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Abstract: Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder charac-
terized by a complex pathophysiology and a range of symptoms. The prevalence increases with age,
putting the ageing population at risk. Disease management includes the improvement of symptoms,
the comfort of the patient’s life, and palliative care. As there is currently no cure, growing evidence
points towards the beneficial role of polyphenols on neurodegeneration. Numerous studies indicate
the health benefits of the family of urolithins, especially urolithin A (UA). UA is a bacterial metabolite
produced by dietary ellagitannins and ellagic acid. An expanding body of literature explores the
involvement of the compound in mitochondrial health, and its anti-inflammatory, anti-oxidant, and
anti-apoptotic properties. The review organizes the existing knowledge on the role of UA in health
and diseases, emphasizing neurodegenerative diseases, especially PD. We gathered data on the po-
tential neuroprotective effect in in vivo and in vitro models. We discussed the possible mechanisms
of action of the compound and related health benefits to give a broader perspective of potential
applications of UA in neuroprotective strategies. Moreover, we projected the future directions of
applying UA in PD management.

Keywords: urolithin A; ellagitannins; Parkinson’s disease; gut microbiota; neuroprotection;
mitochondria

1. Introduction

Neurodegenerative disorders, including primarily Alzheimer’s disease (AD) and
Parkinson’s disease (PD), represent a great threat to the ageing society. PD alone affects up
to 3% of individuals over 65 years old and its prevalence is expected to increase by 50%
by 2030 [1]. PD is a chronic human neurodegenerative disorder characterized by motor
dysfunction. The disorder is described as a significant loss of dopaminergic neurons. A
characteristic feature is the presence of Lewy bodies, caused mainly by the accumulation
and aggregation of the amyloid formation of the x-synuclein protein, which spreads
in the brain over time [2]. A substantial body of human and experimental evidence
supports a prion-like mechanism of x-synuclein transmission that explains a slow and
progressive spread of the pathology between brain regions in PD [3]. The treatment for
PD is symptomatic, and is focused on improving motor symptoms and the comfort of the
patient’s life. Palliative care is also a part of disease management, as no cure is currently
available [4].

Meanwhile, there is ongoing research and growing evidence of the beneficial role of
dietary polyphenols on the neurodegenerative process. The neuroprotective role is related
to antioxidant, anti-inflammatory, and anti-apoptotic properties [5]. Ellagitannins and
ellagic acid are polyphenols that occur naturally in pomegranates, strawberries, raspberries,
walnuts, and almonds. The compounds are substrates of colonic bacteria’s transformation to
urolithins. Urolithins are a family of microbial metabolites with potent biological activity [6].
However, the appropriate colon bacteria composition determines the ability to metabolize
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the specific polyphenols to urolithins. The production of urolithins depends on the age,
health status, and dietary intake of the host [7]. Even though there are other types of
urolithins, urolithin A (UA) is the most abundant and widely studied due to its benefits in
health and disease [8].

In vivo studies on animal models explore the potential favorable effects of UA on
ageing, muscle dysfunctions, cardiovascular disease, inflammatory bowel diseases (IBD),
cancer, metabolic disorders, and brain health [8-13]. Regarding the latter, administration of
the compound has been assessed mainly in AD and ischemic neuronal injury resulting in
improved cognition, reduced neuroinflammation, neuronal loss, tau phosphorylation, and
amyloid plaques [14-17]. Despite the promising research related to the cases mentioned
above, there is still a gap in experimental in vivo models of PD.

Taking into consideration the issues mentioned above, this review aims to organize the
existing knowledge and explore the future directions of the role of UA in PD management.
The review emphasizes the analysis of the studies focused on the potential neuroprotective
effect of this bacteria-derived natural compound, especially in the context of PD. As the data
are limited, we also presented possible mechanisms of the action and related other health
benefits of UA to support its potential of neuroprotective activity, and to give a broader
perspective of potential applications of this compound in PD. Moreover, we discussed
a few studies on the antiparkinsonian effects of pomegranate juice treatment which was
associated with the presence of UA.

2. Urolithin A Production and Mechanism of Action
2.1. Urolithins Metabolic Pathways

Urolithins, a class of organic compounds containing benzo-coumarin scaffolds, are
metabolites of ellagitannins and ellagic acid produced by the gut microbiota. These polyphe-
nols are found in plant products, mainly in pomegranates, berries, walnuts, and almonds,
but also in some tropical fruits, medicinal plants, and herbal teas [7,18]. The bioavailability
of ellagitannin is very low; however, their absorption may be increased by the co-intake of
dietary fructooligosaccharides. The concentration of the compounds in the blood serum
can also be modified by their dosage, duration of administration, post-intake time, and
type of diet [7,19]. In the intestines, ellagitannins go through extensive metabolism by the
bacteria [20]. The individual microbial composition determines the ability of the microbiota
to convert natural polyphenols to urolithins [21]. It is noteworthy that the formation of
urolithins also declines with age. Even though studies were conducted to identify the gen-
era responsible for ellagitannins and ellagic acid conversion to urolithins, specific bacteria
are still unknown [7,8].

The catabolic pathway of ellagitannins and ellagic acid to urolithins includes lactone-
ring cleavage, decarboxylation, and dehydroxylation reactions. Firstly, ellagitannins are
hydrolyzed to ellagic acid by bacterial enzyme tannases. The extensive metabolism re-
sults in the creation of pentahydroxy-urolithin (urolithin M5), tetrahydroxy-urolithins
(urolithin D, urolithin E, and urolithin M6), trihydroxy-urolithins (urolithins C and urolithin
M?7), dihydroxy-urolithins (urolithin A and isourolithin A), and monohydroxy-urolithin
(urolithin B) [7,20]. In recent years, four more urolithins (M6R, M7R, CR, and AR) have
been detected in human urine and/or fecal samples [22] (Figure 1). Urolithins A and B
are the most abundant products of the pathway; however, UA is the most extensively
studied [8]. After the absorption of UA into the bloodstream, the metabolite goes through
the process of phase I and II metabolisms, including methylation and conjugation, with
glucuronide and sulfate conjugates being the predominant compounds. The role and
biological activity of UA conjugates are not yet fully known; nevertheless, in vitro studies
suggest that their activity might be lower in comparison with UA [23]. Urolithins can
concentrate in human biological fluids, including blood plasma (0.003-5.2 uM), urine (up
to 50 uM), and breast milk (8.5-176.9 nM) [24]. Human and animal model studies report
tissue and organ distributions of the compounds, including adipose tissue, brain, skeletal
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muscles, mammary tissue, kidneys, lungs, bladder, bone marrow, and organs along the
gastrointestinal tract [25-29].
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Figure 1. Catabolic pathway of ellagitannins and ellagic acid to urolithins. 5-OH, 4-OH, 3-OH, 2-OH,
and 1-OH refer to the number of hydroxyl groups for each urolithin group—penta-, tetra-, tri-, di- and
monohydroxy urolithins, respectively. The blue font refers to new urolithins generated by a bacterial
3-dehydroxylase. The purple and red circles designate the final urolithins produced in UM-A and
UM-B, respectively. Uro-AR can be found in both metabotypes. Adapted from [7].

Intestinal conversion of urolithin precursors requires a specific gut microbiome, yet
it is not entirely identified. It is believed that only 40% of individuals could naturally
convert the polyphenolic precursors to UA [30]. Three metabotypes associated with the
final urolithin products have been proposed: metabotype A (with only UA produced),
metabotype B (UA, urolithin B and isourolithin A produced), and metabotype 0 (urolithin
non-producers) [31]. The percentage of individuals unable to generate urolithins across
ages 5 to 90 years is predicted to persist at 10%, and it can be affected by the state of
dysbiosis [30]. Therefore, dietary supplementation is proposed to omit the requirement
of the specific gut bacteria composition. The administration of UA is proposed to be an
answer for urolithin non-producers, which could allow for the exploration of its health
benefits [32].
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2.2. Mechanism of Action
2.2.1. Mitophagy and Mitochondrial Functions

Engagement in mitochondrial homeostasis is observed to be the coherent point in
the in vivo model studies based on different types of animals and humans. One of the
key modulators in the regulation of mitochondrial health is mitophagy. Mitophagy relates
to the elimination of dysfunctional mitochondria in a selective autophagy process [33].
The process elevates the quality of the cellular mitochondria pool and is related to the
creation of new organelles. The impairment of the process is related to ageing and several
age-related diseases. The inhibition of mitophagy impacts mitochondrial homeostasis and
could accumulate damaged organelles, resulting in cell damage [34].

UA’s beneficial role is related to the activation of several molecular pathways of
mitophagy. In Caenorhabditis elegans, the administration of UA resulted in increased
expression of genes responsible for mitophagy and autophagy [15,29,35]. The enhancement
of the process in nematodes resulted in decreased accumulation of damaged organelles
and increased mitochondrial biogenesis [29,35]. The involvement of the nuclear factor
erythroid-derived 2-like 2 (Nrf2) homolog—skn-1 transcription factor was indicated to
coordinate the regulation of mitophagy and mitochondrial biogenesis. The UA-induced
mitophagy in worms contributed to maintaining mitochondrial respiratory capacity during
ageing, related to extended lifespan and increased mobility. The robust mitochondria were
able to sustain energy needs related to shifting respiration from complex I to complex
II, as demonstrated in mammalian cells. In aged rodents, supplementation of UA also
promoted mitophagy in the muscle of both young and old animals, accompanied by
increased transcripts of mitophagy genes and ubiquitinated mitochondrial proteins in
muscle tissues [29]. Similar outcomes were observed in models of Duchenne muscular
dystrophy (DMD). In dystrophic worms, UA increased both mitochondrial quality and
content, protecting against disease-associated muscle fiber degeneration and, as a result,
increased motility of the dystrophic worms was observed. UA induced mitophagy-related
genes and increased mitophagy flux in both human myoblasts from MDM patients and
muscle tissues from dystrophic mice. Accordingly, enhanced mitophagy in DMD mice
resulted in greater skeletal muscle respiratory capacity and improved cell regeneration
and recovery [35]. Moreover, in a mouse model of AD, UA administration stabilized
PTEN-induced kinase 1 (PINK1), reporting the protective role of mitophagy in neurons and
microglia [15]. PI3K/Akt/mTOR-regulated autophagy was demonstrated to be involved
in improving pancreatic [3-cell function after UA administration in a mouse model of type
2 diabetes [36].

2.2.2. Anti-Inflammatory Activity

A substantial body of research revealed the anti-inflammatory activity of UA. As
some diseases, including those related to ageing, are associated with chronic, low-grade
inflammation, UA’s ability to modulate inflammatory response is especially investigated [7].
Several animal studies explored the anti-inflammatory mechanism, including the mod-
ulation of genes, proteins, and signaling molecules. UA administration downregulated
inflammatory cytokines/chemokine and immune cells in mice with cisplatin-induced
nephrotoxicity [37] and resulted in reduced levels of the endoplasmic reticulum stress (ERS)
markers, phosphorylated mitogen-activated protein kinase 8 and pro-inflammatory inter-
leukins in obese mice [27]. Importantly, in mice fed a high-fat diet (HFD), UA promoted M2
polarization of peritoneal macrophages, thereby mediating attenuated inflammation [27].
In mouse models of colitis, UA administration led to a decrease in the same serum inflam-
matory markers and colonic neutrophil infiltration attributed to inhibited myeloperoxidase
(MPO) activity. These effects were accompanied by enhanced gut barrier integrity [38].
Similarly, the improvement of the inflammation-induced intestinal barrier damage through
modulation of the tight junction proteins’ expression was reported; however, epithelial cell
models were employed [39]. Moreover, plasma IL-13 and TNF-« decreased, while IL-10
increased in diabetic mice after the administration of UA [36]. Also, UA treatment resulted
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in a decrease in neuroinflammation, reducing the levels of cerebral TNF-« and IL-6 and
increasing IL-10 in AD mice accompanied by attenuated gliosis [15,16]. The restoration of
neuronal mitophagy was indicated to enhance the phagocytic efficiency of microglia [15].
UA inhibited the activation of dendritic cells and microglia in the central nervous system
(CNS) and the migration of pathogenic T cells from the periphery to the CNS in an experi-
mental autoimmune encephalomyelitis (EAE) animal model [40]. The anti-inflammatory
ability of UA might also be related to the suppression of phosphatidylinositol 3-kinase
(PI3-K)/ Akt/NF-kB and JNK/AP-1 signaling pathways, the abolishment of which resulted
in the suppression of pro-inflammatory mediator production in lipopolysaccharide (LPS)-
stimulated RAW264 macrophages [41]. In colitis and EAE mice, the anti-inflammatory
effects were connected to the direct targeting of the aryl hydrocarbon receptor (AhR) and
modulating the signaling pathways contributing to the inhibition of Th17 differentiation
and the activation of dendritic cells and to a reduction in the inflammation barrier functions,
respectively [38,40].

2.2.3. Antioxidant Activity

Another possible mechanism of action is the beneficial role of the compound against
oxidative stress. Studies have explored several processes that may correlate with the reduc-
tion of oxidative stress markers [7,8,12]. Pretreatment with UA or its natural precursors
before oxidative stress exposure was reported to impact the performance of the antioxidant
defense system [26,37]. The presence of UA upon administration of pomegranate juice, a
rich source of ellagitannins, was associated with the increased activity of catalase (CAT),
glutathione peroxidase (GPx), and glutathione S-transferase (GST), and a reduced level of
glutathione (GSH) in the brains of rotenone-challenged rats [26]. Moreover, decreased lipid
peroxidation accompanied by elevated activity of the mitochondrial enzyme protecting
against oxidative stress—aldehyde dehydrogenase—was demonstrated [26]. Similar an-
tioxidant effects were obtained in the cisplatin-induced nephrotoxicity model in mice [37].
UA administration protected against the cisplatin-induced depletion of the renal GSH pool,
the inhibition of GPx and superoxide dismutase (SOD) activity, and a decrease in the gene
expression of NADPH oxidase 2, which was the main source of oxidative stress in this
model. As a result, declined lipid peroxidation and protein nitration were observed [37].
Similarly, UA enhanced the hepatic expression of SOD1 and SOD2 genes in obese mice [27]
and augmented the pancreas” GSH level, protecting against lipid peroxidation and diabetic
mice [36]. In neuro-2a (N2a) cells subjected to oxidative stress, UA not only enhanced the
cellular antioxidant mechanism attributed to increased CAT, SOD, glutathione reductase
(GR), and GPx activity, but also inhibited oxidizing enzymes contributing to reactive oxygen
species (ROS) production and directly scavenged radicals [42]. Moreover, UA was demon-
strated to efficiently reduce the formation of advanced glycation end products, which
interact with neuron cell surface receptors, triggering oxidative stress and inflammation,
subsequently leading to neuronal dysfunction [43,44].

Beneficial effects of UA, including antioxidant activity, are believed to be mediated
through the activation of the Nrf2/Kelch-like ECH-associated protein 1 (Keap1) signaling
pathway [45]. Nrf2 is the transcription factor regulating the expression of antioxidant
proteins engaged in the protection of cells and tissues against oxidative damage [7]. UA
supplementation was reported to induce the expression of the pathway [38,46].

The available literature supports the use of UA to modulate oxidative stress and
alleviate cell damage through different mechanisms [12]. As many diseases, including
age-related disorders, are connected with the decreased activity of antioxidant enzymes and
increased oxidative damage due to excessive ROS production, UA might be a promising
active agent [42]. However, the antioxidative-related health benefits of the compound
need further investigation, especially given earlier contradictory in silico findings on its
inhibitory effect on GR, SOD, CAT, GST, and GPx by interfering with their active catalytic
sites [47].
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2.2.4. Apoptosis-Modulating Activity

Interest has been generated in the ability of UA to regulate apoptosis. A recent review
of the literature on this topic found that UA administration can affect both pro- and anti-
apoptotic pathways with related anticancer or cell-loss-protecting effects, respectively [7].

The compound inhibited the pro-apoptotic pathway in both in vivo and in vitro
models [16,37,48-50]. UA administration to cisplatin-injected mice attenuated the activity
of renal caspase 3 activity and DNA fragmentation [37]. The inhibition of renal oxidative
stress and apoptotic signaling in the cisplatin-induced acute kidney injury (AKI) mice
model, accompanied by normalization of miRNA (miR-192-5p and miR-140-5p) implicated
in AKI, resulted in improved survival rates [48]. Interestingly, in the APP/PS1 mouse model
of AD, UA inhibited neuronal apoptosis in the cortex and hippocampus and enhanced
neurogenesis at the same time [16]. In human neuroblastoma SH-SY5Y cells, UA treatment
decreased oxidative-stress-induced apoptosis by preventing caspase-3 and 9 activation [49].
Similarly, UA decreased oxidative-stress-induced apoptosis in SK-N-MC cells by inhibiting
the mitochondrial-related apoptosis pathway [50].

UA administration could also promote apoptosis. A growing body of literature sug-
gests that UA is an anti-cancerogenic agent due to the modulation of the expression of genes,
proteins, and signaling pathways involved in apoptosis induction [7,13,20]. In colorectal
cancer cells, UA administration elevated the expression of the pro-apoptotic proteins (p53
and p21) and reduced anti-apoptotic protein expression (Bcl-2) [51]. Similarly, UA increased
P53 and p21 protein expression in prostate cancer cells, inducing apoptosis [52]. Also, UA
suppressed the viability of hepatocellular carcinoma HepG2.2.15 cells due to the activation
of caspase-dependent apoptotic signaling by targeting the Lin28a/let-7a axis [53].

The induction of cell deaths and expression of relevant proteins is believed to depend
on the cell type [8,12]. This suggests that UA is a promising compound with many potential
biological activities. However, more research is needed to establish the specific actions in
the different physiopathological settings [7,8].

The discussed data on the biological activities of UA has been gathered and presented
below (Table 1).

Table 1. Biological activities of UA demonstrated in in vitro and in vivo model studies.

Dose and Route of

Administration Experimental Model Outcomes References
Mitophagy and mitochondrial functions
y 1 F-PINK-1, Parkin, Beclin-1, Bcl2L.13, AMBRA1,
50 uM SH-SY5Y cells and p-ULK1(Ser555) [15]
71 relative neuronal mitophagy level
. 1 mitophagy events
200 m%/kg /?l’ll'g" for 6-month-old APP/PS1 mice | damaged mitochondria [15]
months 1 F-PINK-1
in brain tissue
. 71 relative neuronal mitophagy level
200 m‘(’;/:;%g?l’lsl'g" for 13-month-old 3 x TgAD mice 1 mitophagy events [15]
in brain tissue
1T mRNA of the autophagy genes Bec-1, Sqst-1 and
Vps-34
i T mRNA of the mitophagy genes Pink-1, Dct-1
S0 M, 1a (()1 (lilbltum’ for Caenorhabditis elegans T mRNA of the mitophagy and biogenesis gene [29]
ays Skn-1

in muscle tissue
GFP-LGG-1-positive punctae
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Table 1. Cont.
szlen?ir:ilslt{r(:tlit:n()f Experimental Model Outcomes References
1 LC3-1I/LC3-I, p-AMPK«
1 SQSTM-1, Ub in mitochonfrial fraction
1 autophagosomes
00 WSy - 2
J mt DNA/nDNA
1 mt chain subunits
1 ClII-driven respiration
1 LC3-1I/LC3-1
J SQSTM-1
1T mRNA of autophagy genes Becn1, Ulk1, Pik3c3,
50 mg/kg/d, p.o., for ) . . Atg8l, p62, Atgh, Atg7, Atg12, Le3b, LAMP2
34 weeks 16-month-old C57BL/6] mice 1T mRNA of mitophagy gene Park2 (291
T p-AMPK
1T Ub/SDHA, Ub/VDAC
in muscle tissue
mRNA of mitopha enes Pink1, Pdr-1, Dct-1
phagy g
TmRNA of autophagy genes Bec-1, Vsp-34
50 mg/kg/d, p.o., for Caenorhabditis elegans /DMD 1 mitochondrial network [35]
10 weeks model 1 mitochondrial respiration
7T citrate synthase activity
1T mtDNA /nDNA in mucle tissue
1T mRNA of mitophagy genes Pink1, Park2, Park7, and
. Bnip3
>0 mg{(l;g/ d,kp 0., for 13-week-oldmm<ciixlm1ce/DMD 1 mRNA of autophagy genes Sgstm-1 and Becnl [35]
weeks ode 1 p-S65-Ub, BNIP3, PARKIN, VDAC
1 mt LC3-II in mucle tissue
Primary myoblast cells 1T mRNA of mitophagy genes PINK1, PARK2, PARK?7,
2 uM derived from DMD patient: and BNIP3 [35]
ertved ro patients 1T mRNA of autophagy genes SQSTM-1, BECN1
1 LC3I1/1, beclinl, ATGS5,
. 10-week-old C57BL/6 J SQSTM-1
50 mggk‘/%é:l;;'g" for mice/STZ-induced model of 1 p-AKT, mTORC1 [36]
type 2 diabetes | mitochondrial swelling
in pancreatic tissue
Anti-inflammatory activity
J$ IL-6, IL-13, and TNF-«x in serum
1 MPO activity
20 mg/kg, p.o., 10-day  C57BL/6 mice/DSS-induced 1 ZO-1, Ocln, Cldn4 [10]
post-treatment acute colitis 1 F4/80* CD11b*, CD4* cells
1 CD11c*, T-reg cells
in the mesenteric lymph node
J TNF-, IL-6 1 IL-10
200 mg/kg/d, i.g., for 6-month-old APP/PS1 AD in brain tissue [15]
2 months mice } TNF-«, IL-6 1 IL-10
in microglia
1 mRNA of Tnfw, 116 and 1118
300 mg/kg/d, p.o., for 28-week-old APP/PS1 AD J TNF-«, IL-6 and IL-1p3 [16]
14 days mice J IBA1 and GFAP

in brain tissue
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Table 1. Cont.
szlen?ir:ilslt{r(:tlit:n()f Experimental Model Outcomes References
J II18 mRNA
1 p-elF2«, p-ERK
1 IkBa LC3I/11
20 pg/d, i.p., for . in liver tissue
12 weeks C57BL/6 mice/HFD 1 M1 polarization (mRNA of Cd11c, Tnfw, 1l6, II1B, (271
and Mcp1)
T M2 polarization (mRNA of Ch3I3 and Mgl2)
in peritoneal macrophages
. 10-week-old C57BL/6 J IL-1B, TNF-«
50 mggkﬁégl;;-g-, for mice/STZ-induced model of 1 1L-10 [36]
type 2 diabetes in plasma
. C57BL/6 mice, 1 CD11b positive monocyte/macrophage
100mg/kg/d,ip. for cisplatin-induced | mRNA of Tfw, 1123, 1118, Mip2 [37]
y nephrotoxicity model in kidney tissue
20 mg/kg/d, p.o., on C57BL/6 mice/DSS-, J IL-6, IL-18, and TNE—a in serum
4th and 6th day of DSS ! " 1 MPO activity [38]
TNBS-induced colitis . ’
cycle J Cldn4 in colon tissue
Caco-2 and +TER
150 and 250 uM HT-29/B6/TNFa-induced . [39]
. } claudin-2
barrier loss models
1 GFP+ cells
in the brain and spinal cord
25mg/kg/d, p.o., . J Ml-type microglia
20 days C57BL/6 mice/EAE model | CD11c+ cells infiltrated into CNS (401
| CD45Mgh CD11b+, CD45°" CD11b+, CD11b+
MHCII+, CD11b+ TNF-a+, CD11b+ CD16/32+ cells
J TNF-«, IL-6, NO~, iNOS
| intracellular peroxides
10,40 uM, 2 h LPS-stimulated RAW264 J NADPH oxidase activity [41]
pretreatment macrophages J DNA binding activity of NF-«B and AP-1
1 NF-kB (p65) 1 IkBo
1 ¢-Jun, p-c-Jun, p-Akt, p-JNK, p-p38
Antioxidant activity
20 pug/d, i.p., for C57BL /6 mice/HFD T mRNA Qf Soo?l and Sod2 [27]
12 weeks in liver tissue
. 10-week-old C57BL/6
50 mg/kg/d, i.g, for mice/STZ-induced model of . TGSH | MPA [36]
8 weeks . in pancreas tissue
type 2 diabetes
1 CAT, GPx, SOD activity
. C57BL/6 mice, 1 GSH
100 mg /5k§;ds’ ip., for cisplatin-induced 1 GSSG, HNE, protein nitration, DNA [37]
¥ nephrotoxicity model fragmentation, Nox2 mRNA
in kidney tissue
1 CAT, SOD, GR, GPx activity
05,1,2,4 uM N2a cells/H,0, 1 ROS production, TBARS [42]
Apoptosis-modulating activity
. ’ ) 1T NeuN™ cells
300 mg/kg/d,i.g., for 28-week-old APP /PS1 AD | TUNEL* cells [16]
14 days mice

in brain tissue
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Table 1. Cont.

Dose and Route of

Administration Experimental Model Outcomes References
. C57BL/6 mice, | caspase 3 activity
100 mg /51(§;ds’ iLp., for cisplatin-induced J DNA fragmentation [37]
y nephrotoxicity model in kidney tissue
: +
.50 mg/kg,ig., C57BL/6] J PARP1, TUNEL™ cells
3 times/week up to mice/ cisplatin-induced AKI 1 Bcl-2 (48]
19 days p in kidney tissue
10 uM, 6 h : 1 apoptotic cells
pretreatment SH-SYSY cells/H,O, J caspase-3, -9 (491
J Bax/Bcl-2
1'25; ez’;fé:t;ﬁ; t6 h SK-N-MC cells/H,0, | cytochrome c, caspase-3, -9 [50]
p | PARP
T apoptotic cells
1 ytochrome ¢, caspase-3, -9
25,50, 100 uM HT29, SW480, SW620 cells T p53, p21, XIAP [51]
J Bcl-2
G2/M phase arrest
. 1 p53, p21, MDM2
Treated with 40, 80 uM LNCaP, 22RV1, PC3 cells + PUMA and NOXA [52]
1 caspase-3
80 uM HepG2.2.15 cells | Bax/Bcl-2 [53]

T increase; | decrease; AMBRA1, Autophagy and Beclin 1 Regulator; AP-1, Activator protein 1, APP/PS1, Amy-
loid precursor protein/presenilin 1; Atgl2, Autophagy-related protein 12; Atg5, Autophagy-related protein 5; Atg?7,
Autophagy-related protein 7; Atg8l, Autophagy-related protein 8l; Bax, Bcl-2 associated X protein; Bcl-2, B-cell lym-
phoma 2; BcI2L13, Bcl2 like protein13; Bec-1, ortholog of human BECN1/Beclin 1; Becnl, Beclin-1 gene; Bnip3, Bcl-2

interacting protein 3; c-Jun, transcription factor Jun; CAT, Catalase; CD11b, Integrin alpha M; CD11c, Integrin alpha X;
CD16/32, IgG Fe receptor III (FcR III) /IgG Fe receptor I FeR II; CD4, CD4 T lymphocytes; CD45, Leucocyte common

antigen; Ch3l3, Chitinase-like 3 protein; CII, Complex II; Cldn4, Claudin 4; CNS, Central nervous system; Dct-1,
Dopachrome Tautomerase; DMD, Duchenne muscular dystrophy; DSS, Dextran sulfate sodium; EAE, Experimental

autoimmune encephalomyelitis; F4/80, Membrane glycoprotein; F-PINK-1, Full length PTEN-induced kinase 1; GFAP,
Glial fibrillary acidic protein; GFP-LGG-1, Green fluorescent protein—C. elegans Microtubule-associated proteins 1A /1B

light chain 3B (LC3); GPx, Glutathione peroxidase; GR, Glutathione reductase; GSH, Reduced glutathione; GSSG,
Oxidized glutathione; HFD, High fat diet; HNE, 4-Hydroxynonenal; IBA1, Ionized calcium-binding adaptor molecule

1; IL-1B3, Interleukin-1p3; IL-10, Interleukin-10; IL-18, Interleukin-18; IL-23, Interleukin-23; IL-6, Interleukin-6; iNOS,
Inducible nitric oxide synthase; IkBx, Nuclear factor-«B inhibitor alpha; LAMP2, Lysosomal Associated Membrane

Protein 2; LC3-1, Cytosolic form of microtubule-associated protein 1A /1B-light chain 3; LC3-II, Membrane-bound form

of microtubule-associated protein 1A /1B-light chain 3; Lc3b, Microtubule-associated proteins 1A /1B light chain 3B; LPS,
Lipopolysaccharides; M1, Type of classically activated macrophages; M2, Type of alternatively activated macrophages;
Mcp1, Monocyte chemoattractant protein-1; MDA, Malondialdehyde; MDM2, E3 ubiquitin-protein ligase that mediates

ubiquitination of p53/TP53; Mgl2, Macrophage galactose N-acetyl-galactosamine specific lectin 2; MHCII, The major
histocompatibility complex class II; MIP2, Macrophage inflammatory protein-2; MPO, Myeloperoxidase; mTORC1,
Mammalian target of rapamycin complex 1; mt-, mitochondrial; N2a, neuro-2a cells; NADPH, Nicotinamide adenine

dinucleotide phosphate; NeuN, Neuron-specific nuclear protein; NF-kB, Nuclear factor kappa-B signaling pathway;
NO-, Nitric oxide anion; NOX2, NADPH oxidase 2; NOXA, Transcriptional target of p53; Ocln, Occludin; p-AKT,
Phosphorylated protein kinase B; p-AMPK, Phosphorylated AMP-activated protein kinase; p-AMPK«, Phosphorylated
AMP-activated protein kinase alpha; p-c-Jun, Phosphorylated transcription factor Jun; p-e[F2«, Phosphorylated eukary-
otic translation initiation factor 2A; p-ERK, Phosphorylated extracellular signal-regulated kinase; p-JNK, Phosphorylated
c-Jun N-terminal kinase; p-p38, Phosphorylated mitogen-activated protein kinase; p-565-Ub, PINK1-phosphorylated
ubiquitin; p-ULK1(Ser555), Phosphorylated at Ser555 serine/threonine-specific protein kinase; p21, cyclin-dependent
kinase inhibitor; p53, Tumor suppressor critical for apoptosis; p62, Autophagic adaptor; p65, nuclear factor NF-kappa-B
P65 subunit; Park2, Parkin RBR E3 ubiquitin protein ligase; Park?, Parkinsonism associated deglycase; Parkin, 465-amino
acid residue E3 ubiquitin ligase protein; PARP, Poly (ADP-ribose) polymerase; PARP1, Poly (ADP-ribose) polymerase
1; Pdr-1, E3 ubiquitin-protein ligase parkin; Pik3c3, Phosphatidylinositol 3-kinase catalytic subunit type 3; Pink-1,
PTEN-induced kinase 1; PUMA, p53 upregulated modulator of apoptosis; ROS, Reactive oxygen species; SDHA,
Succinate Dehydrogenase Complex Flavoprotein Subunit A; Skn-1, Negative Regulator of DAF-16; SOD, Superoxide
dismutase; SOD1, Superoxide dismutase type 1; SOD2, Superoxide dismutase type 2; SQSTM-1, Sequestosome 1;
STZ, Streptozotocin; TBARS, Thiobarbituric acid reactive substances; TER, Transepithelial resistance; TNBS, 2,4,6-
trinitrobenzenesulfonic acid; TNF-«, Tumor necrosis factor alpha; TUNEL, Terminal deoxynucleotidyl transferase dUTP
Nick-End Labeling; Ub, Ubiquitin; Ulk1, Unc-51 Like Autophagy Activating Kinase 1; VDAC, Voltage Dependent Anion
Channel 1; Vps-34, Phosphatidylinositol 3-kinase; XIAP, X-linked inhibitor of apoptosis; ZO-1, Zonula occludens-1.
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Ellagitannins and
ellagic acid
consumption

Urolithin A
administration

The contribution of these mechanisms (Figure 2) to health and diseases requires further
study to understand the impact of UA in these areas.

Mitophagy and
mitochondrial functions
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Figure 2. Urolithin A mechanisms of action. Ellagitannins and ellagic acid are polyphenols that occur
naturally in dietary products like pomegranates, berries, and nuts. The compounds are substrates of
colonic bacteria transformed into urolithins. However, it is estimated that only 40% of individuals
could naturally convert the polyphenolic precursors to UA. Thus, UA administration is proposed as
an answer for urolithin non-producers. In vivo and in vitro experiments suggest the health-promoting
activity of UA. The effects of the compound are related to different mechanisms of action, including
engagement in mitochondrial function and the process of mitophagy, inflammation, oxidative stress,
and the modulation of the apoptosis process. Created with BioRender.com.

3. Urolithin A in Health and Diseases

The impact of UA has been observed in a variety of different health conditions, includ-
ing in in vivo and in vitro models. The research provides evidence of anti-inflammatory,
antiapoptotic, and antioxidant properties, as well as cardioprotective and neuroprotective
effects of the metabolite [8]. Many studies describe its beneficial effects in aging, muscle
dysfunction, IBD, the nervous system, cardiovascular diseases, metabolic dysfunctions,
and cancer [7]. Despite the promising in vivo results, the direct evidence of the health
advantages and mechanisms of action of UA are still open to dispute.

The research on the properties attributed to UA exposure or administration, including
animal models, increased in the last decade. Experiments show improvement in muscle
strength, mobility, and exercise performance both in natural ageing [29,54,55] and regener-
ative ability in a DMD mice model [35]. The lifespan extension following UA treatment
was dependent on the improvement of mitochondrial function [29,35], mitophagy, and
autophagy [55], and the upregulation of angiogenic pathways via the Sirt1-PGC-1x mecha-
nism [54] (Tables 1 and 2). Furthermore, randomized, placebo-controlled trials including
middle-aged [11] and older adults [56] came to similar conclusions. Human research
reported that UA oral supplementation was safe and well-tolerated. In both studies, the in-
tervention resulted in improved mitochondrial health, decreased levels of plasma markers
of metabolism disorders (acylcarnitines), and systemic inflammation, including C-reactive
protein and pro-inflammatory cytokines, as well as a significant enhancement in muscle
endurance and strength [11,56] (Table 2).
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Table 2. Biological effects of UA in different health conditions and diseases.

Dose and Route of

Experimental Model Outcomes

References

Administration
Longevity
Tmuscle strength, aerobic-endurance, physical
500 mg or 1000 mg/d,  Middle-aged adults between iperflorr;;ai?icr:le [11]
p-o. for 4 months 40 to 65 years old acyca ©s
J CRP, IL-1B, TNF-«, IFNy
in plasma
71 lifespan, mobility,
i T pharyngeal pumping
S0 M, i (()1 Cll;blstum’ for Caenorhabditis elegans 1 mitochondrial respiratory capacity [29]
y J dysfunctional mitochondria
in muscle tissue
T improved muscle morphology
§ : . T motility
50 mg { (l)q‘;lv/ ;ie,kps).o., for  13-week ol(;ln ?éi; mice DMD | muscle fiber degeneration [35]
1 eMyHC, dystrophin
in muscle tissue
10 mg{é(%v/ (i’kz'o" for C57BL/6 mice Tmuscle strength, mobility, and exercise performance [54]
1 muscle endurance, physical performance
1000 mg/d, p.o., for 4 } acylcarnitines, ceramides
months Adults aged 65 to 90 years | CRP [56]
in plasma
5mg/kg/d, p.o.,
10 months in alternate ~ Female B6129SF2 /] and male 1 1if 0 [55]
weeks (1 week on, C57BL/6N]J/aging model espa
1 week off)
Cardiovascular health
1 PINK1/Parkin-dependent mitophagy
50 mgég%j je’kzlo" for C57BL/6 mice/HFD J mitochondrial defects [57]
1 cardiac diastolic function
3mg/kg/d, p.o., for Wistar rats/HFD + ballon TG, iTAGnanIc; LDL 58]
3 weeks injury in the aorta g
} aortic edema
| myocardial infarct sizes
1mg/kg,ip., 24 hand . | TUNEL" cells
1 h pretreatment C57BL/6 mice/H/R T ejection fraction, fractional shortening (591
J CK, LDH in serum
Healthy volunteers 40-65
10 mg/d for 12 weeks years old, UA non-producer 1 EMD score [60]
or low producer
Metabolic dysfunctions
1 hepatic TG
20 pug/d, i.p., for C57BL /6 mice/HFD L IR, adipocyte hypertrophy [27]

12 weeks

J macrophage infiltration into the adipose tissue
+ M1/M2
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Table 2. Cont.
szlen?ir:ilslt{r(:tlit:n()f Experimental Model Outcomes References
g ) J BW
50 mg/kg/d, i.g., for 10-week-old C57BL/6 1 FBG, GHb
mice/STZ-induced model of . . [36]
8 weeks . | pancreatic histopathological damages
type 2 diabetes + HOMA-B
} BW, fat mass
30mg/kg/d,ig., for . | plasma glucose, insulin
10 weeks C57BL/6 mice/HFD 1 thermogenesis in brown adipose tissue [o1]
1 browning of white adipose tissue
13 mg/kg/d, p.o., for DBA2J mice/HFD/HSD + FBG
& g ieeg' v | serum TG, FFA, adiponectin [62]
JIR
Cancer
25-100 uM PC-3 cells, C4-2B cells + cell proliferation [63]
1 apoptosis
553 me //v{:gl lI: .(f)';r C4-2B xenografted mice | tumor volume [63]
?:?5 weeeeks, © PC-3 xenografted mice 1 Ki67, AR, and pAKT in tumor samples
} Cell survival
1 Wnt/ B-catenin signaling; 3-catenin
50-200 pM HepG2 cells 1 ¢-Myg, cyclin D1, p-c-Jun [64]
1 TP53, BAX, PUMA, NOXA, p53, p-p53
T Caspase-3, p-p38
Pretr;f;?iﬁwuh A549, H460, H1299 cells | Sna M fx;ression [65]
1 Colony formation
G2/M arrest (Caco-2, HCT-116)
0.5-10 uM HCT-116, Cac?l—Z, and HT-29 T Senescence-associated —galactosidase activity [66]
cens (HCT-116)
1 p53 and p21Cip1/Wafl expression (HCT-116)
1 Cell growth
30 uM HCT116 cells 1 p53, p21, TIGAR expression [67]
| Proliferation, MMP-9 activity
1 Autophagy, LC3
1.5 uM SW620 cells G2/M arrest [68]
1 Apoptosis, necrosis
Alzheimer’s disease
200 mg/kg/d, i.g., for 6-month-old APP/PS1 AD 1 Cognitive behavior [15]
2 months mice 4 AP 1-40 and 142
300 mg/kg/d, p.o., for 28-week-old APP/PS1 AD J learning and memory deficits [16]
14 days mice 1 AB 42 in the cerebral cortex and hippocampus
5mg/kg/d, p.o.,
10 months in alternate ) . 1 A 42 in hippocampus
weeks (1 week on, 3xTg-AD mice 1 learning and exploratory behavior (5]
1 week off)
30 uM HT?22 cells/ AP oligomers J AR, SQSTM1, LC3 [55]
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Table 2. Cont.
Dose an d Rou'te of Experimental Model Outcomes References
Administration
1 Cognitive behavior
4 AP 1-40 and 142
1 mitochondria fission proteins Drp1, Fisl
1 mitochondria fusion proteins Mfn2, Opal
Intraperitoneal 1 mitochondrial biogenesis proteins PGC1la, Nrfl, Nrf2,
injection, 2.5 mg/kg, g ) . TFAM
3 times per week for 7-month-old hAbKI mice T mitophagy proteins PINK1, Parkin [69]
4 months T synaptic proteins synaptophysin PSD95
1 autophagy proteins ATG5, Beclin, BCL2, LC3B-I,
LC3B-II
J microglia IBA-1, astrocytes GFAP, neuronal NeuN in
brain tissue
Brain injury
2.5,5mg/kg, ip., J infarct volume, NDS
twice sl hand 24 h C57BL/6 mice/MCAO J mRNA of autophagy genes Atf6 and Chop in the brain [14]
before MCAO surgery tissue
. 1 cell viability |LDH
N2a cells, primary cultured
30uM neurons/OGD/R injury T LC3IL [p62 [14]
| mRNA of autophagy genes Atf6 and Chop
J NSS score, brain edema
2.5mg/kg, i.p., J TUNEL*/NeuN" cells
immediately | caspase-3 1 bcl-2
after controlled injury C57BL/6]/CTI 1T LC3-1I/LC3-1 ] p62 [70]
and J p-Akt/Akt, p-mTOR/mTOR, p-IKKa/IKK,
every 24 h for 3 days p-NF«B/NFkB
in the hippocampus
| infarct volume, NDS in hippocampus
15, 2mg kg ip, bspatial memory deficis
twicelhand 24 h Mice/MCAO + cell [71]
before MCAO surgery + TUNEL cells
| Bax, caspase-3, 1 Bcl-2
in the hippocampus
Parkinson’s disease
1 Nissl*, TH neurons
| motor deficits
. 1 p62 1T LC3II/I
7%3amg/r kfr / :{;{pﬁ ) Mice/MPTP | NLRP3, caspase-1, IL-1p [72]
y pretreatme | IBA1*, GFAP* cells in the SN
J NLRP3 inflammasome activation
J neuroinflammation
L p62 1 LC3II/1
1 PINK1 and Parkin
J Tim23 and Tom20
10uM BV2 cells/LPS L mRNA of 118, Tnfx, iNos, and Cox2 (721
J NO, NLRP3, caspase-1, IL-1/3
1T MMP, mitochondrial metabolism
1 cell viability | apoptotic rate
i 1 MMP,
10 uM PC12 cells/6-OHDA 4 Tim23, Tom20 [73]

1 TFAM, PGCl«, SIRT1
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Table 2. Cont.

Dose and Route of
Administration

Experimental Model Outcomes References

10 mg/kg/d, i.p., 7-day

1 Nissl*, TH neurons
J motor deficits

pretreatment C57BL/6] mice/6-OHDA 1 TFAM, PGC1«, SIRT1 (73]
In the SN
Diet exposition (exposure 9-month-old Thy-Lo-syn mice 1 Blood colonic y5 T cells [74]

details not available)

1 novel object recognition

1 increase; | decrease; 6-OHDA, 6-hydroxydopamine; Ang II, Angiotensin II; AR, Androgen receptor; APP/PS1,
Amyloid precursor protein/presenilin 1; ATF6, Activating transcription factor 6; Atg5, Autophagy-related protein
5; A, Amyloid beta; Bax, Bcl-2 associated X protein; Bcl-2, B-cell lymphoma 2; BV-2 cells, microglial cell derived
from C57/BL6 murine; BW, Body weight; c-Myc, proto-oncogene Myc; CHOP, CCAAT-enhancer-binding ho-
mologous protein; CK, Creatine kinase; COX-2, Prostaglandin-endoperoxide synthase 2; CRP, C-reactive protein;
CTI, Controlled Cortical Impact; DMD, Duchenne muscular dystrophy; Drp1l, Dynamin-related protein 1; EMT,
Epithelial-to-mesenchymal transition; eMyHC, Embryonic myosin heavy chain expression; FBG, Fasting-blood-
glucose; FFA, Free fatty acids; Fisl, Fission 1; FMD, Flow-mediated vasodilatation; GFAP, Glial fibrillary acidic
protein; GHb, Glycated hemoglobin; H/R, Hypoxia/reoxygenation; hAbKI, Humanized homozygous amyloid
beta knockin; HFD, High-fat diet; HOMA-{3, Homeostasis model assessment-3; HSD, High Sugar Diet; IBA1,
Ionized calcium-binding adaptor molecule 1; IL-13, Interleukin-1§; IKKe, IkB kinase alpha; INFy, Interferon
gamma; iNOS, Inducible nitric oxide synthase; IR, Insulin resistance; Ki67, Antigen Ki-67; Lc3, Microtubule-
associated proteins 1A /1B light chain 3B; LC3B-I, Microtubule-associated protein 1A /1B-light chain 3B 1; LC3B-II,
Microtubule-associated protein 1A /1B-light chain 3B 2; LDH, Lactate dehydrogenase; LDL, Low-density lipopro-
tein; LPS, Lipopolysaccharides; M1, Type of classically activated macrophages; M2, Type of alternatively activated
macrophages; MCAO, Middle cerebral artery occlusion; Mfn2, Mitochondrial fusion 2; MMP, Mitochondrial mem-
brane potential; MMP-9, Matrix metalloproteinase-9; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; mTOR,
Mammalian target of rapamycin; NDS, Neurological deficit scores; NeuN, Neuron-specific nuclear protein; NF-«B,
Nuclear factor kappa-B signaling pathway; NLRP3, NLR Family Pyrin Domain Containing 3; NO, Nitric oxide;
NOXA, BH3-only BCL2 family protein; Nrfl, Nuclear transcription factor 1; Nrf2, Nuclear transcription factor 2;
NSS, Neurological Severity Score; OGD/R, Oxygen-glucose deprivation/reoxygenation; Opal, Optic atrophy 1; p-
AKT, Phosphorylated protein kinase B; p-c-Jun, Phosphorylated transcription factor Jun; p-IKK«, Phosphorylated
IkB kinase alpha; p-mTOR, Phosphorylated mammalian target of rapamycin; p-NF-«kB, Phosphorylated Nuclear
factor kappa-B signaling pathway; p-p38, Phosphorylated mitogen-activated protein kinase; p-p53, Phosphory-
lated Tumor suppressor critical for apoptosis; p21, cyclin-dependent kinase inhibitor; p53, Tumor suppressor
critical for apoptosis; p62, Autophagic adaptor; p21Cip1/Wafl, Cyclin-dependent kinase inhibitor regulated by
the tumor suppressor p53; Parkin, 465-amino acid residue E3 ubiquitin ligase protein; PC12 cells, cell line derived
from a pheochromocytoma of the rat adrenal medulla; PGCla, Peroxisome proliferation-activated receptor
gamma coactivator 1-alpha; PINK1, PTEN-induced kinase 1; PSD95, Postsynaptic density protein 95; PUMA,
p53 upregulated modulator of apoptosis; SIRT1, Sirtuin 1; N2a, neuro-2a cells; SN, Substantia nigra; SQSTM-1,
Sequestosome 1; STZ, Streptozotocin; TC, Total cholesterol; TFAM, Human mitochondrial transcription factor A;
TG, Triglycerides; TH, Tyrosine hydroxylase; Thy1l-«Syn mouse overexpressing human «-synuclein under the
Thyl promoter; TIGAR, Tumor protein P53-induced glycolysis and apoptosis regulator; Tim23, Mitochondrial
import inner membrane translocase subunit TIM23; Tom?20, Translocase of outer mitochondrial membrane 20;
TP53, Gene encoding protein p53; TNF-«, Tumor necrosis factor alpha; TUNEL, Terminal deoxynucleotidyl
transferase dUTP Nick-End Labeling; Wnt, Wingless and Int signaling pathway.

Meanwhile, the cardioprotective effects of UA include a decrease in risk markers, dias-
tolic cardiac function, and atherosclerotic lesions [57-59]. Cardioprotection might also be
related to improvement in metabolic dysfunctions, including obesity [27,61], diabetes, and
insulin resistance [36,62]. UA administration was responsible for improved insulin sensitiv-
ity, decreased triglyceride accumulation, enhanced thermogenesis in brown adipose tissue,
and the induction of white adipose tissue browning in obese mice. In the type 2 diabetic
mice model, reduced levels of fasting glucose, glycated haemoglobin, interleukins, free fatty
acids in serum, and significantly improved insulin-mediated glucose-lowering effects were
observed after UA supplementation [36,62]. In healthy volunteers, UA intake enhanced
vascular endothelial function that correlated with the alteration of their individual gut
microbiota composition [60] (Table 2).

UA also presented anticancer properties, including antiproliferation, apoptosis pro-
motion, and anti-angiogenesis. UA-inhibited cell proliferation in both androgen receptor-
positive and androgen receptor-negative cells in prostate cancer [63] due to the synergistic
action of p38-MAPK activation and suppression of Wnt/{3-catenin signaling in HepG2
cells [64] and decreased snail protein expression and activity in lung cancer cells [65]. How-
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ever, significant attention was drawn to its activity in colon cancer [20]. Chemopreventive
properties included a dose-dependent anti-clonogenic effect through the increase in the
senescence-associated 3-galactosidase activity [66] and reducing the glycolytic potential
via the p53/TIGAR axis [67]. In colorectal cancer cells, UA enhanced autophagy and apop-
tosis and suppressed cell cycle progression and DNA synthesis [68] (Table 2). Moreover,
enhancing the gut barrier integrity caused by the UA administration may result in potential
protective activities against colitis [10]. Prevention of colitis could be through the activation
of pathways responsible for the upregulation of epithelial tight junction proteins [38] or
protection against immune abnormalities [10] (Table 1).

Urolithin A was demonstrated to be safe, bioavailable, and well-tolerated in the
in vivo animal models but also in human experiments. The variety of potential health
benefits tended to be related to the activation of mitophagy, improvement of mitochondrial
homeostasis, and reduction of inflammation [75]. However, research is focused mostly
on tissue- or disease-specific targets; thus, the potential mechanisms and pathways may
differ [76]. Moreover, there is still a lack of clinical trials that currently deal with promoting
healthy ageing via nutritional intervention [11,56].

4. Urolithin A and the CNS
4.1. Brain Health

For several years, increasing evidence of the neuroprotective properties of UA has
been observed. In middle-aged and older adults with mild memory complaints, drinking
8 ounces of punicalagin-rich pomegranate juice for 4 weeks caused a significant improve-
ment in verbal and visual memory that correlated well with plasma UA-glucuronide
concentration [77]. Urine UA elevation was reported to also be associated with decreased
age-related hippocamp atrophy—a biomarker of neurodegeneration and cognitive de-
cline [78].

4.2. AD and Brain Injury

The above-mentioned favorable effects on the brain observed in humans with elevated
UA levels in fluids make it a candidate preventive agent for neurodegenerative diseases.
This idea is supported by in vivo findings that the administration of the compound im-
proved cognition and reduced amyloid plaques, tau phosphorylation, neuronal loss, and
neuroinflammation [14-17]. Mentioned effects are achievable due to the possibility of the
free form of UA crossing the blood-brain barrier (BBB) in animal model studies [79,80].
However, there is no consensus as to whether the UA conjugates have the same properties
or not [26].

The neuroprotective effect of UA administration was reported against neurodegen-
eration in a wide range of neuronal cell models, whereas the most considerable research
was dedicated to AD and hypoxic-ischemic models. In AD model studies, the beneficial
properties of UA were observed to be caused by the reduction of inflammation and im-
provement of mitochondrial health [15,16,55,69,81]. In mice and C. elegans AD models,
supplementation with UA decreased the amyloid-f plaque burden in hippocampus areas
and the cerebral cortices, which could be related to improved cognition [15,16,55,69,81].
The treatment also improved mitophagy and overall mitochondrial functions of the nerve
cells [15,69]. UA administration was responsible for an increased microglial population,
which contributed to the removal of plaques in APP/PS1 mice. In transgenic tau nema-
todes and mice, UA administration also decreased the phosphorylation of many p-tau
sites, restoring memory impairments [15]. Moreover, inhibited cellular apoptosis in the
cortex and hippocampal and partially restored hippocampal capacity for neurogenesis was
reported in the UA-treated APP/PS1 mice [16]. Due to its anti-inflammatory properties,
UA administration decreased levels of pro-inflammatory cytokines IL6 and TNF-oc in AD
mice [15,16,69]. Animal model studies support the UA’s protective role against amyloid-3
peptide-induced toxicities and its contribution to the prevention of the onset of behavioral
impairments [15,16,55,69,81] (Tables 1 and 2).
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Similarly, the treatment with UA was shown to have protective properties against brain
injuries. UA treatment improved neurological deficit scores and reduced infarct volume or
brain oedema in mice subjected to middle cerebral artery occlusion and moderate contusion
injury [14,70,71]. UA rescued acute ischemic brain injury in mice subjected to middle cere-
bral artery occlusion and alleviated oxygen-glucose deprivation and reperfusion-induced
injury both in N2a cells and primary cultured mice cortical neurons [14,71], and BBB
permeability and neuronal apoptosis in the injured cortex [70]. Even though UA did not ac-
tivate mitophagy, it reinforced autophagy in the injured cortex cells and led to suppressed
ERS and related apoptosis in ischemic cells [14,70]. Moreover, the UA administration
reduced neuroinflammation [70,71]. The neuroprotective effects were mediated by the inhi-
bition of the PI3K/Akt/mTOR and Akt/IKK/NFkB signaling pathways [70], the activation
of cerebral AMPK and IkBa, and the downregulation of Akt, P65NFkB, ERK, JNK, and
P38MAPK [71] (Tables 1 and 2).

4.3. Parkinson’s Disease

PD is a chronic and progressive neurodegenerative disorder characterized by a range
of motor and non-motor symptoms [1]. The pathophysiology of the disease is thought to
relate to a-synuclein aggregation, dysfunction of mitochondria, and neuroinflammation,
which contribute to the process of neurodegeneration. A significant loss of dopaminergic
neurons in the substantia nigra (SN) leads to a dopamine deficiency [2,82]. The developed
imbalance between the direct and indirect pathways through the basal ganglia results in
bradykinesia, slowness of movement and speed, one of Parkinsonism’s cardinal motor
symptoms [83]. The etiology of PD remains multifactorial and complex, involving both
genetic and environmental factors. The incidence and prevalence of the disease increase
steadily with age [84].

Due to the increasing prevalence of the disease in an aging society, decreased life
quality, and no available cure or treatment modifying its progress, there has been con-
stant research for substances with neuroprotective properties [1,84]. In recent years, the
research on the neuroprotective properties of UA has been increasing, mainly involving
animal model studies on AD and brain injuries (Table 2), however only a few studies were
performed using a PD model [72,73]. The findings of several experiments support the bene-
ficial effects of UA on age-related disorders by increasing mitophagy, rescuing apoptosis,
and attenuating inflammatory responses. It is only recently that researchers have begun
to examine these mechanisms of the compound in the pathology of PD. In the study con-
ducted on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)- and 6-hydroxydopamine
(6-OHDA)-induced PD mice models, UA administration resulted in neuroprotective effects.
The treatment protected against motor deficits caused by both neurotoxins. It was accom-
panied by a decreased loss of dopaminergic neurons in the SN [72,73] and ameliorated
neuroinflammation [72]. Further mechanistic study in LPS-induced BV2 microglial cells
revealed favorable involvement of mitophagy, improvement in mitochondrial functions,
and attenuation of the pro-inflammatory response upon UA exposition [72]. Maintaining
mitochondrial homeostasis and the microglial mitochondria pool’s quality is believed
to be a key factor in supporting brain health [72,85]. In both the MPTP-induced mice
model and LPS-induced microglial model, UA downregulated NLR Family Pyrin Do-
main Containing 3 (NLRP3) inflammasome-mediated inflammation, alleviating the process
of neuroinflammation [86]. The profusion of the specific multiprotein complex was ob-
served in the microglia in the in vivo PD model [87]. NLRP3 inflammasome activation is
known to be connected to the neuroinflammation process [85,86]. Accordingly, maintaining
microglial mitophagy might contribute to the negative regulation of NLRP3 inflammasome-
mediated inflammation [86,88]. A similar neuroprotective role of UA was also observed
in 6-OHDA-induced neurotoxicity in PC12 cell cultures and mice models of PD [73]. The
UA treatment prevented PC12 cells from 6-OHDA-induced cytotoxicity and apoptosis.
Importantly, UA attenuated 6-OHDA-induced mitochondrial dysfunction and even im-
proved mitochondrial biogenesis, which was demonstrated in PC12 cells and confirmed
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in the SN of mice challenged with 6-OHDA attributed to the increased expression of two
mitochondrial proteins TOM20 and Tim23. Mechanistically, the biogenesis was stimulated
via the SIRT1/PGC-1« signaling pathway [73] (Table 2). The NAD"-dependent deacetylase
SIRT1 is a pro-survival protein inhibiting apoptosis and oxidative stress by regulating p53
and antioxidant defenses via FOXO family members, respectively. SIRT1 also interacts with
PGC-1a to promote mitochondrial biogenesis and maintain mitochondrial homeostasis [89].
In the MPTP mouse model of PD, the activation of the SIRT1/PGC-1x pathway prevented
dopaminergic neurons from oxidative stress and loss of neuronal viability [90]. Thus, the
promotion of biogenesis via the SIRT1/PGC-1« signaling pathway could be a target for
new therapies to prevent mitochondrial dysfunctions in neuronal injuries [89].

Moreover, given the evidence, which we previously summarized from human and
experimental studies, that PD is a prion disorder originating in the gut [3], the ability of
UA to modulate intestinal integrity and colonic immune milieu [10,38] may be considered
for early dietary intervention to mitigate PD pathogenesis [91]. Recently, preliminary
flow cytometric data by Ng and Andersen [91] showed that diet administration of UA
significantly increased the anti-inflammatory colonic v T cells responsible for intestinal
repair in aged mice with overexpressed human a-synuclein under the Thy1 promoter that
was associated with improved cognitive behavior. The authors suggested the role of UA in
the favorable retention of lymphocytes contributing to gut epithelial integrity and therefore
involved in the targeted migration from the gut to the brain [91] (Table 2).

Another aspect of the role of UA in PD management is its inhibitory effects on
monoamine oxidase (MAQO). As the elevated MAO activity is responsible for the inactiva-
tion of monoamine neurotransmitters, such as dopamine, UA can contribute to alleviating
the symptoms in PD patients [74].

Furthermore, UA could contribute to the overall beneficial impact reported for pomegranate
consumption in PD models [26,79,92]. The reported neuroprotective effects of pomegranate
could be explained since the fruit is a rich source of ellagitannins, natural precursors of
UA [93-95]. The administration of pomegranate juice to rotenone-challenged rats im-
proved postural stability, enhanced neuronal survival, and decreased dopamine depletion,
oxidative damage, and «-synuclein aggregation [26,79]. Significantly, the UA concentra-
tion was 1.68 & 0.25 ng/g in brain tissue and 18.75 &+ 3.21 ng/mL in plasma [26]. Only
recently, physiologically based pharmacokinetic modelling of the postbiotic supplement
UA for predicting its bioavailability confirmed one-digit nanomolar concentrations in the
brain [96]. The results contribute to the idea of UA crossing the BBB [79,80,97] and being
the neurologically active metabolite of pomegranate juice [26,79]. As rotenone is a strong
inhibitor of the mitochondrial complex I, the antioxidative effects of pomegranate treatment
observed in rotenone-injected rats [26] can be explained by ameliorating mitochondrial
dysfunction in oxidative stress mediated by UA [98]. Moreover, pomegranate treatment
attenuated cylinder scores and catatonia rates dramatically declined in MPTP-induced
PD mice models. Although the experiment improved movement and reduced levodopa-
induced dyskinesia in the PD mice model, the authors did not associate them directly with
the neuroprotective role of the UA administration [92]. In contrast, Tapias and co-workers
reported that pomegranate juice failed to provide neuroprotection and even caused an
exacerbation of rotenone-induced nigrostriatal degeneration in rats with an increased mor-
tality rate. However, these adverse effects of pomegranate might have been ascribed to
experimental protocol employing chronic administration of high doses of rotenone, causing
severe oxidative stress and the death of the animals [99].

5. Summary and Future Perspectives

A growing body of evidence suggests a variety of health benefits after UA administra-
tion. Numerous in vitro and in vivo experiments investigated the potential advantageous
effects of the administration on ageing, muscle dysfunctions, cardiovascular disease, IBD,
cancer, metabolic disorders, and brain health (Table 2). The neuroprotective properties in
neurodegenerative disorders included improvement in cognition, motor activity, reduction
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of amyloid plaques, tau phosphorylation, neuronal loss, and neuroinflammation. In several
PD models, UA treatment alleviated symptoms and provided protection against dopamin-
ergic neurodegeneration. The role of the compound might be related to its ability to engage
in mitochondrial homeostasis and induce mitophagy. The efficacy of the process tends to
decrease with age, which is considered the risk factor for PD. Moreover, the metabolite
provides anti-inflammatory properties (Figure 3).

Urolithin A activity Prospects of disease management

Parkinson's
disease model

Decreased loss of dopaminergic neurons

Protection against neuroinflammation

Mitochondrial homeostasis

Apoptosis prevention

Reduced a-synuclein aggregation

s o o . -
. OCH! g Decreased dopamine depletion
% HO ™™
*s OH
‘O
g
g \3 -
‘\. l Improved motor and cognitive symptoms
= Y

Figure 3. Urolithin A’s activity in Parkinson’s disease model studies. UA’s beneficial activity may
include potential favorable effects of UA on brain health. The current research explores the potential
neuroprotective effects of the compound in PD models. The beneficial role of the compound can be
related to the reduction in neuroinflammation, loss of dopaminergic neurons, a-synuclein aggregation,
and apoptosis, as well as improved mitochondrial, motor, and cognitive function. Created with
BioRender.com.

Nevertheless, some study limitations should be acknowledged, such as shortages
of disease models allowing only for an integrated view of a neuroprotective mechanism
in terms of functional improvements with underlying changes in molecular signaling
pathways, cell types, and brain networks. PD pathology is, however, diverse with multiple
pathomechanisms involved; thus, no single model is currently able to recapitulate human
disease [5]. Moreover, in animal studies, disease development occurs in a concise time
span, and the duration of prevention or intervention is relatively short. Accordingly, the
studies support a concept, but any medical implication is somewhat speculative [100].

Furthermore, to this day, there are numerous gaps in our knowledge of UA mecha-
nisms of action, gut microbial ecologies, and specific impacts on health, including targeted
organs and tissues, and primarily the effects on human organisms. Even though the com-
pound can be produced from naturally occurring polyphenols in plant foods — ellagitannins
and ellagic acid, the impact of direct UA supplementation on human health and its po-
tential beneficial impact must be assessed. With regard to direct UA intake, the green
synthetic access to new urolithin analogues [101] is a favorable circumstance, opening a
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new opportunity for UA-based neuroprotective strategy. However, despite observations
of animal model studies on crossing the BBB and tissue distribution, there is still a lack
of understanding of how those possibilities translate to clinical studies based on human
participants. Safety, bioavailability, pattern of distribution, and mechanism of action in
humans must be established. Regarding PD, given the recent advancement in detecting pro-
dromal individuals before diagnosis and the potential prognostic value of the x-synuclein
biomarker, research into selecting the right time for UA intervention shows promise to
delay PD onset or progression to people at an increased risk [102]. Nevertheless, as pre-
dicted by computer modelling, low brain bioavailability of UA is orders of magnitudes
lower than concentrations that provide neuroprotective effects [96], and thus should be
managed by any supplementation scenario. Advanced nutritional approaches enabling
the delivery of UA in a calibrated manner are likely to play a key role in bridging the gap
created by the natural heterogeneity of the gut microbiome to deliver health benefits. In
this context, recent advances in nanoplatforms for brain delivery of nutraceuticals can be
considered [103,104].

Moreover, there is a need to identify the specific bacterial genera that can produce the
metabolite to establish the specifics of urolithin-producing metabotypes and the related
biochemical pathways and enzymes involved. In this context, UA was recently suggested
as a potential biomarker of gut dysbiosis and disease stage in PD patients [105].

Taken together, the data gathered herein support the health-promoting activity of UA.
Regarding PD, UA-based intervention offers new strategies to improve the prevention,
treatment, and even diagnostics of the disease.
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