5-AAGGTCCACGGGAAAGACAC-3'

IL-6 F: 5-CCCCAATTTCCAATGCTCTCC-3' 141
R: 5-CGCACTAGGTTTGCCGAGTA-3’

B-Actin F: 5"-TGAGAGGGAAATCGTGCGTG-3' 192

8030 | RSC Adv, 2020, 10, 8027-8038
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25 °C and was incubated with primary rabbit polyclonal anti-
bodies against Bax, Bcl-2 and cleaved caspase-3 at a 1 : 500 dilu-
tion at 4 °C overnight. Each membrane was rinsed three times for
15 min each time and incubated with the secondary horseradish
peroxidase-linked antibodies. B-Actin was used as an internal
control for the cytosolic extracts. Finally, enhanced chem-
iluminescence (ECL) was adopted to color the brands, and
pictures of the proteins were taken and processed with Image-Pro
Plus 6.0 software.

Statistical analysis

Data are expressed as the mean =+ standard deviation (SD). The
data were analyzed with SPSS 16.0 (SPSS Inc., Chicago, Ill., USA).
The statistical significance of the differences in the dependent
measures between the experimental groups was determined by
one-way ANOVA followed by Tukey's tests. Probability values of
less than 0.05 were considered significant. Each experiment was
performed at least 3 times.

Results
The antioxidant activity of urolithin A in vitro

Oxidative stress (OS), which is a negative effect produced by
reactive oxygen species (ROS), has been regarded as one of the
most significant factors in the ontogeny of many multifactorial
diseases, including aging, cancer, Parkinson's disease and
diabetes. DPPH, ABTS", O, and -OH are four kinds of free
radicals that are usually used to assess the antioxidant capacity
of natural crude drugs and health foods. Hence, DPPH, ABTS",
0O, -and -OH assays were evaluated to assess the antioxidant
capacity of urolithin A in this study. The results showed that
urolithin A possessed a good ability to scavenge DPPH radicals
in a dose-dependent manner, and the 50% effective concen-
tration (ECs,) (328.21 + 3.44 umol L™ ") was lower than that of
VC (573.13 + 4.49 pmol L") (Fig. 2A). The results from the
ABTS" radical scavenging assay (Fig. 2B) also showed that uro-
lithin A exerted a strong activity to scavenge ABTS', and it was
found that the ECj5, of urolithin A against ABTS" was 302.18 +
2.67 pmol L™, whereas that of VC was 487.72 + 4.07 umol L™ ",
The scavenging effects of urolithin A on O, and -OH were also
determined, and the results showed that the EC5, of urolithin A
and VC for O,"(-OH) were 333.12 £ 5.42 (504.54 £ 4.71) pmol
L' and 523.476 + 3.67 (916.58 & 5.29) umol L™, respectively,
indicating that the scavenging rate of urolithin A towards Oy’
and -OH was comparable to VC (Fig. 2C and D).

Effect of urolithin A on p-gal induced liver and kidney damage
in vivo

Effect of urolithin A on the general appearance, body weight
and organ indexes. The control group was active, sensitive to
sound and light, possessed white and shiny hair with no
depression or drowsiness from the 6th week. Compared with
the control group, the mice in the model group were dull,
unresponsive, and their hair was lusterless. However, these
deterioration symptoms alternated in the mice in the urolithin
A groups. All animals in our study showed no concerning signs

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Effect of urolithin A on antioxidant activity in vitro. (A) DPPH scavenging assay. (B) ABTS* scavenging assay. (C) O," scavenging assay. (D)

-OH scavenging assay. The data are expressed as means + SD (n = 5).

leading to the early termination/sacrifice of that animal during
the experiment. Moreover, after 8 weeks of p-gal injection,
compared with the control group, there was a significant
decrease in the body weight and liver/kidney index in the model
group induced by p-gal (P < 0.05 or P< 0.01), but these decreases
could be attenuated after the intervention with urolithin A
compared to the aging group mice (P < 0.05 or P < 0.01, Table 2).

Effect of urolithin A on the MDA content and SOD, GSH-Px,
CAT, and T-AOC activities in liver and kidney. The MDA level in

the model group significantly increased compared with the
control group. The administration of urolithin A (150, 100 and
50 mg kg™ ) resulted in a decline in the MDA level compared
with the p-gal alone treated mice (all P < 0.05 or P < 0.01,
Fig. 3C). In addition, the activities of SOD, GSH-Px, CAT, and
T-AOC in the liver and kidney of the model mice were found to
be significantly decreased compared with the control group (all
P <0.05 or P < 0.01), and urolithin A (150, 100 and 50 mg kg )
could significantly improve these biochemical indices, which

Table2 Effect of urolithin A on body weight and organ coefficients after the 8 week experimental period. Data are presented as mean + SD from
each group (n = 12, mean + SD). ¥P < 0.05 and #*#P < 0.01 vs. control group; *P < 0.05 and **P < 0.01 vs. model group

Organ index (mg g~ ')

Groups Body weight (g) Liver Kidney
Control 44.95 + 1.02 10.82 + 0.47 5.72 + 0.38
p-gal (150 mg kg ™) 39.68 + 0.95" 7.98 £ 1.23% 4.45 + 0.29"
p-gal + Uro A (150 mg kg™ ) 44.56 + 1.12%* 9.97 + 0.86** 5.60 + 0.18**
p-gal + Uro A (100 mg kg™?) 43.78 + 1.34%* 9.84 + 0.73%* 5.12 + 0.61%*
p-gal + Uro A (50 mg kg ™) 42.47 4 0.96%* 8.79 + 0.42* 5.03 + 0.24*

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effect of urolithin A on CAT (A), GSH-Px (B), MDA (C), SOD (D), and T-AOC (E) in liver and kidney. Data are presented as mean + SD from
each group (n = 12, mean + SD). ¥P < 0.05 and #*#P < 0.01 vs. control group; *P < 0.05 and **P < 0.01 vs. model group.

was significantly different from the model group (all P < 0.05 or
P < 0.01, Fig. 3A, B, D and E). Overall, these results indicated
that urolithin A exerted antioxidant effects in the livers and
kidneys of p-gal-induced aging mice.

Effect of urolithin A on the activity of TNF-o, IL-18 and IL-6
in liver and kidney. As illustrated in Fig. 4, the levels of TNF-a,
IL-6 and IL-1B in the livers and kidneys of the p-gal-induced
aging model mice were significantly increased compared to
the control group mice (all P < 0.05 or P < 0.01, Fig. 4A-C).
Furthermore, after treatment with urolithin A, the activities of
TNF-a, IL-6 and IL-1f in the liver and kidney were significantly
upregulated (all P < 0.01, Fig. 4).

As seen from Fig. 5, our result showed that the mRNA levels of
TNF-o, IL-6 and IL-1pB in the livers and kidneys in model group
was significantly higher than that of control group (all P < 0.05 or
P <0.01, Fig. 5A-C). As a result, after supplementation of urolithin
A, the mRNA levels of TNF-a, IL-6 and IL-1p could be significantly
lowered in livers and kidneys of aging mice induced by p-gal when
compared with the model group (all P < 0.01, Fig. 5). These
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findings showed that urolithin A could improve the inflammatory
status of aging mice.

Effect of urolithin A on liver and kidney functions. As shown
in Fig. 6, ALT and AST levels in the serum significantly increased
after treatment with p-gal in aging mice when compared with
the control group (both P < 0.01). As a result, after urolithin A
supplementation (150, 100 and 50 mg kg™ '), the levels of ALT
and AST were significantly restored in the treatment groups
compared to the model group (both P < 0.01). These findings
showed that urolithin A could improve hepatic function and
liver damage.

As presented Fig. 7, p-gal administration resulted in
a significant increase in Cr and BUN (both P < 0.01) levels
compared with the control, which suggests that p-gal may
induce renal function decline. However, the increase in the
levels of Cr and BUN were significantly inhibited by all three
tested doses of urolithin A in our study (P < 0.05 or P < 0.01). The
results suggest that urolithin A may possess a protective effect
against p-gal-induced renal dysfunction.
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Fig.4 Effect of urolithin A onthe TNF-a (A), IL-1B (B) and IL-6 (C) levelin serum of mice. The levels of TNF-a, IL-1B and IL-6 were quantified using
ELISA kits. Data are presented as mean =+ SD from each group (n = 12, mean + SD). P < 0.05 and #¥P < 0.01 vs. control group; *P < 0.05 and **P <

0.01 vs. model group.
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Liver and kidney histomorphology

As shown in Fig. 8, the model group showed significant liver
damage, including hepatocellular hydropic degeneration,
necrosis, and inflammatory cell infiltration. However, there was
an obvious increase in the hepatocellular hydropic degenera-
tion and necrosis upon treatment with urolithin A compared to
the mice in the model group. Above all, the morphological
structure after urolithin A (150 mg kg™ ') treatment appeared
very similar to that of the control group. The results of histo-
pathological scores showed that the number of inflammatory
cells and necrosis scores in model group mice were much
higher than the control group (both P < 0.01, Table 3), indi-
cating that there was a significant difference in histopatholog-
ical change between control and p-gal treated mice (P < 0.05 or

This journal is © The Royal Society of Chemistry 2020

P < 0.01, Table 3). In contrast, urolithin A treatment noticeably
ameliorated the spontaneous activity defects (P < 0.05 or
P < 0.01). These findings suggest that hepatic pathological
changes could be ameliorated by urolithin A intervention.

As shown in Fig. 9, normal renal histomorphology was found
in the control group and without noticeable differences in
morphological changes compared to the positive control group.
By contrast, p-gal injection led to evident glomerular and tubu-
lointerstitial damage, such as glomerular basement membrane
thickening, tubular necrosis, cell apoptosis, in aging mice.
However, urolithin A treatment reversed these pathological
changes, and the high-dose group of urolithin A (150 mg kg™ )
showed the maximal protective effect, with minor changes in
morphological structure that were almost identical to the normal
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Fig. 8 Effect of urolithin A treatment on liver histopathological alterations. (H&E staining, magnification 200x). (A) Control group; (B) model
group; (C) p-gal + urolithin A group (50 mg kg~3); (D) p-gal + urolithin A group (100 mg kg~3); (E) p-gal + urolithin A group (150 mg kg™Y). (a arrow
indicated inflammatory infiltration; b arrow indicated apoptosis and necrosis)

Table 3 The effects of urolithin A on p-gal-induced liver histopathologic damage in aging mice. Data are presented as mean + SD from each
group (n = 12, mean =+ SD). #*P < 0.05 and #*#P < 0.01 vs. control group; *P < 0.05 and **P < 0.01 vs. model group

Groups Animals (n) The number of inflammatory cells (cells per field, mean + SD) Necrosis (scale, mean + SD)
Control 12 71.90 + 2.1 0+0

p-gal (150 mg kg ™) 12 146.21 + 21.2% 1.80 £ 0.16"

p-gal + Uro A (150 mg kg™ ') 12 60.63 £ 4.7%* 0.30 £ 0.14%*

p-gal + Uro A (100 mg kg™!) 12 97.24 + 3.3%* 0.80 + 0.11%*

p-gal + Uro A (50 mg kg ') 12 121.40 + 14.2* 1.40 £ 0.13*

Fig. 9 Effect of urolithin A treatment on kidney histopathological alterations. (H&E staining, magnification 200x). (A) Control group; (B) model
group; (C) p-gal + urolithin A group (50 mg kg™3); (D) b-gal + urolithin A group (100 mg kg™); (E) b-gal + urolithin A group (150 mg kg™3). (a arrow
indicated glomerular basement membrane thickening, b arrow indicated tubular necrosis, ¢ arrow indicated apoptosis)
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Table 4 The effects of urolithin A on p-gal-induced kidney histopathologic damage in aging mice. Data are presented as mean £ SD from each
group (n = 12, mean =+ SD). ¥P < 0.05 and #*#P < 0.01 vs. control group; *P < 0.05 and **P < 0.01 vs. model group

Tubular dilatation

Lymphocyte infiltration Macrophage infiltration Dilatation of the Bowman's

Groups Animals (n) (scale, mean + SD) (scale, mean + SD) (scale, mean + SD) capsule (scale, mean + SD)
Control 12 0.20 & 0.03 0.31 £+ 0.02 0.19 + 0.08 0.25 £+ 0.04
p-gal (150 mg kg ™) 12 1.61 + 0.22% 1.73 £ 0.17% 1.78 + 0.14" 1.81 £ 0.24%
p-gal + Uro A (150 mg kg™!) 12 0.30 + 0.07** 0.41 + 0.07** 0.33 4 0.06%* 0.43 £ 0.04**
p-gal + Uro A (100 mg kg™") 12 0.84 + 0.25%* 0.87 + 0.11%* 0.92 + 0.25%* 0.94 + 0.21**
p-gal + Uro A (50 mg kg™') 12 1.20 4 0.02* 1.26 + 0.16* 1.30 + 0.22* 1.35 =+ 0.08*
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Fig. 10 Effect of urolithin A on the expressions of Bcl-2, Bax and cleaved caspase-3 in liver (A) and kidney (B). Quantification of Bax/Bcl-2 ration
(C), cleaved caspase-3/B-actin ratio (D), Bcl-2/B-actin ration (E) and Bax/B-actin ration (F) in liver and kidney. Data are presented as mean + SD
from each group (n = 12, mean =+ SD). P < 0.05 and #*#P < 0.01 vs. control group; *P < 0.05 and **P < 0.01 vs. model group.

control group. The histopathological scores results showed that
the degree of lymphocyte and macrophage infiltration was greater
in model group when compared to control group, reaching a level
of statistical significance after p-gal administration, respectively
(both P < 0.01, Table 4). The degree of tubular dilation as well as
that of the Bowman's capsule significantly differed between the
control group and aging group (both P < 0.01, Table 4). However,
these parameters were improved by urolithin A (P < 0.05 or P <
0.01). These results showed that urolithin A treatment produced
a significant effect on the amelioration of the renal injury caused
by p-gal.

Western blot analysis

Fig. 10 indicates the effect of urolithin A on the protein
expression of Bcl-2, Bax and cleaved caspase-3 during the p-gal-
induced aging process. p-gal injection significantly increased
the expression level of cleaved caspase-3 and the ratio of Bax/
Bcl-2 when compared to the vehicle control (both P < 0.01).
However, the protein expression of cleaved caspase-3 and the
Bax/Bcl-2 ratio were significantly downregulated after 8 weeks of

This journal is © The Royal Society of Chemistry 2020

treatment with urolithin A in a concentration-dependent
manner (both P < 0.01).

Discussion

Aging is a biological process influenced by a variety of complex
factors, such as heredity, environmental conditions and life-
style. The free radical theory of aging states that oxidative
damage caused by reactive oxygen species (ROS) or free radicals
induced from cell metabolism is a key factor that accelerates
aging.’ Although the mechanisms of aging are complex and
mysterious, many recent studies have indicated that oxidative
stress is involved in the aging process. p-Galactose (p-gal) is
areducing sugar that is normally present in the body and can be
converted into aldose and hydroperoxide by galactose oxidase at
high concentrations, resulting in the generation of oxygen-
derived free radicals, which can also react with the amino
groups present in proteins and peptides to form AGEs, leading
to the production of ROS.> The liver and kidney are highly
specialized organs involved in p-gal metabolism, and p-gal

RSC Adv, 2020, 10, 8027-8038 | 8035
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exposure increases the production of intracellular reactive
oxygen species (ROS) and lipid peroxidation in the liver and
kidney.>'® Hence, administration of p-gal (150 mg kg™ body
weight, SI) to mice for 8 weeks has been widely used in antiaging
and organ injury research to explore the underlying mecha-
nisms in antioxidative pharmacology research.>*

To date, natural metabolically active products have been
widely tested as important sources for drug discovery in anti-
aging and aging-related diseases. Urolithin A is a major
metabolite produced by rats and humans after the consumption
of pomegranate juice or pure ellagitannin geraniin. Previous
studies have shown that urolithin A has antioxidant and anti-
inflammatory effects.” In the present study, we established
a liver and kidney injury model through the subcutaneous
administration of p-gal to explore the underlying mechanisms
of urolithin A protection against p-gal-induced liver and kidney
damage. To our knowledge, this study provided evidence for the
first time that: (1) urolithin A possess excellent antioxidant
activity in vitro antioxidant systems and (2) urolithin A treat-
ment could protect mice against p-gal-induced oxidative liver
and kidney damage in an aging model. Moreover, the protective
effects of urolithin A are closely correlated to its antioxidative,
anti-inflammatory and antiapoptotic properties.

It has been demonstrated that antioxidant enzymes can
protect cellular compounds against damage induced by free
radicals.>® SOD, GSH-Px, CAT and T-AOC are important antiox-
idant enzymes. Under oxidative stress conditions, SOD is the
first gatekeeper in the antioxidant defense system and it can
catalyze the reduction of O,  to H,0,, the latter of which is
further scavenged by catalysis from CAT and GSH-Px, resulting
in the production of water and oxygen.>»** T-AOC represents
a comprehensive antioxidant enzyme in the body; MDA, which
is a lipid oxidation final product, is commonly used as
a biomarker of oxidative stress.>® Many studies have shown that
oxidative stress is one of the key factors responsible for kidney
aging, as revealed by the increasing levels of MDA and the
decreasing activities of SOD, GSH-Px, CAT and T-AOC.”” In
accordance with previous reports, decreases in the activities of
SOD, GSH-Px, CAT, and T-AOC, as well as increased MDA caused
by p-gal, were observed in the present research, and our results
showed that urolithin A treatment could obviously attenuate the
activities of these antioxidant enzymes and the MDA levels in
mouse livers and kidneys, which may be one mechanism by
which urolithin A improves liver and kidney functions in p-gal-
induced aging mice. These data suggested that urolithin A had
an anti-aging effect and could protect the liver and kidney
tissues of mice against p-gal-induced oxidative damage.

Inflammation is one of the leading causes of the many
pathological states associated with oxidative stress.”® It has been
reported that proinflammatory cytokines, such as TNF-a, IL-13
and IL-6, are small secreted proteins that mediate and regulate
inflammation. TNF-o. is a key mediator in an inflammatory
reaction that induces the innate immune response by stimu-
lating the release of other inflammatory cytokines.”® Moreover,
TNF-o. induces a number of physiological effects, including
inflammation, septic shock, and cytotoxicity.** IL-1B has a wide
range of immunomodulatory effects and may mediate
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inflammation or be directly involved in the inflammatory
process.** IL-6 is a pivotal pro-inflammatory cytokine that is
synthesized primarily by macrophages and can facilitate auto-
immune phenomena, amplify acute inflammation and promote
the evolution into a chronic inflammatory state. IL-6 plays
a pivotal role in the acute phase response and multiple immu-
nomodulatory functions. Here, we evaluated whether urolithin
A regulates TNF-a, IL-1p and IL-6 expression in the livers and
kidneys of p-gal-injured mice. Interestingly, urolithin A could
markedly downregulate the expression levels of these multi-
functional cytokines in the livers and kidneys of p-gal-treated
mice, which suggests that urolithin A could attenuate the
inflammatory injury induced by p-gal.

Moreover, histopathological changes in the liver and the
activities of some serum enzymes, which are useful biomarkers
of liver injury, were also evaluated in this study. Our results
suggest that p-gal injection results in conspicuously elevated
ALT and AST levels, hepatocyte apoptosis and inflammatory cell
infiltration into hepatic tissue. However, these histopatholog-
ical changes and increased levels of serum enzymes were
ameliorated after long-term intervention with urolithin A,
signifying that urolithin A had protective effects on p-gal-
induced hepatic dysfunction in vivo during the experimental
period.*” BUN and Cr are two common renal function markers
that increase in expression level with damage. In this study, it
was observed that there were significant differences between
the control and p-gal-induced aging mice with regards to the
two renal damage markers, which was consistent with previous
studies, thereby indicating that chronic administration of p-gal
impaired the renal functions of mice. After inducing renal
damage and treating mice with urolithin A for 8 weeks, the BUN
and Cr levels were reduced, indicating that urolithin A could
reverse the renal injury induced by p-gal in mice.*® Multiple
lines of evidence have shown that p-gal injection can cause
kidney dysfunction as well as changes in kidney morphology.
Decreased glomeruli, increased sclerosing glomeruli and
diameter, and expanded renal capsules were observed in p-gal-
induced aging mice; in contrast, these histopathological
changes were notably ameliorated after long-term treatment
with urolithin A, suggesting that administration of urolithin A
has a protective effect on p-gal-damaged kidney tissues in mice.

It has been confirmed that the p-gal-induced aging process
in mice is related to apoptosis, so we analyzed the protein levels
of cleaved caspase-3, Bax and Bcl-2 by western blotting.**** The
Bcl-2 protein is a key factor in the inhibition of apoptosis; it is
a known factor in cell aging, and its overexpression can effec-
tively prevent the apoptosis induced by hydrogen peroxide, free
radicals and microbial contamination.?® On the other hand, the
main function of Bax is to accelerate apoptosis and, together
with Bcl-2, regulate cell apoptosis. However, the core molecule
in apoptosis is cleaved caspase-3 (a cysteine protease), which is
known to be mainly in charge of the execution of apoptosis.'®*”
It has commonly been believed that Bax acts downstream of
cleaved caspase-3 activation, and thus, apoptosis is inhibited by
the downregulation of cleaved caspase-3, which plays an irre-
placeable role in apoptosis.*® Our results showed that urolithin
A intervention significantly downregulated Bcl-2 and Bax

This journal is © The Royal Society of Chemistry 2020
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protein expression and upregulated the expression of cleaved
caspase-3. These data suggested that urolithin A treatment
exerted an antiapoptotic effect in p-gal-induced liver and kidney
injury by reducing the Bax/Bcl-2 ratio, which is viewed as a key
indicator of cell survival and the inhibition of the activation of
cleaved caspase-3.*>* However, the above all about anti-
apoptotic effect of urolithin A may need to be further analyzed
and confirmed due to lacking of total/uncleaved caspase-3
results (a key factor of apoptosis in mammals), which was
a limitation for our study.

Conclusion

The present work demonstrates the improvement of urolithin A
on liver and kidney dysfunction and histopathologic changes in
p-gal-induced aging mice from the in vivo experimental results.
The mechanism may be through enhancing the liver and kidney
antioxidant capacity and attenuating the inflammatory
response and apoptosis. Thus, urolithin A might have potential
for further development into a promising pharmaceutical
candidate for the treatment of age associated diseases.
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