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Abstract: Urolithin A (UA) is a naturally occurring compound derived from the metabolism of gut
microbiota, which has attracted considerable research attention due to its pharmacological effects
and potential implications in muscle health and performance. Recent studies have demonstrated
that Urolithin A exhibits diverse biological activities, encompassing anti-inflammatory, antioxidant,
anti-tumor, and anti-aging properties. In terms of muscle health, accumulating evidence suggests
that Urolithin A may promote muscle protein synthesis and muscle growth through various path-
ways, offering promise in mitigating muscle atrophy. Moreover, Urolithin A exhibits the potential
to enhance muscle health and performance by improving mitochondrial function and regulating
autophagy. Nonetheless, further comprehensive investigations are still warranted to elucidate the
underlying mechanisms of Urolithin A and to assess its feasibility and safety in human subjects,
thereby advancing its potential applications in the realms of muscle health and performance.
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1. Introduction

In recent years, there has been a substantial increase in the recognition of the critical
importance of both health and athletic performance [1,2]. The pursuit of muscle health
and optimal athletic performance is no longer confined solely to athletes or fitness enthu-
siasts but has become a pervasive goal among the general population, who strive for a
healthier and more active lifestyle [3,4]. Consequently, there is a widespread demand for
strategies to enhance muscle health and improve athletic performance, rendering this field
an area of profound discussion and extensive research.

Urolithin A, a naturally occurring compound derived from dietary sources, has
swiftly emerged as a prominent subject of investigation in the context of muscle health
and performance [5-7]. Existing evidence supports the potential of Urolithin A in facili-
tating muscle cell proliferation and augmenting muscle function (Figure 1) [8-10]. How-
ever, the understanding of the mechanisms of action and potential applications of Uro-
lithin A as it relates to muscle health and athletic performance is still in its infancy.

The present review aims to provide a comprehensive survey and analysis of current
research on the impact of Urolithin A on muscle health and performance, as well as sug-
gest directions for future research. The topic will be examined from multiple perspectives,
consolidating and assessing existing experimental outcomes to unravel the correlation be-
tween Urolithin A, muscle health, and corresponding biological processes and molecular

Nutrients 2023, 15, 4441. https://doi.org/10.3390/nu15204441

www.mdpi.com/journal/nutrients



Nutrients 2023, 15, 4441

2 of 16

mechanisms. Furthermore, potential areas of application of Urolithin A, including its fea-
sibility as a dietary supplement or pharmaceutical product, will be discussed. This paper,
grounded in an extensive literature review and systematic analysis, seeks to synthesize
current research findings to offer fresh insights into the role of Urolithin A in muscle
health and performance. It is anticipated that these insights may provide valuable guid-
ance for further exploration into the functional mechanisms of Urolithin A, ultimately fa-
cilitating the development of innovative strategies to enhance muscle health.
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Figure 1. Pharmacological effects of Urolithin A and its role in promoting muscle health and en-
hancing athletic performance.

2. Urolithin A’s Sources in the Diet

Urolithin A, a natural metabolite derived from ellagitannins, is biosynthesized by the
gut microbiota [11,12], It is a type of compound known as urolithins, which are present in
pomegranates and certain other fruits and nuts such as strawberries, walnut kernels, and
peanuts. Ellagitannins serve as precursors to urolithins and undergo microbial metabo-
lism within the gastrointestinal tract to produce Urolithin A [7]. Pomegranate, walnut, and
almond stand out as the primary and richest dietary sources of Urolithin A [13,14]. Pom-
egranate peel and seeds contain abundant polyphenolic compounds, including Urolithin
A formed through metabolism by the gut microbiota. Walnut is also considered a dietary
source of Urolithin A, as it is rich in polyphenolic compounds and anthocyanins that may
interact with gut microbiota during digestion and potentially generate Urolithin A. Al-
mond is another potential dietary source of Urolithin A. It contains polyphenolic com-
pounds, particularly flavonoids and anthocyanins, which can be converted into Urolithin
A upon interaction with gut microbiota. Blueberry, recognized for its antioxidant-rich
content, including various polyphenolic compounds, which may also include Urolithin A
[15]. However, research on the content of Urolithin A in blueberry remains limited, neces-
sitating further studies to confirm its source and concentration [16].

3. Metabolism and Bioavailability of Urolithin A in the Body
3.1. Gut Microbiota Metabolism

The production of Urolithin A is largely dependent on the metabolic activities of gut
microbiota [7]. During the process of digestion, several polyphenolic compounds found
in food such as tannins and anthocyanins, undergo enzymatic reactions and metabolic
conversions facilitated by microbial enzymes, culminating in the production of Urolithin
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A [17]. This metabolism predominantly takes place in the colon, which houses a variety
of microbial groups. These groups, including Proteobacteria, Clostridium, Bifidobacte-
rium, Eubacterium, and Enterococcus faecium possess distinct metabolic functions that
play a part in the production of Urolithin A (Figure 2) [18-22].
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Figure 2. The metabolism, bioavailability, pharmacological effects, and impact on muscle health of
Urolithin A.

3.2. Absorption, Distribution, Metabolism, and Excretion

Following absorption in the intestines, Urolithin A enters the circulatory system and
is transported to various tissues and organs through the bloodstream [11,23]. Studies have
indicated that in the human body, Urolithin A primarily exists in a free form rather than
being bound to other molecules [24]. Once inside the cell, Urolithin A undergoes further
metabolism through multiple metabolic pathways [25]. One prominent pathway involves
the conversion of Urolithin A into its mercaptan and sulfate forms, facilitated by metabolic
enzymes present in the liver [26]. Furthermore, some studies have suggested that Uro-
lithin A may participate in metabolic processes such as glucose metabolism and fatty acid
oxidation. Urolithin A and its metabolites can be excreted from the body through the kid-
neys and intestines [25]. A portion of Urolithin A is further metabolized into other com-
pounds within the intestines before being eliminated through feces [24]. These processes
may be influenced by factors such as intestinal permeability, renal function, and individ-
ual characteristics.

It is important to note that the metabolism and utilization of Urolithin A may vary
among individuals, depending on their intestinal microbial composition, metabolic
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capacity, genetic factors, dietary habits, and other physiological states [8,27]. Furthermore,
the bioavailability of Urolithin A may also be influenced by the dietary source, intake
level, and tissue specificity [28]. Although some insights into the metabolic mechanisms
and bioavailability of Urolithin A have been gained, further research is still needed to
comprehensively understand its behavior and effects in the human body, as well as its
associations with relevant health effects.

3.3. Factors Influencing the Absorption and Distribution of Urolithin A
3.3.1. Dietary Components

The absorption and distribution of Urolithin A can be influenced by compounds pre-
sent in food. For instance, the consumption of polyphenolic-rich foods, such as pomegran-
ate, walnuts, almonds, and others, can supply an abundance of precursor molecules for
intestinal microbial metabolism, facilitating the generation of Urolithin A [29-31]. Moreo-
ver, certain components in food may compete with Urolithin A for absorption within the
gastrointestinal tract, consequently impacting its bioavailability [24].

3.3.2. Composition and Activity of the Gut Microbiota

The composition and activity of an individual’s intestinal microbiota play a pivotal
role in Urolithin A metabolism and absorption [32]. The gut microbial communities in
different individuals may exhibit distinct capabilities in converting polyphenolic com-
pounds present in food into Urolithin A [33]. Therefore, interindividual variations could
potentially impact the bioavailability of Urolithin A.

3.3.3. Individual Variations

Individual variations can also have an impact on the absorption and distribution of
Urolithin A. Genetic factors, for instance, can lead to interindividual differences in the
activity and expression of metabolic enzymes, which can affect the rate of Urolithin A
metabolism. Additionally, variations in intestinal permeability, the health status of the di-
gestive system, and other physiological states may impact the absorption and distribution
of Urolithin A [34].

3.3.4. Drug Interactions

Currently, there is a lack of direct research on the effects of drugs on the metabolism
and clearance processes of Urolithin A. However, certain drugs may interact with Uro-
lithin A and affect its absorption and metabolism. For example, specific drugs may com-
petitively inhibit or induce metabolic enzymes, interfering with the metabolism and clear-
ance of Urolithin A. Drug interactions with cytochrome P450 (CYP450) enzymes in the
liver, for instance, can competitively inhibit or induce these enzyme, thereby disrupting
the metabolism and clearance of Urolithin A [35]. Commonly used antibiotics, antifungal
drugs, and anticancer drugs have been reported to interact with CYP450 enzymes [36].
Hepatic enzyme inducers, such as rifampicin and carbamazepine, can increase the activity
of certain metabolic enzymes in the liver, potentially accelerating the metabolism of Uro-
lithin A and reducing its half-life in the body [37]. Certain drugs, such as clarithromyecin,
can inhibit the activity of metabolic enzymes in the liver, slowing down the metabolism
and clearance processes of Urolithin A and leading to its accumulation in the body [38].

Although the factors mentioned above may influence the absorption and distribution
of Urolithin A, further research is essential to gain a more precise understanding of their
specific effects on the metabolism and bioavailability of Urolithin A. Continued studies
will contribute to a more comprehensive comprehension of Urolithin A’s behavior and
effects, offering more accurate guidance for its application in health management.
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4. Pharmacological Effects of Urolithin A
4.1. Activation of Mitochondrial Autophagy and Regeneration

Mitochondrial autophagy, also known as mitophagy, refers to the selective degrada-
tion of mitochondria through the autophagic process. This process typically occurs in mi-
tochondria that are damaged or defective due to stress. Mitochondrial autophagy plays a
pivotal role in maintaining cellular health by facilitating the turnover of mitochondria and
preventing the accumulation of dysfunctional ones, which could otherwise lead to cellular
degeneration. The regulation of mitochondrial autophagy is mediated by proteins such as
PINK1 and Parkin [39—41].

Apart from its function in selectively eliminating damaged mitochondria, mitochon-
drial autophagy is essential for adjusting the mitochondrial population to meet changing
cellular metabolic demands, ensuring mitochondrial turnover and homeostasis. Research
has demonstrated that Urolithin A activates the PINK1/Parkin signaling pathway, which
is involved in mitochondrial quality control. Consequently, this activation promotes the
selective aggregation, degradation, and removal of damaged mitochondria [42].

Furthermore, research has illuminated Urolithin A’s capacity to enhance mitochon-
drial autophagy by activating the expression of glutathione S-transferases (GSTs). GSTs
are pivotal detoxifying enzymes intricately related to antioxidant capacity. Urolithin A
stimulates the Nrf2-ARE signaling pathway, subsequently upregulating the expression of
GSTs, thereby enhancing cellular autophagy and mitochondrial quality control [43].

In summary, Urolithin A participates in regulating mitochondrial autophagy and
quality control by activating the PINK1/Parkin and glutathione S-transferases signaling
pathway.

4.2. Antioxidant Activity

Antioxidant activity refers to the capacity to inhibit oxidation, a chemical reaction
that typically involves the generation of free radicals, often through autoxidation pro-
cesses. Urolithin A exhibits antioxidant activity through multiple mechanisms. Firstly, it
possesses the ability to directly scavenge free radicals by capturing and neutralizing reac-
tive oxygen species such as peroxy radicals and superoxide radicals, thus reducing cellu-
lar oxidative stress [44]. Secondly, Urolithin A can activate the Nrf2 antioxidant pathway
[45] and upregulate the expression of various antioxidant enzymes such as Glutathione
peroxidase and superoxide dismutase, thereby enhancing cellular antioxidant defense ca-
pacity. Additionally, Urolithin A has been reported to inhibit enzyme activities involved
in ROS generation, thereby reducing the occurrence of oxidative stress and protecting cells
from oxidative damage [46].

4.3. Regulation of Cell Cycle and Cell Apoptosis

Research has shown that Urolithin A can regulate the cell cycle and induce apoptosis
[47]. In terms of cell cycle regulation, Urolithin A can impact cell cycle-related protein
kinase complexes, such as cyclin-dependent kinases (CDKs) and cyclins. It inhibits the
activity of CDKs and reduces the expression of cell cycle proteins such as cyclin D1, lead-
ing to cell cycle arrest in the G1 phase [47]. Additionally, Urolithin A can regulate the cell
cycle by increasing the levels of cell cycle inhibitory proteins, such as p21 and p27 [48,49].

Regarding apoptosis, Urolithin A can induce cell death through multiple pathways.
Studies have found that Urolithin A increases the Bax/Bcl-2 ratio, resulting in the loss of
mitochondrial membrane potential, release of cytochrome ¢, and activation of caspase cas-
cades, ultimately leading to cell apoptosis [49]. Furthermore, Urolithin A can activate the
JNK (c-Jun N-terminal kinase) and p38 MAPK (mitogen-activated protein kinase) signal-
ing pathways, further promoting apoptosis [50].
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4.4. Influences on Metabolic Regulation

Urolithin A participates in the regulation of multiple metabolic pathways. Research
has shown that Urolithin A can activate the adenosine monophosphate-activated protein
kinase (AMPK) signaling pathway, which is a pivotal regulator of energy metabolism [51].
Activation of AMPK promotes fatty acid oxidation and insulin sensitivity while reducing
fatty acid synthesis and gluconeogenesis [51,52]. Additionally, Urolithin A can modulate
the activity of peroxisome proliferator-activated receptor gamma (PPARY) [53], a crucial
transcription factor involved in adipocyte differentiation, glucose metabolism, and cho-
lesterol metabolism, among other processes [54]. Studies have indicated that Urolithin A
can increase the expression of PPARy and transcription of its downstream target genes,
thereby promoting fatty acid oxidation, improving insulin sensitivity, and reducing cho-
lesterol synthesis and absorption [53].

In conclusion, Urolithin A regulates the cell cycle by activating the Nrf2 and
PINK1/Parkin signaling pathways, inhibiting ROS production, and modulating the activ-
ity of CDKs and cyclins. It also induces cell apoptosis through the modulation of the
Bax/Bcl-2 ratio and activation of the JNK/p38 MAPK signaling pathways. Additionally,
Urolithin A’s regulatory effects involve the activation of metabolic regulators such as
AMPK and PPARYy. These molecular mechanisms collectively contribute to the various
cellular and biological effects of Urolithin A. Further research is needed to unravel the
detailed mechanisms of Urolithin A and its interactions with other signaling pathways.

5. The Effects of Urolithin A on Muscle Health
5.1. The Antioxidant Activity of Urolithin A

Oxidative stress results from an excess production of free radicals and reactive oxy-
gen species (ROS) [55]. During exercise, especially strenuous activities, the body is more
susceptible to generating an excessive amount of ROS, and these reactive substances can
inflict damage on cellular structures and functions. Urolithin A, functioning as an antiox-
idant, can neutralize free radicals and mitigate their harmful effects to cells. This action
can lower the level of oxidative stress within muscle cells and protect cellular structures
and functions, thereby promoting muscle health.

Urolithin A may also be able to activate critical antioxidant enzymes in the body, such
as superoxide dismutase (SOD) and Glutathione peroxidase (GPx). These enzymes ac-
tively scavenge free radicals and peroxides within cells, reducing the extent of oxidative
stress and contributing to muscle health. Additionally, Urolithin A can further promote
the synthesis of certain antioxidant molecules, such as glutathione (GSH), glutathione S-
transferase, etc. [44]. These molecules play a vital role in regulating oxidative stress and
preserving the health of muscle cells.

Furthermore, the antioxidant properties of Urolithin A can reduce the occurrence of
inflammatory reactions [56]. Oxidative stress and inflammation are often intertwined, mu-
tually exacerbating each other. Urolithin A may attenuate the intensity of inflammatory
responses by alleviating oxidative stress, thereby exerting a positive impact on muscle
health.

5.2. The Anti-Inflammatory Effects of Urolithin A

Urolithin A possesses significant anti-inflammatory effects, which are instrumental
for muscle recovery. During exercise and physical exertion, muscles undergo a certain
degree of damage, triggering an inflammatory response [57]. Moderate inflammation con-
stitutes a natural process of the body’s repair, but excessive or prolonged inflammation
may impair muscle recovery and growth. Research has indicated that Urolithin A can in-
hibit the inflammatory response and alleviate inflammation-induced damage [58]. It ex-
erts these anti-inflammatory effects through multiple mechanisms, including inhibiting
the release of inflammatory mediators, suppressing the activation of inflammatory signal-
ing pathways, and reducing oxidative stress. By suppressing the inflammatory response,
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Urolithin A contributes to the mitigation of muscle pain and inflammation and promotes
muscle repair and recovery [59]. This is particularly important for post-exercise muscle
recovery as it expedites the healing process of muscle cells, reducing muscle soreness and
discomfort, and improving muscle function and performance [57].

In addition, Urolithin A is also able to promote mitochondrial function and muscle
energy metabolism, which has a positive impact on muscle recovery and performance. By
enhancing mitochondrial function, Urolithin A can increase energy production and mus-
cle cells” ability to recover, thereby accelerating the muscle recovery process. Overall, the
anti-inflammatory effects of Urolithin A are crucial for muscle recovery. It not only allevi-
ates inflammation caused by exercise but also promotes the repair and energy metabolism
of muscle cells, ultimately enhancing muscle recovery ability and performance level.

5.3. The Role of Urolithin A in Promoting Mitochondrial Function and Muscle
Energy Metabolism

Urolithin A plays a substantial role in promoting mitochondrial function and muscle
energy metabolism [51]. Mitochondpria are the principal organelles responsible for cellular
energy production and are crucial for muscle cell function and performance. Research has
shown that Urolithin A can enhance mitochondrial function and activity [10]. It achieves
this by activating gene expression similar to PGC-1a (transcriptional coactivator peroxi-
some proliferator-activated receptor y coactivator-1a), regulating the quantity and quality
of mitochondria. PGC-1a is a pivotal regulatory transcription factor involved in mitochon-
drial biogenesis, the formation of respiratory chain complexes, and processes such as mi-
tochondprial fission and fusion [60,61].

Urolithin A also exhibits antioxidant properties, reducing the generation of free rad-
icals and protecting mitochondria from oxidative stress-induced damage. Excessive free
radicals production and oxidative stress can damage the structure and function of mito-
chondria, affecting muscle energy metabolism and recovery capacity. Urolithin A clears
free radicals, protects mitochondria from damage, and improves the efficiency of energy
production. Furthermore, Urolithin A can promote ATP generation in muscle cells. ATP is
the primary energy molecule for muscle cells and is crucial for muscle contraction and
exercise performance [62]. Research has found that Urolithin A can promote the formation
and enhanced function of mitochondrial respiratory chain complexes, thereby improving
the synthesis rate of ATP in muscle cells [10]. By promoting mitochondrial function and
muscle energy metabolism, Urolithin A has a positive impact on muscle performance and
recovery. It can increase energy supply to muscle cells and improve muscle endurance
and strength performance. Additionally, Urolithin A alleviates fatigue caused by exercise
and promotes rapid muscle recovery.

In summary, Urolithin A assumes a vital role in muscle performance and recovery
by promoting mitochondrial function and muscle energy metabolism. It enhances mito-
chondrial activity, reduces oxidative stress and free radical generation, and promotes ATP
synthesis, thereby improving the energy supply and physical performance in muscle cells.

6. The Effects of Urolithin A on Muscle Performance
6.1. The Potential Effects of Urolithin A on Endurance and Anti-Fatigue Capacity

Limited research currently supports the potential impact of Urolithin A on endurance
and anti-fatigue capacity [9,10]. Although further research is needed, existing evidence
suggests that Urolithin A may have a positive role in improving endurance and delaying
muscle fatigue, both of which are intricately linked to mitochondrial function [63]. Firstly,
Urolithin A can increase the energy supply of muscle cells by promoting mitochondrial
function and muscle energy metabolism [7]. Mitochondria are crucial components for cel-
lular energy production, and Urolithin A can enhance mitochondrial activity and ATP
synthesis rates [8]. This bears significance for sustained exercise and endurance perfor-
mance, as it can delay the onset of muscle fatigue and provide prolonged energy support.
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Secondly, Urolithin A possesses anti-inflammatory properties which can alleviate tissue
damage and muscle soreness caused by inflammatory reactions [58]. Excessive or pro-
longed inflammation can lead to muscle fatigue and reduced endurance. By inhibiting
inflammatory responses, Urolithin A helps alleviate muscle pain and discomfort, protects
muscles from inflammation-induced injuries, and consequently enhances endurance and
anti-fatigue capacity. Additionally, Urolithin A can improve muscle contraction speed
and exercise efficiency, which also has a positive impact on endurance and anti-fatigue
capacity [8]. This enhancement is achieved by promoting mitochondrial function and reg-
ulating muscle cell energy metabolism, enhancing the efficiency and force output of mus-
cle contractions. This means that Urolithin A has the potential to delay the onset of fatigue
and improve endurance during prolonged or high-intensity exercise.

It is essential to note that there is currently limited research available regarding the
effects of Urolithin A on endurance and anti-fatigue capacity, and most studies have been
conducted in vitro or on animals. Therefore, more human studies are needed to validate
these potential effects and determine the optimal dosage and duration. However, the cur-
rent evidence suggests that Urolithin A may hold promise for enhancing endurance and
anti-fatigue capacity, especially with continuous supplementation.

6.2. The Effects of Urolithin A on Muscle Hypertrophy and Maintenance of Muscle Mass

Urolithin A may have a positive impact on muscle hypertrophy and maintenance of
muscle mass. It exerts its effects through multiple pathways, including promotion of mus-
cle cell repair and growth, enhancement of mitochondrial function and energy metabo-
lism, and regulation of protein synthesis and degradation processes [8,53]. Firstly, Uro-
lithin A can promote muscle cell repair and growth. During exercise and training, muscles
undergo damage that requires repair and growth for muscle hypertrophy to occur [64].
Urolithin A provides a better environment for muscle cell repair and growth by promoting
mitochondrial function and increasing ATP synthesis [65]. This can increase the cross-sec-
tional area of muscle fibers, muscle protein content, and muscle strength, thus promoting
muscle hypertrophy. Secondly, the regulation of protein synthesis and degradation pro-
cesses by Urolithin A is also crucial for muscle hypertrophy and maintenance of muscle
mass. It can increase the rate of protein synthesis within muscle cells and inhibit protein
degradation processes [53]. This allows muscle cells to more effectively synthesize new
proteins and maintain muscle mass. Additionally, Urolithin A can improve muscle endur-
ance and exercise performance by promoting mitochondrial function and muscle energy
metabolism [66]. This may lead to longer and more intense training sessions, further pro-
moting muscle hypertrophy and the maintenance of muscle mass.

It should be noted that current research is still limited and mostly conducted in vitro
or animal experiments. More human studies are needed to validate the potential effects of
Urolithin A on muscle hypertrophy and the maintenance of muscle mass and to determine
the optimal dosage and duration. However, based on current evidence, Urolithin A may
have a positive impact on promoting muscle hypertrophy and maintaining muscle mass,
particularly when used in combination with appropriate exercise and dietary plans [67].

7. The Signaling Pathways and Mechanisms of Action of Urolithin A in Muscle

7.1. The Interaction of Urolithin A with Key Signaling Pathways Involved in Muscle Health
and Performance

7.1.1. AMPK Pathway

Urolithin A has been found to activate the AMPK (adenosine monophosphate-acti-
vated protein kinase) pathway [51]. By activating AMPK, Urolithin A can increase mito-
chondrial biogenesis and enhance fatty acid oxidation and glycogen synthesis, ultimately
improving muscle energy supply and metabolism and enhancing muscle performance
(Figure 3) [68]. The literature demonstrates that Urolithin A activates AMPK through a
cascade involving the activation of SIRT3 and, subsequently, LKB1 [69].
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Figure 3. The signaling pathways and mechanisms of action of Urolithin A in muscle.

7.1.2. mTOR Pathway

The mTOR (mammalian target of rapamycin) pathway plays a key role in regulating
muscle protein synthesis and cell growth [70-73]. Research has found that Urolithin A can
regulate protein synthesis and growth of muscle cells by inhibiting specific regulatory
factors within the mTOR signaling pathway, such as PI3K (phosphoinositide 3-kinase)
and Akt (protein kinase B) [74,75]. This regulation supports muscle growth and maintains
muscle quality [70]. The literature has demonstrated that Urolithin A inhibits mTOR by
first inhibiting PI3K and then AKT.

7.1.3. NF-«xB Pathway

The NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) pathway
is implicated in the regulation of inflammatory responses [76,77]. Urolithin A has been
found to inhibit the activation of NF-kB and reduce the production of inflammatory me-
diators [78,79]. By inhibiting the NF-«kB pathway, Urolithin A can mitigate muscle damage
and pain caused by inflammatory responses, thereby promoting muscle recovery and
health [44]. The literature indicates that Urolithin A blocks the NF-kB/STAT1 Axis through
the inactivation of TLR3/TRIF signaling.

7.1.4. PGC-1a Pathway

PGC-1a is an important transcription coactivator that regulates mitochondrial bio-
genesis and cellular energy metabolism [60,61]. Research has found that Urolithin A can
enhance the expression and activation of PGC-1a, leading to improved mitochondrial
function and increased mitochondrial quantity [80-82]. This enhancement is crucial for
ensuring an adequate muscle energy supply and supporting endurance performance [83].
The scientific literature provides evidence that Urolithin A activates PGC-1a through a
cascade that includes the activation of SIRT3, followed by the activation of LKB1 and
AMPK.

7.2. The Regulatory Effects of Urolithin A on Muscle Protein Synthesis and Degradation
7.2.1. FoxO Family

The FoxO (forkhead box O) family is a group of transcription factors that are involved
in regulating the synthesis and degradation of muscle proteins [84,85]. Studies have found
that Urolithin A can inhibit the degradation of muscle proteins by suppressing the



Nutrients 2023, 15, 4441

10 of 16

activation of FoxO [86]. This is primarily achieved by inhibiting the nuclear activity of
FoxO and reducing their regulation of specific protein degradation pathways.

7.2.2. Ubiquitin-Proteasome System

The ubiquitin-proteasome system stands as one of the main pathways responsible for
the degradation of intracellular proteins [87-89]. Studies have found that Urolithin A can
attenuate the degradation of muscle proteins by inhibiting the activity of the ubiquitin—
proteasome system [90]. This inhibition may be achieved by influencing the activity of
specific ubiquitin ligases or proteasomes.

7.2.3. mTORC1 and Atrogin-1/MuRF1

mTORCI1 (mammalian target of rapamycin complex 1) and Atrogin-1/MuRF1 (mus-
cle-specific RING finger protein 1 and 2) are pivotal molecules involved in muscle protein
synthesis and degradation [91-94]. Studies have shown that Urolithin A can regulate mus-
cle protein synthesis and degradation by inhibiting the activity of mTORC1 [75,95] and
the expression of Atrogin-1/MuRF1 [23].

8. Clinical Research Limitations and Future Perspectives

Overall, there is limited research available on the effects of Urolithin A in both phys-
iological conditions and muscular pathologies. Key findings from existing studies are
summarized below:

Effects of Urolithin A in Physiological Conditions:

1. Enhanced Muscle Function: Urolithin A has demonstrated the ability to improve
muscle function in individuals with normal muscle health. It achieves this by promoting
mitochondrial biogenesis, which enhances the energy production capacity of muscle cells.
This enhancement results in improved muscle endurance, strength, and overall perfor-
mance during physical activities [39,40,42].

2. Delaying Muscle Fatigue: Urolithin A shows promise in delaying the onset of mus-
cle fatigue during prolonged or high-intensity exercise. By enhancing mitochondrial func-
tion and energy metabolism in muscle cells, it provides sustained energy support, ena-
bling individuals to engage in longer and more intense training sessions [9,10,39—-42].

3. Muscle Protein Synthesis: Urolithin A can stimulate muscle protein synthesis, con-
tributing to muscle growth and maintenance. This effect is particularly beneficial for indi-
viduals looking to build and preserve muscle mass, such as athletes and fitness enthusi-
asts [8,53].

4. Antioxidant Defense: Urolithin A exhibits potent antioxidant properties, safe-
guarding muscle cells from oxidative stress and damage induced by free radicals and re-
active oxygen species. This antioxidant defense is crucial for maintaining muscle health
and function under normal conditions [44—46].

Effects of Urolithin A in Pathologies of the Muscular System:

1. Muscle Atrophy: In pathological conditions characterized by muscle atrophy, such
as certain neuromuscular diseases or extended periods of immobility, Urolithin A may
offer potential benefits [42,47]. It can stimulate muscle protein synthesis while inhibiting
protein degradation pathways, helping to preserve muscle mass and mitigate muscle
wasting [48,49].

2. Mitochondrial Dysfunction: Some muscular pathologies involve mitochondrial
dysfunction, leading to reduced energy production and muscle weakness [51]. Urolithin
A’s capacity to enhance mitochondrial function and biogenesis holds promise in alleviat-
ing these issues, thereby improving muscle energy supply and overall function [39,40,42].

3. Inflammatory Conditions: Muscular pathologies often involve inflammation,
which can exacerbate muscle damage and hinder recovery [57]. Urolithin A’s anti-inflam-
matory properties can be valuable in reducing the intensity of inflammatory responses,
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promoting muscle recovery, and enhancing overall muscle health in conditions character-
ized by chronic inflammation [58,59].

4. Oxidative Stress: Muscular pathologies can result in increased oxidative stress
within muscle cells. Urolithin A’s antioxidant activity helps mitigate oxidative damage,
protecting muscle tissue and supporting its recovery and regeneration [10,44-46,62].

While the precise mechanisms and efficacy of Urolithin A in specific muscular pa-
thologies require further research, its potential benefits in both physiological conditions
and certain pathological states make it a compelling subject for future investigations and
potential clinical applications.

Currently, most clinical studies related to Urolithin A are still in their early stages,
characterized by relatively small sample sizes. Due to these limitations in study size, fur-
ther research is required to confirm the reliability and widespread applicability of the re-
sults. Additionally, most studies have relatively short periods, and the long-term effects
and safety of Urolithin A usage have not been adequately evaluated. Conducting long-
term follow-up studies will provide insights into the long-term effects and potential risks
of using Urolithin A. Furthermore, it is not yet clear what the optimal dosage and timing
of Urolithin A should be. Different studies have used varying doses and regimens, making
it challenging to compare and infer the most effective usage. Further research is needed
to determine the optimal dosage and ideal administration strategy.

Additionally, the bioavailability and metabolism mechanisms of Urolithin A require
further in-depth research. Investigating its absorption, distribution, and metabolic path-
ways within the body will facilitate better guidance on its use and effects. Moreover, there
may be individual differences and heterogeneity in the human response to Urolithin A.
Therefore, research needs to consider factors such as diet, genetics, and the environment
that may interfere with and influence the effects of Urolithin A, to more accurately assess
its mechanisms of action and effects. There are already some commercially available prod-
ucts related to Urolithin A on the market. However, the quality and purity of these prod-
ucts may vary, so it is important to ensure the acquisition of high-quality products from
reliable sources and exercise appropriate dosage control.

In summary, although Urolithin A exhibits promising potential and positive effects,
current research still faces challenges and limitations. Future studies need to address these
issues and conduct larger-scale, long-term follow-up clinical studies to further validate
the mechanisms of action, dosage effects, and safety of Urolithin A.

9. Future Research Directions and Potential Applications of Urolithin A in Exercise
Science

Further long-term follow-up studies are imperative to gain a comprehensive under-
standing of the effects of prolonged use of Urolithin A on muscle health, exercise perfor-
mance, and recovery. These studies can assess the long-term safety, efficacy, and enduring
impact of Urolithin A on muscle function and recovery. Additionally, expanding the scale
of research and conducting larger clinical trials will aid in confirming the effects of Uro-
lithin A. This will aid in determining the optimal dosage, timing, and duration of Urolithin
A usage, as well as evaluating its applicability to different populations and types of exer-
cise. Further research is still required to investigate the mechanisms of action of Urolithin
A in critical biological processes such as muscle metabolism, mitochondrial function, and
protein synthesis/degradation. Through these studies, a better understanding of the inter-
action between Urolithin A and crucial signaling pathways, as well as how it regulates
muscle biological processes, can provide more mechanistic explanations for its application
in exercise.

Research exploring the effects of Urolithin A in different populations such as the el-
derly, athletes, and individuals with muscle injuries or diseases can determine the ap-
plicability of Urolithin A in specific populations and understand its potential benefits and
safety in these populations. Studies conducting exploratory studies on the interactions of
Urolithin A with other nutrients (such as proteins, amino acids, etc.) or medications can
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evaluate the synergistic effects of Urolithin A with other interventions and determine the
optimal combination strategies to enhance muscle health and exercise performance. Ad-
ditionally, exploring the impact of Urolithin A on muscle gene regulation through gene
expression analysis and genetic studies can elucidate the molecular mechanisms of Uro-
lithin A in muscle health and exercise adaptation, providing valuable information for per-
sonalized exercise interventions.

In conclusion, future research should continue to delve deeper into the potential ap-
plications of Urolithin A in sports and exercise science. These endeavors will further vali-
date its mechanisms of action, dosage effects, and safety considerations while taking into
account the applicability to different populations and individual variances. Such studies
will contribute to providing more specific and reliable guidance for the use of Urolithin A
in sports.

10. Conclusions

In conclusion, key findings regarding Urolithin A in muscle health and performance
encompass its regulatory effects on promoting muscle protein synthesis while inhibiting
degradation, its interactions with crucial signaling pathways, potential enhancement of
endurance and fatigue resistance, as well as its anti-inflammatory properties. These find-
ings establish a solid scientific foundation for the potential application of Urolithin A in
improving muscle health, promoting muscle growth, and enhancing exercise perfor-
mance. However, further research is needed to validate these findings and to explore the
safety, optimal usage, and suitable populations for Urolithin A.
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