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SUMMARY

Targeting mitophagy to activate the recycling of faulty mitochondria during aging is a strategy to mitigate
muscle decline. We present results from a randomized, placebo-controlled trial in middle-aged adults where
we administer a postbiotic compound Urolithin A (Mitopure), a known mitophagy activator, at two doses for
4 months (NCT03464500). The data show significant improvements in muscle strength (~12%) with intake of
Urolithin A. We observe clinically meaningful improvements with Urolithin A on aerobic endurance (peak ox-
ygen oxygen consumption [VO,]) and physical performance (6 min walk test) but do not notice a significant
improvement on peak power output (primary endpoint). Levels of plasma acylcarnitines and C-reactive pro-
teins are significantly lower with Urolithin A, indicating higher mitochondrial efficiency and reduced inflamma-
tion. We also examine expression of proteins linked to mitophagy and mitochondrial metabolism in skeletal
muscle and find a significant increase with Urolithin A administration. This study highlights the benefit of

Urolithin A to improve muscle performance.

INTRODUCTION

There are currently no effective interventions to counteract age-
associated muscle decline.”? While a gradual decline in muscle
mass and strength with aging is natural, environmental factors
such as diet and exercise dictate the trajectory of the decline.®*
Exercise and healthy nutrition are the primary interventions to
prevent and manage age-associated decline in muscle health
and metabolic diseases. Unfortunately, exercise regimes require
high levels of adherence, which can be difficult to maintain.*-°
Mitochondrial dysfunction is a hallmark of aging and is intri-
cately linked to age-related deterioration of skeletal muscle.”
Studies associate impaired mitochondrial function with slow
walking speed, muscle fatigue, loss of strength, and, ultimately,
the development of sarcopenia.®'° Improving mitochondrial
health is therefore a viable strategy to improve muscle health. Ex-
ercise has been shown to activate mitophagy, i.e., the removal
and recycling of dysfunctional mitochondria, and to promote mito-
chondrial biogenesis.''™"® To date, nutritional interventions have
focused on stimulating anabolic pathways via protein supplemen-
tation. Stimulating mitophagy to reverse mitochondria dysfunction
linked to aging represents a novel nutritional approach to address
age-associated muscle and cellular health declines.

Gheck for
Updates

Urolithin A (UA) is a gut-microbiome-derived postbiotic
metabolite of ellagitannins, polyphenolic compounds present
in foods such as pomegranate, berries, and walnuts.'*'® UA
administration has been shown to induce mitophagy and
mitochondrial function in pre-clinical models of aging and dis-
ease. At the physiological level, UA improved muscle function
in nematodes,’” young rodents,'”'® old mice,'” and muscle-
wasting disorders such as Duchenne muscle dystrophy
(DMD)."® Other health benefits of UA were seen in age-asso-
ciated diseases such as cardiac®®?' and neurodegenerative
disorders®? and osteoarthritis,?®> as well as in inflammatory
bowel diseases® and acute kidney injury.>>~>” From a clinical
translational perspective, UA has been shown to be safe and
bioavailable in humans and to enhance mitochondrial gene
expression in the skeletal muscle and improve cellular health
after a 4-week oral administration in sedentary older adults.”®
A recent randomized clinical trial in older adults also demon-
strated improvements in muscle endurance with long-term
UA intake.”

The current study was designed as a proof-of-concept
investigation of the efficacy of long-term oral supplementation
with UA on physiological endpoints in middle-aged adults. A
battery of clinical and physiological outcomes linked to
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Figure 1. CONSORT diagram of participant inclusion through the clinical study

The ATLAS study was a single-center, randomized, double-blind, placebo-controlled interventional clinical trial (ClinicalTrials.gov: NCT03464500) performed in
untrained, overweight, middle-aged subjects (n = 88). Subjects (253) were screened during the course of the study from a single study site. From these, eighty-
eight participants that met the study inclusion and exclusion criteria were randomized in the trial. Subjects were randomized to either placebo (n = 29) or 500 (n =
29) or 1,000 mg (n = 30) doses of UA intervention. The total study duration was 4 months. Nine subjects did not complete the study (n = 9 dropouts), whereas
seventy-nine (n = 79) subjects successfully completed the trial duration. All randomized subjects were included in the intent-to-treat (ITT) study population (i.e.,
study population consisting of all randomized participants). Dietary recall questionnaires revealed no major changes in diet during the course of the study, and the
subjects did not receive any additional exercise regimen. Five subjects with low compliance were excluded from the per-protocol (PP) population (n = 74; i.e.,

including participants with >80% compliance and completing all study visits).

muscle strength, exercise tolerance, and physical perfor-
mance were employed to study the most responsive func-
tional endpoints to power future confirmatory clinical studies
with UA. The study population consisted of untrained adults
between 40 and 64 years of age. In addition, subjects were
screened on the criteria of being overweight and having low
physical endurance (i.e., maximum oxygen consumption
[VO2omax] <35 kg/mL/min). A 4-month intervention period was
selected as the minimal time period to start detecting an
impact on physical-performance- and muscle-function-
related study endpoints based on guidelines and recommen-
dations of expert groups on clinical trials focused on muscle
function.®® Plasma samples were collected to assess the
impact of UA on metabolites and cytokines associated with
cellular health. Skeletal-muscle biopsies were employed to
analyze UA’s effects on muscle transcriptome and proteome
and validate its impact on proteins linked to mitochondrial
health.
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RESULTS

Study participant demographics

In this randomized, double-blind, placebo-controlled study
(ATLAS), 253 participants were screened. Eighty-eight subjects
that successfully met all screening inclusion and exclusion
criteria were randomized (Figure 1). All participants were
included in the intent-to-treat (ITT) study population. Participants
were deemed healthy as determined by their vital signs, anthro-
pometric measures, and absence of any chronic medical condi-
tion. The average age of participants in the different groups was
similar: 51.03 + 7.16 years in UA 500 mg group versus 52.07 +
5.56 years in UA 1,000 mg group versus 54.38 + 6.48 years in
the placebo group. Body mass index (BMI) across the different
groups was comparable at baseline (29.52 + 2.82 kg/m? in UA
500 mg groups versus 28.91 + 2.89 kg/m? in UA 1,000 mg group
versus 29.30 + 2.55 kg/m? in the placebo group). In addition, the
interventional groups were well balanced for baseline endurance
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Table 1. Study-participant demographics

Population demographic characteristics: ITT population

Placebo (n = 29) 500 mg UA (n = 29) 1,000 mg UA (n = 30) Between group p value*
Age (years) (mean + SD) 54.38 + 6.42 51.08 + 7.16 52.07 + 5.56 0.132
Gender (n [%)]) 0.756
Female (%) 20 (69.00) 18 (62.10) 18 (60)
Male (%) 9 (31.00) 11 (37.90) 12 (40)
Weight (kg) 81.69 + 9.44 82.93 + 12.09 81.52 + 11.45 0.868
Ethnicity Western European Western European Western European 0.696
White (n = 21; 70%); White (n = 23; 79.3%); White (n = 22; 75.9%);
others (n = 8; 30%) others (n = 6; 20.7%) others (n = 8; 20.7%)
BMI (kg/m?) (>25 kg/m?) 29.30 + 2.55 29.52 +2.82 28.91 £ 2.89 0.667
Systolic blood pressure 123.71 + 11.92 124.78 + 11.40 125.52 + 10.24 0.824
(mmHg) (mean + SD)
Diastolic blood pressure 79.03 + 8.68 78.41 + 6.92 80.10 + 7.25 0.694
(mmHg) (mean + SD)
Heart rate (bpm) (mean + SD) 65.74 + 9.61 67.60 + 7.24 67.92 + 8.56 0.575
Vozmax (ML/kg/min) 23.09 + 4.76 23.94 + 4.80 23.27 £5.92 0.806

Eighty-eight subjects that successfully met all screening inclusion and exclusion criteria were randomized. The three different study groups were well
balanced on age, gender, and physical characteristics. The average age of participants was similar: 51.03 + 7.16 years in UA 500 mg group versus
52.07 + 5.56 years in UA 1,000 mg group versus 54.38 + 6.48 years in the placebo group. Body mass index (BMI) across the different groups was
comparable at baseline (29.52 + 2.82 kg/m? in UA 500-mg groups versus 28.91 + 2.89 kg/m? in UA 1,000-mg group versus 29.30 + 2.55 kg/m? in
the placebo group). Interventional groups were also well balanced for baseline endurance (VOzmax in 500-mg group at 23.94 + 4.80 mL/kg/min versus
23.27 + 5.92 mL/kg/min in the UA 1,000 mg group versus 23.09 + 4.76 mL/kg/min in the placebo group) and vital signs.

(VO2max in the 500 mg group at 23.94 + 4.80 mL/kg/min versus
23.27 + 5.92 mlL/kg/min in the UA 1,000 mg group versus
23.09 = 4.76 mL/kg/min in the placebo group). There was a
higher proportion of female participants (~2:1; females:males)
in each intervention group, and participants were predominantly
of Western European ethnicity (Table 1). There were no signifi-
cant between-groups differences in baseline vital signs (heart
rate, blood pressure, body weight).

Long-term UA oral administration is safe and well
tolerated

UA was found to be safe and well tolerated during the 120-day
(4-month) supplementation period at both doses. A total of 102
post-emergent adverse events (AEs) were reported by a total
of 45 participants. Of these, 42 AEs were reported by 17 partic-
ipants in the placebo group, 24 reported by 13 participants in the
UA 500 mg group, and 36 by 15 participants in the UA 1,000 mg
group (Table S1). AEs were diverse, with a slightly greater pro-
portion of musculoskeletal and connective tissue AEs, mostly
linked to the muscle-biopsy procedure conducted at the start
and end of the study intervention in a sub-group of study partic-
ipants. There were no significant changes between UA groups
and the placebo group on a battery of safety tests such as vital
signs, blood-biochemistry parameters, hematology, and
urinalysis.

UA oral administration significantly improves leg muscle
strength at both doses

Muscle-strength measures were positively impacted across the
different doses of UA tested (see also Table 2). Subjects supple-
mented with both 500 and 1,000 mg of UA showed statistically

significant increases in leg muscle strength as evaluated by iso-
kinetic Biodex dynamometer strength testing at baseline and
end of the study. Average peak torque in the hamstring skeletal
muscle was significantly increased in both UA 500 mg (+12%,
p = 0.027 compared with placebo) and UA 1,000 mg groups
(+9.8%, p = 0.029 compared with placebo; Figure 2A). Maximum
torque during knee flexion was also significantly improved at
both 500 mg UA (+10.6%, p = 0.017 compared with placebo)
and 1,000 mg UA doses (+10.5%, p = 0.022 compared with pla-
cebo; Figure 2B). Participants taking the placebo had significant
within-group decreases (-9.8% for average torque, p = 0.008,
and -9.3% for maximum torque, p = 0.009). UA supplementation
induced positive, although non-significant, improvements in the
average peak torque of the quadriceps muscle (UA
500 mg: +2.3%, UA 1,000 mg: +4.7%, placebo: -2.5%, p =
0.26 between groups; Figure S1A) and in maximum torque mea-
surement for knee extension (UA 500 mg: +2.1%, UA
1,000 mg: +5.5%, placebo: -3.3%, p = 0.18 between groups;
Figure S1B). Hand-grip strength was also evaluated between
the groups. Although the change from baseline was not statisti-
cally different, the 1,000 mg UA group showed a trend for a
within-group improvement (5.1% improvement from baseline,
p = 0.08; Figure 2C). Lean body mass evaluated via dual-energy
X-ray absorptiometry (DEXA) and total fat mass (Figure S1D)
were unchanged across groups after 4 months of supplementa-
tion (Figure S1C).

Impact of UA supplementation on exercise performance
and aerobic endurance

A submaximal incremental exercise tolerance test was em-
ployed to assess the impact of UA on exercise-performance
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Table 2. UA administration improves muscle and physical performance after 4 months

Endpoint Placebo, % 500 mg UA, % 1,000 mg UA, %
Muscle-strength testing hamstring average peak torque -9.8° 12° 9.8°
hamstring max. torque flexion -9.3° 10.6*4 10.5%°¢
quadriceps average peak torque -2.5 2.3 4.7
quadriceps max. torque -3.3 2.1 5.5
extension
hand-grip strength 2.4 4.6 5.1¢
Aerobic-endurance peak power output 0.7 4.3 3.7
exercise testing peak VO, 11 1.6 10.20°
VO, max (predicted) 4.5 -0.8 14.3°
cycling distance -2 6.8 R
time to fatigue -5.6 3.8 3.7
Borg rating of perceived 6.7 -2.5 -3.9
exertion (lower scores = better)
Physical performance 6-min walk distance -0.1 -0.2 7°°(33.4 m)
gait speed -0.2 -0.2 7°°
DXA (body composition) total lean mass -0.7 0.1 -1
total fat mass 0.4 0.9 -1.2

Compared with the placebo group, the groups receiving UA exhibited significant improvements in leg muscle strength. The higher-UA-dose group
exhibited clinically meaningful improvements on aerobic endurance (peak VO,) and physical performance (6MWT) compared with low-UA-dose
and placebo groups. Body composition was not changed across all groups during the study intervention.

®p < 0.05 compared with placebo.

Pp > 0.05, but <0.10 compared with placebo.

°p < 0.05 within-group compared from baseline.

9p > 0.05, but <0.10 within group compared from baseline.

measures. Aerobic endurance measures linked to endurance
and power such as peak power output (PPO) and peak VO,
along with predicted VOo 0%, Were assessed at the start, mid-
point (2 months of intervention), and end (4 months of interven-
tion) of study. No significant change in PPO, the pre-specified
primary endpoint of the study, was observed when comparing
UA-supplemented groups with the placebo group (Figure 2E).
However, both UA-supplemented groups showed non-signifi-
cant increases of ~4% in PPO from baseline, while the placebo
group remained unchanged. Supplementation with the UA 1,000
mg dose led to a statistically significant within-group increase
(p < 0.01) in physical performance parameters, peak VO,
(Figures 2D and S2A: Table 2) and estimated VOomax (Figure S2B;
Table 2), at both the intermediate 2-month visit (day 60) and at
the end of the 4-month study intervention (day 120) compared
with baseline. A non-significant trend in favor of the UA interven-
tion (p = 0.058) was observed when comparing the UA 1,000 mg
group with the placebo group for both peak VO, and estimated
VOomax- In addition, the total cycling distance increased from
baseline to end of study in the 1,000 mg UA intervention group
(+15%, p = 0.03 at the end-of-study within group compared
with baseline; Table 2; Figure S2C), as did the time to fatigue dur-
ing the exercise test (Table 2). We next investigated the impact
on walking distance and gait speed following supplementation
by applying the 6-min walk test (6MWT).®"*> The UA 1,000 mg
dose group showed a significant within-group increase from
baseline (p = 0.008) in walking ability during the 6MWT at
4 months (p = 0.098 compared with placebo; Figure 2F; Table 2).
Distance traveled increased by a mean of 33.43 m. This is note-

4 Cell Reports Medicine 3, 100633, May 17, 2022

worthy, as such distance exceeds current estimates for clinically
important differences in older adults (>30 m).®"*? Participants in
the placebo or the low-dose UA group did not show changes in
the BMWT. Similarly, gait speed improved only in the 1,000 mg
UA intervention group from baseline to end of study (p = 0.004;
Figure S2D; Table 2).

UA is bioavailable and induces markers of improved
cellular health in the plasma

Plasma samples were collected from study participants to
assess UA bioavailability and to investigate the impact of UA
on surrogate biomarkers of mitochondrial and cellular health.
We detected high levels of parent UA and its conjugated forms,
UA-glucuronide and -sulfate (Figure 3A), 4 months after adminis-
tration of UA at both doses compared with baseline. UA plasma
levels achieved were consistent to those measured in the first-in-
human trial with UA in older adults and suggested an excellent
compliance by the study participants. Of note, only a minority
of participants (~15%) showed circulating plasma UA levels at
baseline prior to the start of the study intervention (Figure S3A).
This is line with the reported range and variability of natural UA
producers in healthy populations.”® We next assessed whether
beneficial effects of UA on muscle function translated into surro-
gate plasma biomarkers of health. First, we measured plasma
levels of acylcarnitines, lipid molecules whose downregulation
indicates improved fatty-acid oxidation.®® Acylcarnitines were
reduced in the UA 500 mg group and middle- to long-chain acyl-
carnitines were the most downregulated species (Figure 3B), as
reported in previous clinical studies.”®*° No changes occurred in
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Figure 2. Urolithin A oral administration significantly improves leg muscle strength and impacts aerobic endurance in middle-aged adults
(A) At baseline and end-of-study visits, maximum strength values were calculated as the mean of the five peak torque scores (five reciprocal concentric isokinetic
contractions with maximum effort) in nm for hamstring and as the one maximum score in nm for knee flexion.

(B) UA significantly improved hamstring leg muscle strength at both doses (p = 0.027 compared with placebo for 500 mg UA dose; p = 0.029 compared with

placebo for 1,000 mg dose).

(C) Hand-grip strength was evaluated via hand-held dynamometry (5.1% improvement from baseline in 1,000 mg UA dose, p = 0.08).

D) UA 1,000 mg supplementation led to significant within-group (p < 0.01; p =

0.058 compared with placebo) increases in peak VO,.

(
(E) UA-supplemented groups showed non-significant increases of ~4% increase in peak power output from baseline.
(F) UA 1,000 mg dose group showed a significant within-group increase from baseline in walking distance during the BMWT at the end-of-study visit (p < 0.008).

the UA 1,000 mg cohort (Figure 3B), suggesting a possible time/
duration effect of UA on this plasma biomarker.

C-reactive protein (CRP) is a well-established plasma
biomarker of inflammation linked to aging®**® and high BMI.*®
As expected, middle-aged overweight ATLAS participants
showed high average plasma CRP concentrations (approxi-
mately 3 mg/L; Figure S3B), which is associated with moderate
to high risk of age-related chronic diseases.***> Administration
of UA reduced plasma CRP levels at both doses, with results sta-
tistically significant at the 1,000 mg dose (Figure 3C). UA also led
to an overall reduction of some pro-inflammatory cytokines,
such as interferon gamma (IFN-vy), interleukin-1 beta (IL-1p),
and tumor necrosis factor alpha (TNF-a) (Figure 3D). Average
baseline levels of these pro-inflammatory cytokines were low in
this population. For several subjects, IL-1p values were below

the limit of detection. Despite this limitation, combined data
from both CRP and inflammatory cytokines suggest a mild
anti-inflammatory effect of UA at the systemic level. Altogether,
these results indicate that UA-mediated improvement of muscle
function associates with both enhanced mitochondrial efficiency
and reduced inflammation.

UA induces a signature of improved cellular health in the
skeletal muscle

To assess the impact of UA on muscle health at the molecular
level, we analyzed transcriptomic changes in the vastus lateralis
skeletal muscle collected at the start and end of the intervention
period in the study participants. Gene set enrichment analysis
(GSEA) identified pathways related to mitochondria (Figure 4B),
ribosomal translation (Figure 4C), and muscle contraction
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Figure 3. Effect of Urolithin A on systemic biomarkers of mitochondrial health and inflammation
(A) Dose-dependent increase in plasma UA (left), UA-glucuronide (middle), and UA-sulfate (right) plasma levels comparing baseline with the last day of the
4-month treatment period for placebo, UA 500 mg, and UA 1,000 mg doses (n = 27, placebo and UA 500 mg; n = 25, UA 1,000 mg). Data represent mean + SEM.

*p < 0.0001, after one-way ANOVA.

(B) Change in plasma levels of acylcarnitines comparing end of treatment with baseline (n = 27, placebo and UA 500 mg; n = 25, UA 1,000 mg; biologically
independent samples). Data represent geometric mean + 95% confidence interval. #0.05 < p < 0.15; *p < 0.05; after a two-way, repeated-measures ANOVA.
(C) Ratio of plasma levels of C-reactive protein (CRP) comparing end of treatment with baseline (n = 27, placebo; n = 26, UA 500 mg; n = 25, UA 1,000 mg; bio-
logically independent samples). Data represent mean + 95% confidence interval. *p < 0.05, after an ANCOVA model.

(D) Effect of UA 500 or UA 1,000 mg versus placebo on change to baseline plasma levels of the indicated cytokines (log10-transformed data). *p < 0.05, after an

ANCOVA model.

(Figure 4D) that were significantly enriched after UA administra-
tion at the 500 mg dose (Figures 4A and S4A-S4C). The activa-
tion of mitochondrial gene sets reproduced results previously
observed in muscle biopsies from the UA first-in-human study
in the elderly.?® GSEA for UA at 1,000 mg did not show signifi-
cantly enriched pathways, suggesting a limited impact of UA
on muscle transcriptome at this dose and time point (Figure 4A).

Biological changes occurring in the muscle are often more
robust at protein than mRNA levels, as observed during muscle
aging®”°® and after physical exercise.>”*° Therefore, we investi-
gated the effect of UA on skeletal-muscle proteome by untar-
geted proteomics (Figure S5A). We analyzed proteins signifi-
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cantly induced by UA but not placebo (Figure 5A). Pathways
specifically enriched by UA supplementation at both doses
were related to glycogen metabolism and included the glycogen
debranching enzyme AGL and the myophosphorylase PYGM
(Figure S5B; Table S2). Notably, these proteins are among the
most significantly downregulated in the slow-twitch fiber with
human aging.“® These data suggest that UA promotes the mobi-
lization of glucose molecules to enhance muscle metabolism.
In the proteomic analysis, the most significantly enriched
pathway induced in the UA 500 mg group was “Parkin-mediated
ubiquitin and proteasomal systems” (Figures 5B and S5C). This
pathway contains ubiquitin-conjugating enzymes (UBEs) and
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Figure 4. Impact of Urolithin A intake on human skeletal muscle transcriptome

(A) Venn diagram summarizing gene set enrichment analysis (GSEA) results from RNA-seq data in vastus lateralis skeletal muscle. Data represent gene sets
upregulated with an adjusted p value <0.1 in subjects treated with placebo or with UA at 500 and 1,000 mg for 4 months compared with baseline.

(B-D) GSEA plots of the three most significant Gene Ontology (GO) pathways significantly enriched specifically in UA 500 mg group: GO_Mitochondrial protein
complex (B), GO_Cytosolic Ribosome (C), and GO_Contractile fiber (D). Significant gene sets for the placebo group were filtered out to identify treatment-specific

pathways. NES, normalized enriched score.

proteasomal components (PSMs) (Figure S5D; Table S2), which
are required for Parkin-mediated degradation of dysfunctional
mitochondria and damaged proteins. Enzymes such as UBE2N
and UBE2R2 were previously shown to be essential for PINK1/
Parkin-mediated mitophagy.*'***> A trend toward the increase
in these mitophagy-related proteins was observed also at the
1,000 mg dose (Figure S5D). Protein levels of the PINK1/
Parkin-independent mitophagy regulator BNIP3 decreased in
the 1,000 mg cohort (Figure S5E; Table S2), indicating a specific
effect of UA on the PINK1/Parkin-mediated mitophagy axis. Top
pathways enriched at the 1,000 mg dose were associated with
improved mitochondrial metabolism (Figures 5C and S6A) and
included proteins related to the mitochondrial tricarboxylic acid
(TCA) cycle, fatty-acid oxidation, electron transport chain
(ECT), and oxidative phosphorylation (OXPHOS) (Figure S6B;
Table S2). Several of these mitochondrial proteins were upregu-
lated by UA in a dose-dependent manner (Figure S6C). Among
proteins indicative of mitochondria content, TOMMZ20 increased
in the UA 1,000 mg group, although not significantly, while VDAC
levels remained unchanged in all cohorts (Figure S6C; Table S2).
No change was observed for proteins related to mitochondrial
remodeling, such as MFN1, MFN2, DRP1, and OPA1 (Fig-
ure SB6C; Table S2). Changes in mitochondrial proteome were
not influenced by a switch in muscle-fiber-type composition,
since the “muscle fiber ratio”*® comparing fast- over slow-twitch
fibers remained unaltered (Figure S6D).

To validate changes induced by UA on proteins related to mi-
tophagy and mitochondrial function, we performed targeted
western blot analysis on muscle-biopsy samples from the
same study subjects. Targeted immunoblotting of UBE2N
confirmed its increase with UA at 500 mg when comparing
post- with pre-treatment (Figures S7A and S7B). At the same
500 mg dose, UA also increased levels of phospho-Parkin
(Ser65), the fraction of active Parkin translocated on mitochon-
dria and phosphorylated by PINK1 upon mitophagy activation
(Figures 5D, 5E, and S7C). This supports the proteomics data
indicating that UA activates PINK1/Parkin-mediated mitophagy
in the human skeletal muscle.

Western blot further showed a dose-dependent increase in
protein levels of complex |, Il, and Il OXPHOS proteins following
UA supplementation. No significant changes occurred in the pla-
cebo group (Figures 5D, 5F, and S6D).

Finally, UA induced a mild increase in muscle mitochondrial
content, which was measured as a mitochondrial over nuclear
DNA ratio (mtDNA/nDNA) (Figure S6E), as was also seen in a pre-
vious human study.”®

DISCUSSION

This randomized clinical trial explored the impact of long-term
oral supplementation with UA on a range of muscle-health-
and physical-performance-related functional endpoints in mid-
dle-aged humans. The new study builds on findings from previ-
ously reported trials with UA in older adults that demonstrated
both the biological impact of UA on mitochondrial health in skel-
etal muscle®® and an improvement in muscle endurance and
resistance to fatigue with long-term UA supplementation.”®
The present trial was designed to assess the benefits of UA in
middle-aged adults on a range of physiological and biomarker
endpoints over a longer period of 4 months. Muscle biopsies
have been used for a first comprehensive analysis of mRNA
and protein biomarkers modulated in humans after long-term
intervention with UA.

An overweight middle-aged population with a high BMI and
average physical endurance was selected (Table 1), as it is
known that metabolic impairments linked to overweight or
obesity status lead to mitochondrial dysfunction and accelerated
muscle aging.”* A 4-month intervention was selected as the
shortest period to observe improvements on functional parame-
ters related to muscle health, given the time required at the
cellular level to remodel skeletal-muscle tissue and impact mus-
cle strength and aerobic capacity. In comparison, studies of ex-
ercise regimens typically focus on intervention periods of 6 to
12 months to observe functional benefits on physical perfor-
mance and muscle function.>*°

Among several positive and clinically meaningful results
observed in the current study (Table 2), the most striking was
the impact on leg muscle strength. We observed significantly
improved lower-body muscle strength in the hamstring skeletal
muscle at both doses of UA. Maintaining lower-body strength
and endurance is essential for healthy aging. The relationships
between muscle-strength improvements with walking ability
and exercise capacity have been documented in multiple longi-
tudinal studies of aging. Unlike muscle strength, which improved
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Figure 5. Urolithin A confers a proteomic signature of improved mitochondrial metabolism and mitophagy in human skeletal muscle
(A) Venn diagram summarizing pathway enrichment analysis results from proteomics data in vastus lateralis skeletal muscle. Data represent upregulated
pathways with an adjusted p value <0.1 in subjects treated with placebo or with UA at 500 and 1,000 mg for 4 months compared with baseline.

(B and C) Dot plots showing top enriched pathways (WikiPathways 2019 Human),

ranked by protein ratio, in the UA 500- (B) and UA 1,000 mg (C) groups from (A).

Dot color and size indicate adjusted p value and protein count, respectively. Significant pathways for the placebo group were filtered out to identify treatment-

specific pathways.

(D) Western blot analysis of protein lysates from vastus lateralis skeletal-muscle biopsies in subjects treated as above. For each subject, both baseline (Pre) and
end-of-the-treatment (Post) samples were run, and membranes were probed for phospho-Parkin, total Parkin, and the mitochondrial proteins ATP5A (belonging
to the OXPHOS complex V), UQCRC2 (complex IV), SDHB (complex Il), and NDUFB8 (complex I). Tubulin and VDAC were included as markers of total and mito-

chondrial protein abundance, respectively. Dashed line separates samples from
(E) Quantification of phospho-Parkin over Tubulin protein intensity from western

individual subjects. (n = 6 Pre and Post, biologically independent samples).
blots (WBs) in (D) (n = 6). Two-sided, paired t-test.

(F) Quantification of NDUFBS8 (left) and SDHB (right) protein intensity, normalized over VDAC from WBs in (D) (n = 6). *p < 0.05; **p < 0.01; two-sided, paired t test.

with both doses of UA, the results showed that only the higher
dose of UA led to clinically relevant improvements in measures
of physical performance (6BMWT) and aerobic endurance (peak
Voo). This could indicate a dose-response effect with UA and
also suggests that whole-body measures may require longer
supplementation. It is particularly noteworthy that the group
administered the high dose of UA (1,000 mg) increased their
walking distance by >30 m during the 6MWT, as this reflects a
clinically meaningful difference in mobility.*?

The fact that UA treatment improved the outcomes related to
physical performance in the absence of any exercise regimen is
an important finding for the field. Supplementation with high
(1,000 mg/d) and low (500 mg/d) doses of UA resulted in
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non-significant improvements (4.30% and 3.90%, respectively)
in PPO (the primary endpoint) compared with the placebo
group from baseline. Although these changes are small in
magnitude, they are important in the context of aging and the
studied population. The ability to generate power results comes
from a combination of muscle-contraction velocity, dynamic
muscle force, and intrinsic bioenergetic capacity, making mus-
cle-power production an essential component of human loco-
motion and function. Peak Vg, improved by ~10% in the
high-dose UA group, with the effect already manifesting at
2-months post-UA supplementation and being maintained
at 4 months. These improvements in aerobic endurance
are similar to what has been previously observed in
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exercise-regimen trials of the same duration in subjects with
poor endurance and functional capacity.*®*

We also examined the effect of UA on biological pathways
linked to improved muscle strength and endurance. A hallmark
of muscle health is the ability to remove and recycle damaged
intracellular cytosolic components.*® Mitophagy is the process
by which cells remove dysfunctional mitochondria and, in turn,
regenerate functional organelles.*® Both mitophagy and mito-
chondrial biogenesis decline with aging and in age-related dis-
eases.”® UA was shown to induce markers of mitophagy and
mitochondrial function in pre-clinical models of aging.'” In this
trial, muscle RNA sequencing (RNA-seq) showed the activation
of mitochondrial gene sets specifically at the UA 500 mg dose.
We also observed an enrichment of gene sets related to muscle
contraction and ribosome, which might suggest the activation of
an anabolic response at the mRNA level. We also analyzed, for
the first time, the impact of UA in skeletal muscle at the protein
level. This is relevant as both aging and exercise are known to
have a robust impact on muscle proteome.®”*® Our data re-
vealed UA to impact markers of Parkin-mediated mitophagy
and to dose-dependently upregulate levels of mitochondrial
TCA cycle and OXPHOS proteins. Other interventions under
investigation to promote mitochondrial function in human skel-
etal muscle, such as nicotinamide riboside (NR), did not show
changes in mitochondrial abundance or function after 4-8 weeks
of supplementation, which may be on the shorter side to observe
an impact.®'*? Notably, mitochondrial proteins are upregulated
by UA to an extent that is comparable to what is observed after
undergoing physical exercise regimens.***

To look at UA’s impact on mitochondrial health systemically,
we measured plasma acylcarnitines. Reduction in acylcarnitine
plasma levels is linked to enhanced mitochondrial efficiency.>®
In line with this, circulating acylcarnitines are increased during
aging®® and in conditions associated with mitochondrial
dysfunction®” while being lowered by long-term exercise.*® Pre-
vious data in elderly subjects showed that UA supplementation
reduced plasma acylcarnitines.”®?° The current study repro-
duced these data after long-term administration and in a
different population, albeit only at the 500 mg UA dose. These
data suggest that the impact of UA on acylcarnitines might be
function of the length of intervention and dosing.

Together with its benefit on mitochondrial health, UA also
reduced plasma biomarkers of inflammation. The reduction of
the CRP by UA is particularly relevant, as circulating CRP con-
centration is positively associated with an increased risk of
age-related diseases and with poorer immune health.***° Of
note, plasma CRP levels are also inversely correlated with mus-
cle mitochondrial oxidative capacity.”® These biomarker data
indicate how UA supplementation offers a potential dual benefit
for muscle health, by improving mitochondrial function, while
also acting to reduce age-related chronic inflammation, or in-
flamm-aging.®® UA induction of mitophagy could potentially
mediate its anti-inflammatory effect, as removing dysfunctional
mitochondria reduces the production of reactive oxygen spe-
cies (ROS) and the release of mtDNA and cardiolipins, known
triggers of inflammatory responses.®®®" In turn, UA-mediated
reduction of inflammatory markers could contribute to blunting
their negative regulation of mitochondrial biogenesis effectors,
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such as PGC1a and SIRT1, thereby allowing the generation
of new mitochondria.®*®? How UA impacts both mitochondrial
health and inflammation is an intriguing question that warrants
in-depth mechanistic studies in more suited experimental
models.

A key finding of the present study is the clinically meaningful
impact of UA on improving muscle strength and positively im-
pacting aerobic endurance and physical-performance measures
such as walking distance. These findings build on previous clin-
ical evidence with UA and its use as a nutritional intervention to
support muscle health and promote healthy aging. Future confir-
matory studies will focus on functional endpoints that had an
impact with UA supplementation, in particular on muscle
strength and aerobic endurance, and will be powered based
on the findings of this proof-of-concept study.

Limitations of the study

One of the main limitations of the study is that the primary
endpoint of the study, PPO, was not significantly different be-
tween the UA groups versus the placebo group. This proof-of-
concept study investigated the impact of UA on muscle strength
and function in middle-aged adults. Therefore, sample-size esti-
mates and treatment effects could be estimated only based on
published exercise intervention studies of longer durations in
excess of 4 months*”%® Despite this limitation, the data obtained
with this trial will help design future well-powered, confirmatory
studies focused on muscle-strength and aerobic-endurance
outcomes. Another limitation of the study is the finding that
some biological pathways were not significantly modulated by
UA at all doses. We also did not observe an overlap in pathways
activated by UA when comparing RNA-seq and proteomics
data. This lack of consistency could be a limitation to interpret
the results. However, data could simply indicate UA’s pharma-
codynamics in human, with different sets of biomarkers acti-
vated by the compound at either the mRNA or the protein level
depending on dose and duration of the administration. Such a
model is supported by previous studies also showing that aging
and exercise interventions have a different impact on transcrip-
tome and proteome over time.*”:%*
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V-PLEX Human CRP Kit
V-PLEX Proinflammatory Panel 1 Human Kit

Meso Scale Discovery
Meso Scale Discovery

Cat#: K151STD
Cat#: K15049D

QiaSymphony RNA extraction kit Qiagen Cat#: 931636
QIAsymphony DNA Mini kit Qiagen Cati: 937236
Deposited data

RNA-seq dataset This study GEO: GSE197273

Human reference genome NCBI Release 32
(GRCh38.p13)

Genome Reference Consortium

https://www.ncbi.nlm.nih.gov/grc/human

Oligonucleotides

HSMTND1 Tagman Probe This study Custom made

HS18S Tagman Probe This study Custom made

Software and algorithms

ImageJ-win64 NIH https://imagej.nih.gov/ij/
GraphPad Prism 9.3.1 GraphPad Software https://www.graphpad.com/
R, v. 4.0.3 https://cran.r-project.org/

DESeq2 v. 1.30.0

Love Ml et al., 2004

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

clusterProfiler, v. 3.18.0 Yu et al., 2012 https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

Other

4-15% Mini-PROTEAN® TGX™ Precast Biorad Cat#: 4561086

Protein Gel

Protease inhibitor cocktail Thermofisher Cat#: 78430

Phosphatase inhibitor cocktails Thermofisher Cat#: 78428

Transblot transfer Biorad Cat#: 1704156

10x TBST Brunschwig Cat#: SER42598-01

Non-fat dried milk Applichem Cat#: A0830

4x Laemmli Sample Buffer Biorad Cati#: 1610747

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contacts, Drs. Anu-

rag Singh and Chris Rinsch (asingh@amazenis.com; contact@amazentis.com).
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Materials availability
All unique/stable reagents generated in this study are available from the lead contacts, Drs. Anurag Singh and Chris Rinsch, with a
completed Material Transfer Agreement.

Data and code availability
® RNA-seq data have been deposited at GEO (accession number: GSE197273).
® This study did not generate codes.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Trial design and study schedule

The study (ATLAS) is a randomized, double-blind, placebo-controlled study enrolling healthy, overweight, middle-aged subjects,
who received UA (Mitopure™; Amazentis SA), orally for 4-months at the dosing of 500 mg (n = 29), 1,000 mg (n = 30) or the corre-
sponding placebo (n = 29) as described in the CONSORT table (Figure 1). The study was approved by an independent private IRB
(Advarra IRB) and by the Natural product division of Health Canada. Subjects were recruited at the clinical site (KGK Science, Lon-
don, Ontario, Canada) via a participants database and through social media campaigns. Recruitment started in March 2018 and the
last subject completed the study in August 2019. 253 subjects were screened in total of which n = 88 met all the study inclusion and
exclusion criteria and were randomized. There were 4 study visits during the course of the trial. Screening visit (Visit 1) occurred up to
45 days prior to baseline visit (Day 0). At baseline (Visit 2) subjects performed the various study measures and were randomized into
the different interventions. Subjects returned back to the clinic 2-months after study start (Day 60 =+ 4; Visit 3) and 4-months at the end
of the study duration (Day 120 + 4; Visit 4). Recruited and randomized subjects’ demographics are shown in Table S1. Atotal of n=79
subjects completed the study and there were 9 drop-outs (2 each in placebo and 500mg UA intervention and 5 in 1000mg UA dose
group). There were no major deviations of the clinical protocol. No concomitant diets/medications were reported. The Intent-to-treat
(ITT) population consisted of all participants who were randomized and received the study product. The Per-protocol (PP) population
consisted of all participants who showed 80% compliance to study products, completed all study visits and did not have any major
study protocol deviations. All 88 subjects are included in the final analysis for the main clinical study endpoints (ITT analysis) (Fig-
ure S1). The n =9 drop-outs and n = 5 poor compliant subjects were removed from the per protocol (PP) analysis (n = 74). The clinical
study is registered in the registry www.clinicaltrials.gov (NCT03464500)and was conducted in accordance with the guidelines of the
international council of harmonisation (ICH) for Good Clinical Practice (GCP) and the Declaration of Helsinki and follows the
CONSORT reporting guidelines for randomized clinical trials

Inclusion and exclusion criteria

Study participants are aged ranged between 40 to 65 years and were above normal body weight (BMI between 25.0 and 34.9 kg/m?).
Subjects were sedentary and with low VO, .« (defined as less than <35 mL/kg/min via the ergometer prior to baseline) at the time of
the study inclusion. Subjects agreed to avoid exercising 24-h prior to study visits and maintain low physical activity status for the
duration of the trial. Subjects also should not have participated within the last year in any other clinical trial focused on physical or
muscle performance. Subjects also agreed to refrain from consuming pomegranate juice or supplements and from taking other di-
etary interventions touted for muscle promoting benefits such as high-protein and CoQ10, Vitamin B3 and its precursors and
L-carnitine. All subjects gave informed consent prior to study participation. Exclusion criteria included chronic smokers, history of
alcohol abuse, those with chronic diseases that required medications (statins, blood thinners, steroid and thyroid medications),
and participants who had either recently donated blood or did not like swallowing capsules. Subjects engaging in regular physical
activity were also excluded in addition to those undergoing a weight-loss program. Subjects with previous metallic implants were
also excluded.

METHOD DETAILS

Product intake and randomization

The investigational product was labeled according to the requirements of ICH-GCP guidelines and applicable local regulatory guide-
lines. Investigational product was randomized and coded by an unblinded person at the study CRO, who was not involved in data
collection or analysis. A randomization schedule was created and provided to the Investigator indicating the order of randomization.
Each participant was assigned a 6-digit randomization code according to the order of the randomization list generated using www.
randomization.com. A “block randomized” list was created to ensure balance between the intervention groups during the random-
ization process. Primary packaging of the soft-gel was provided in blister packs. Packaging of the product was performed by PCI
Pharma Services (4545 Assembly Drive, Rockford, IL, 61109, USA). For the purpose of the study, the daily dose of UA or placebo
was delivered by secondary packaging into wallets containing an 8-days’ supply, each day containing 4 softgels: (1) for Placebo daily
dose: 4 Placebo softgels; (2) for 500mg UA daily dose: 2 UA soft-gels + 2 placebo softgels; (3) for 1000mg UA daily dose: 4 UA
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softgels. Participants were instructed to take 4-soft-gel capsules of placebo, 500 mg, or 1,000 mg doses. These were provided in kits
containing the blister packs. The blisters were packaged into 8-day (each day 4-softgels) wallet cards. Four (4) wallet cards (30 +
2 days’ supply) were included in a final box/kit package for a month’s worth of supply. Each participant received 2 monthly kits at
start of the study and at the 2-month study visit. Four soft-gel capsules were to be taken in the morning before breakfast with water
on an empty stomach on the day following randomization (Day 1). Subjects were instructed to take the soft-gel capsules one after
another. The length of the intervention was four-months (120 days). If a participant forgot to take a dose, they were instructed to take
the next dose as soon as they remembered. Participants were not to miss three consecutive days of product up to a maximum of
three times during the course of the study or they were deemed non-complaint. The participants were instructed not to exceed
the intake of four soft-gel capsules per day.

Compliance

Compliance was assessed by counting the returned unused test product at each visit. Compliance was calculated by determining the
number of dosage units taken divided by the number of dosage units expected to have been taken multiplied by 100. Possible differ-
ences in compliance between the study groups at each visit and overall compliance were assessed by an analysis of variance (ANOVA).

Adverse event reporting

During the study, participants recorded any adverse effects in their diary. Any adverse events (AEs) were documented and classified
according to the description, duration, intensity, frequency, and outcome. The qualified investigator assessed all AEs and decided on
the causality. Intensity of AEs was graded on a three-point scale (mild, moderate, severe) and reported in detail in the study record. All
adverse events were categorized by the MedDRA (Medical dictionary for regulatory activities) Version 20.1.

Data management and monitoring

Study data were processed in accordance with the principles of Good Clinical Practice. Data were acquired from source documen-
tation and entered for each individual subject electronic case report form (€CRF) into a validated data management system (Open
Clinica Enterprise Version 3.11). Data entry was completed by site personnel into the study database system. Reference ranges
were provided to query each laboratory parameter used during the study to identify the out-of-range values. Prior to the database
lock, every in a subject’s eCRF was checked for completion of data entry. The data was monitored, validated and frozen prior to un-
blinding. The study blind was broken at the end of the study following blind database review and database lock approval. Emergency
unblinding for safety reasons was not required during the conduct of the study. For study monitoring source documents were re-
viewed to ensure that all items had been completed and that the data provided are accurate and obtained as specified in the protocol.
For each participant during the monitoring visits the following was reviewed to confirm that: Informed consent was obtained and
documented; that enrolled participants fulfilled all inclusion criteria and did not meet any exclusion criteria; that AE/SAE reporting
has been performed as applicable; study visits have been conducted as per protocol and information has been recorded in the
appropriate place in the source document; and that the study product was being stored correctly and an accurate record of its
dispensation to the study participants was being maintained.

Lower-body (muscle strength testing) using Biodex dynamometry

Lower body strength testing was performed using a Biodex isokinetic dynamometer (Wolf Orthopedic Biomechanics Lab, Western
University, London, ON, Canada) as per the following protocol: The Biodex Multi-Joint System-3 dynamometer (Biodex Medical,
Shirley, NY), its accompanying software, and methods used were similar to previously published protocols (King et al., 2008;
Kean et al., 2010). During the testing session, the participants were seated with their back against a rigid backrest oriented 85° above
the horizontal. The participant’s pelvis and thigh were secured to the dynamometer using a seatbelt oriented diagonally across the
anterior superior iliac spines and over the distal half of the quadriceps, respectively. The axis of rotation of the dynamometer lever arm
was positioned coaxial with the lateral femoral epicondyle. The resistance pad was secured over the distal anterior one-third of the
lower leg, above the malleoli. Participants performed 3 sets of 10 repetitions of reciprocal concentric isokinetic knee extension and
flexion at an angular velocity of 60 deg/sec. Before testing, participants performed a 5-min warm-up on a stationary cycle ergometer
at a low rate (50 rpm) and low workload (1 kP). Before each test, participants performed two submaximal (50-65%) repetitions to
allow for familiarization with the testing method. Participants then performed five reciprocal concentric isokinetic contractions of
knee extension and knee flexion with maximum effort. Maximum strength values were calculated as the mean of the 5 peak torque
scores in Nm, and as the one maximum score in Nm, for knee extension and for knee flexion.

Upper-body (hand-grip) muscle strength evaluation using dynamometry

Hand-grip strength was tested using a Jamar dynamometer (Chicago, IL, USA) as a measure of upper body strength. The same clin-
ical coordinator performed the dynamometry measurements for each subject at all visits. The clinical coordinator instructed the sub-
ject to hold the grip strength dynamometer in their non-dominant hand and place their elbow against their side. On cue, the subject
squeezed the handle of the dynamometer as hard as possible. The clinical coordinator recorded the maximum resistance value in
kilograms that the dynamometer recorded. This process was repeated three times in the non-dominant hand. An overall average
was calculated.
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Incremental sub-maximal exercise testing

The purpose and protocol of the test were outlined to the participant. Participants were informed that they may withdraw from the
exercise at any point during the test. The subjects were attached to the metabolic cart (cardio-Coach). Resting Vo, and heart rate
were measured are made for 1 min. Participant initially began cycling at a suggested cadence = 70 rpm for 3 min to accommodate
the initial light-intensity power output. This was followed by incremental exercise: after the 3-min baseline cycling, participants
continued cycling and the load increased by 100 g every 30s. Heart rate was monitored continuously throughout the protocol and
rate of perceived exertion (RPE) was monitored every 2 min. Additional load was continued to be added until the final criteria had
been achieved i.e., the participant was unable to maintain a cadence despite strong verbal encouragement; or maximal heart rate
was >85% based on Karvonen’s formula; or respiratory exchange ratio (RER) > 1.15; or a rating of perceived exertion on the
Borg scale of 19 or 20; or an inability to continue. A graph was generated comparing heart rate (HR) vs. rate of oxygen consumption
(Vog) using participants’ data from the Vo, submaximal procedure. A trendline of the data was used to extrapolate a participant’s age
corrected to predicted max heart rate which was used to predict Voopmax-

Dual energy X-ray absorptiometry (DXA)

The DXA scan (GE Healthcare, Madison, WI, USA) was performed by trained imaging technicians at the study site. The procedure
was explained to study participants. It was confirmed that participant did not have any internal metal implant from chin down and
that participants had not performed a scan recently (<5-day) where a contrast medium was administered. Participant were asked
to wear comfortable clothing and not wearing any garments that contained metal, zippers, etc. during the scan. Participants were
asked to remove jewelry, removable dental appliances, eye glasses and any metal objects or clothing that potentially might interfere
with the X-ray images. Participants were positioned on the table, making sure that they were positioned properly on their back within
the appropriate scanner detectors. Participants were positioned supine on the table with their arms by their side and having their
head about one inch inside the border of the scanner. Scanner was set up with all required data for the participant entered in a folder
created for them. Participant were asked not to move while the scanner was running. Once the exam was complete, it was confirmed
that all the necessary information and images have been acquired.

6-min walk test (6MWT)

A distance of 15 m was marked on the floor of an indoor hallway regulated for temperature and humidity, and markers placed at each
end of the course. Participants were instructed on how to complete the test by a trained clinical coordinator. The test consisted of
subject’s walking the length of the course, pivoting briskly at the end and returning to the starting point. The subject’s completed as
many laps of the course as possible over 6 min. The clinical coordinator provided encouragement and time updates at 1-min intervals
over the length of the 6-min. At the 6-min mark the subject were asked to stop where they were standing and the clinical coordinator
calculated the total distance that was walked in meters.

Plasma collection

Blood samples were drawn from all the study participants at screening, and at the end of study visit from a participant’s arm via veni-
puncture. Approximatively 4 mL of blood was collected in lavender EDTA tubes until vacuum was exhausted and blood ceased to
flow. Tubes were gently inverted 8-10 times to disperse anticoagulant, labeled and centrifuged immediately at 2,500 rpm for 15 min at
25 °C. Each sample was aliquoted in labelled cryovials containing 500 puL of plasma each. Each aliquot was used for a different
plasma biomarker to avoid extra freeze-thaw cycles. Volume used from each aliquot are: 150-300 pL for metabolomics; 200-
500 pL for bioavailability assessment; 200-300 pL for plasma CRP and cytokines measurement.

Bioavailability assessment of UA

Plasma concentrations of UA and its metabolites, UA-glucuronide and UA-sulfate, were analyzed in plasma samples. UA levels in plasma
were assessed before the start of the study intervention and following the last dose of the 4-month study duration for bioavailability as-
sessments with a validated method as described in.?® The limit of quantification was 5.00 pg mL—1 for UA in plasmaand 5.00 ng mL—1 for
UA-glucuronide and UA-sulfate in plasma. For mean value calculations, all values below the limit of quantification were set to zero.

Plasma metabolomics

Metabolomics of plasma was performed by Metabolon Inc. according to published methods.®® Briefly, sample preparation was con-
ducted using a proprietary series of organic and aqueous extractions to remove the protein fraction while allowing maximum recovery
of small molecules. The extracted samples were split into equal parts for analysis on the gas chromatography-mass spectroscopy
(GC-MS) and liquid chromatography-tandem mass spectroscopy (LC-MS/MS) platforms. For LC-MS/MS, samples were split in two
aliquots that were either analyzed in positive (acidic solvent) or negative (basic solvent) ionization mode. GC-MS was performed on
bis(trimethylsilyl) triflouroacetamide-derivatized samples in a 5% phenyl GC column.

Plasma CRP and cytokine measurements

Human plasma samples were used to measure levels of C-reactive protein (MSD V-Plex K151STD) and a panel of cytokines (Human
Pro-inflammatory Panel 1 K15049D) following manufacturing instructions. Samples were analyzed in a blinded fashion using a
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dilution of 1:2 for the Human V-Plex Proinflammatory Panel 1 and of 1:100 for the Human CRP MSD assay. Standard curve concen-
tration points on each plate were used to confirm where the calculated LLOQ for a particular analyte lies in comparison to the pub-
lished LLOQ.

Muscle biopsies procedure

Muscle biopsies were collected in fasting conditions from the vastus lateralis muscle of the right leg on Day 0 pre-dose and on Day
120 in subjects that agreed and gave consent to the procedure (n = 59). Participants refrained from NSAID use for a full week prior to
procedure. Prior to collection, the process was explained to participants at the beginning of the visit, with allergies to either Cover-
plast adhesive bandage or anesthetic Xylocaine declared beforehand (Sterile gauze and paper tape were be used if an allergy to Cov-
erplast existed, and the procedure stopped if there was an allergy to Xylocaine). Area on participant’s right leg (lateral thigh) to be
used for muscle biopsy was cleaned with an alcohol swab and shaved if needed. Intramuscular injection (vastus lateralis) of
2.5 mL of 2% Xylocaine with a BD eclipse 25G X 1 2 needle and 3 mL syringe was done to an area proximal to biopsy collection
to ensure the sample was free of anesthetic. A 5-min waiting period was observed to allow anesthetic to take effect before the muscle
biopsy area was cleaned 3 times with Stanhexidine aqueous 2% with 4% IPA. These biopsies were needle biopsies (Bergstrom Bi-
opsy Needle and in some procedures Bard Core Biopsy Needle), and always performed by a qualified medical doctor and always
at the same location of the vastus lateralis. Considering the length of the needle, the depth of the collection was around 4-5 cm below
the skin and therefore in the muscle. The passing of fascia lata was perceptible and taken as a confirmatory sign that the needle was in
the skeletal muscle. Each sample was divided in three portions of approximately 5-15 mg that were aliquoted in 2mL Eppendorf safe-
lock and snap frozen using liquid nitrogen.

mRNA extraction from muscle biopsies

One muscle biopsy portion was added in RNA-later containing 2mL Eppendorf tubes. RNA was extracted from muscle vastus lat-
eralis tissue using automated extraction protocols on the QiaSymphony platform using the QiaSymphony RNA extraction kit (cat.
931636) following the QiaSymphony RNA handbook 10/2009 and appropriate SOPs. RNA is quantified by Agilent Fragment Analyzer.
Quality control of all of the samples will be done on the Agilent Bioanalyzer. Only samples for which muscle biopsies were available
both before (Day 1) and after (day 120) the supplementation were used for RNA extraction.

Library preparation and RNA-seq

Library preparation and was performed using the Strand-specific cDNA library. RNA samples were subjected to purification of poly-A
containing mRNA molecules, fragmented mRNA fragmentation. Random primed cDNA synthesis (strand-specific) and adapter liga-
tion and adapter specific PCR amplification was then performed. All libraries were used for subsequent RNA-seq analysis. RNA-seq
run was performed using the lllumina HiSeq 4000 sequencing platform with single reads (1 x 50 bp) and 30 million reads (+/- 3%). All
samples were randomized in the RNA-seq plates to avoid batch effects. FASTQ files were generated for each sample.

Gene expression analysis using RNA-seq

The quantification of mMRNA from the RNA-seq FASTQ files was performed using Salmon, for both Day 1 (Baseline, BL) and Day 120
visits, from 18 Placebo, 18 UA 500 mg and 21 UA 1000 mg samples. Sample-wise quant.sf files containing raw transcript-level read
estimates were read into R, v. 4.0.3 and were combined into a data matrix. Transcripts with very low total counts (< 10) across all
samples were filtered out. The data was transformed using the variance stabilizing transformation (VST) method of R package DE-
Seq2, v. 1.30.0.°° Top 10,000 transcripts with the highest variance across all samples were used for principal component analysis
(PCA) using DESeq2. Data transformation and PCA was also done separately for each treatment group. Based on the PCAs, probable
outlier samples were excluded and new PCAs were plotted without these samples. The raw transcript-level read count estimates
were read in R and summarized to gene-level counts based on the provided transcript and gene ID annotations using summarize-
ToGene function of R package tximport, v. 1.18.0. DESegDataSetFromTximport function of DESeg2 was then used for constructing a
DESegDataSet object for DE analysis. Pre-filtering was applied before the DE analysis by excluding genes with <10 total counts
across samples. Subset DE analysis was performed, contrasting Visit time D120 with baseline (BL) and by adjusting for the subject
effect. The normalization and DE analysis was done separately for the three different treatment groups. Independent filtering option of
DESeq2 was enabled (default), filtering out genes with very low counts and thus unlikely to show significant evidence. R package
biomaRt. v. 2.46.0 was used for annotating the results with HGNC gene symbols, gene descriptions and gene biotypes. DESeq2-
normalised expression values of all the samples in the given comparison were added to the result tables. Non-adjusted p value
0.05 was used to filter the results by statistical significance. Results were also generated using DESeq2 function IfcShrink that allows
for the shrinkage of the log2 fold change (LFC) estimates toward zero when the information for a gene is low (such as in those cases
with low counts or high dispersion values) but has little effect on genes with high counts. The shrinked log2FC values were subse-
quently used for visualisation and ranking the genes.

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis (GSEA) was conducted using R package clusterProfiler, v. 3.18.0.°” Enrichments of Gene Ontology
(GO) Biological Process (BP), Molecular Function (MF) and Cellular Compartment (CC) terms were investigated. All the genes
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subjected to the DE analysis and that passed the independent filtering of DEseg2 were ranked by shrunk log2 fold change values and
used as input data for the analysis. Ensembl IDs of the genes were converted to Entrez IDs for the analysis using biomaRt, v. 2.46.
Minimum and maximum genes et sizes were set to 15 and 500, respectively. The simplify function of clusterProfiler was used to
reduce redundancy of the results. Briefly, GO terms with semantic similarity higher than 0.7 were treated as redundant terms, and
a representative term was then selected by taking the term with smallest adjusted p value. The obtained enrichment results were
then filtered to exclude those terms that had only one core enrichment gene and non-adjusted p value > 0.05. In order to adjust
for the placebo effect, the GSEA results of the Low Dose and High Dose DEGs were filtered to exclude enriched terms (p value < 0.05)
obtained from the GSEA of the Placebo DEGs. The top results were visualised as GSEA plots using the clusterProfiler functions gsea-
plot2, dotplot and cnetplot. DE genes with non-adjusted p value < 0.05 were compared between the treatment groups using Venn
diagrams. R packages VennDiagram, v. 1.6.20 and venn, v. 1.9 were used for generating the diagrams and extracting genes in each
Venn section. Similar analysis was done for comparing the enriched GO terms (with p value < 0.05) from the GSEA, using the simpli-
fied results.

Muscle proteomics

Human muscle samples were homogenized and denatured using a urea-based proprietary denaturing buffer (Biognosys’ Denature
Buffer). Proteins were reduced and alkylated using Biognosys’ Reduction and Alkylation Buffer. Digestion to peptides was carried out
using trypsin (Promega, 1:50 protease to total protein ratio) per sample overnight at 37 °C. Peptides were desalted using a C18
MicroSpin plate (The Nest Group) and dried down using a SpeedVac system (Thermo Scientific™). Peptides were resuspended
in 50 L water containing 1% acetonitrile and 0.1% formic acid (FA) (Solvent A) and spiked with Biognosys’ iRT kit calibration pep-
tides. Peptide concentrations were determined using a UV/VIS Spectrometer (SPECTROstar Nano, BMG Labtech). For the gener-
ation of the spectral library, a pool was prepared by combining aliquots from all samples. Ammonium hydroxide was added to reach
a pH value >10. The sample pool was fractionated using a Dionex UltiMate 3000 RS pump (Thermo Scientific) on an Acquity UPLC
CSHC18 1.7 um, 2.1 x 150 mm column (Waters). The gradient was 1%-40% solvent B in 20 min, solvents were A: 20 mM ammonium
formate in water, B: acetonitrile. Fractions were taken every 30 s and sequentially pooled to 8 fractions, dried down and resuspended
in Solvent A, and spiked with iRT kit calibration peptides. One microgram of peptides per sample or fraction was injected to an in-
house packed reversed phase column (PicoFrit emitter with 75 um inner diameter, 60 cm length and 10 um tip from New Objective,
packed with 1.7 um Charged Surface Hybrid C18 particles from Waters) on a Thermo Scientific EASY-nLC™ 1,200 nano-liquid chro-
matography system connected to a Thermo Scientific Q Exactive™ HF-X mass spectrometer equipped with a Nanospray Flex™ lon
Source. LC solvents were A: 1% acetonitrile in water with 0.1% FA; B: 20% water in acetonitrile with 0.1% FA. The nonlinear LC
gradient was 1-59% solvent B in 85 min followed by 59-90% B in 10 s, 90% B for 8 min, 90%-1% B in 10 s and 1% B for 5 min
at 60 °C and a flow rate of 250 nL/min. For DDA LC-MS/MS measurements, fractions were analyzed using a modified TOP15 method
from Kelstrup was used.®® For DIA LC-MS/MS measurements a method consisted of one full range MS1 scan and 29 DIA segments
was adopted from.?® The spectral library was generated by analyzing DDA data with SpectroMine™, FDR on peptide and protein
level was set to 1%. A human UniProt fasta database (Homo sapiens, 2020-07-01) was used for the search engine, allowing for 2
missed cleavages and variable modifications (N-term acetylation, methionine oxidation). DIA data were analyzed using Spectro-
naut™ Pulsar software (Biognosys). FDR was set to 1 %, data was filtered using row-based extraction. The assay library (protein
inventory) was used for the analysis. The DIA measurements were normalized using local regression normalization. As for RNA-
seq data, samples taken before and after treatment had been compared to measure changes in protein abundance due to the treat-
ment. Differentially expressed proteins from the above-described comparisons were subjected to WikiPathways enrichment analysis
using the R package clusterProfiler, v. 3.18.0. Genes coding for the differentially expressed proteins (DEPs) with positive fold-change
and false discovery rate (FDR) < 0.25 were used for the analysis. DEP genes from the Placebo analysis were excluded in order to
adjust for the placebo effect. The top results were visualised as using the clusterProfiler functions gseaplot2, dotplot and cnetplot.
Venn diagrams showing the overlap of the WikiPathways enrichment results were generated using R packages VennDiagram, v.
1.6.20 and venn, v. 1.9. Pathways with adjusted p value < 0.1 were used as input and lists of proteins in each Venn section were
extracted.

Western blot analysis

Muscle tissues were lysed in denaturing buffer as described above and added protease and phosphatase inhibitor cocktails (Ther-
mofisher, 78430 and 78428). Sample volume ranged between 100-300 uL. Samples were sonicated for 20 min using an ultra-sonic
bath (Branson 1,510) speed, and centrifuged at 13.000 rpm at 4 °C for 20 min. Clear supernatants were collected and used to assess
protein concentration by DC protein assay (Bio-Rad, 500-0112). Lysates were eluted in 5x Laemmli buffer (Biorad, 1610747). 15 nug of
protein lysates for each sample were separated by SDS-PAGE (Biorad, 1610732) and transferred onto polyvinylidene difiuoride mem-
branes (Biorad, 17001917). Filters were washed in TBS + 0.05% Tween and blocked for 1 h with 5% Non-Fat milk. Membranes were
stained with red Ponceau (Sigma, P7170) to stain total protein pool. The following primary antibodies were incubated overnight
diluted in blocking buffer: UBE2N (SantaCruz, sc-376470, 1:3000), Tubulin (Proteintech, 10004185, 1:3000), phospho-Parkin S65
(Cell Signaling, #36866, 1:1000), Parkin (Cell Signaling, #4211, 1:1000), OXPHOS Antibody Cocktail (Abcam, ab110413, 1:2000),
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VDAC (Proteintech, 10866-1-AP, 1:1000). After washings, the secondary antibody (goat-anti-mouse, Azure, AC2115, 1:5000) was
incubated for 30 min. Antibody reactions detection were imaged using the GE Healthcare, ImageQuant LAS 500. Quantification of
the protein band intensity was performed using Fiji.

mtDNA/nuDNA analysis

Muscle samples were incubated overnight in 360 pL of buffer proprietary ATL lysis buffer and 40 L proteinase (Qiagen) at 55°C in a
thermomixer set at 300 r.p.m. Cell debris was removed by centrifugation and 200 pL of clear lysates was placed in the QlIAsymphony
SP workstation (Qiagen). DNA was extracted with the QIAsymphony DNA Mini kit (Qiagen, catalogue no. 937236) following the man-
ufacturer’s procedures. Quantitative PCR was performed on the Fluidigm Biomark system following the Fluidigm Specific Target
Amplification Quick Reference (Fluidigm). Samples were loaded as technical triplicates. The real-time PCR data were analysed using
the Linear Derivative baseline correction and User (detector) Ct threshold method on the latest version of the Fluidigm Biomark soft-
ware (v.4.1.3). Quantification of mtDNA was performed using two customized Tagman assays targeted against a nuDNA sequence
(18S) and a conserved region of mtDNA (MTND1). Relative mtDNA copy number was determined comparing MTND1 to 18S signal.
gPCR data quality control was performed and samples with low DNA sample concentration or low sample purity were discarded.
These criteria were defined before starting the analysis of the raw data. Sample belonging to 4 subjects (2 placebo and 2 UA
1000 mg) did not meet the QC requirements and were excluded from the analysis

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical data

Atotal of three analytical populations are defined for all summaries and analyses. Every participant who meets the population criteria
specified below were classified in the designated population: Intent-to-Treat (ITT), per protocol (PP) and safety population. The ITT
population consisted of all participants who received either product, and on whom any post-randomization efficacy/effectiveness
information was available. The PP population consists of all participants who consumed at least 80% of treatment or placebo doses,
did not have any major protocol violations and completed all study visits and procedures connected with measurement of the primary
variable. The safety population consisted of all participants who received any amount of either product, and on whom any post-
randomization safety information was available. As this was an exploratory, proof-of-concept study designed to identify the endpoint
with the most responsive signal with supplementation, all endpoints were considered exploratory. Still to ensure an appropriate sam-
ple size to identify the signal, the following sample size estimates were utilized for the study utilizing exercise intervention studies in
similar populations: a) two-sided testing with overall alpha equal to 0.05. b) 80% power to detect a significant difference during sub-
maximal exercise test (peak power output), and c) a 20% attrition rate from enroliment to final, post-baseline measurement. The sam-
ple size was calculated on the basis of an independent Student’s t-test assuming a dose response with the active treatment. 87 sub-
jects were calculated to be required for a 3-group study to have an 80% power with a 0.05 alpha and 20% attrition rate. All statistical
testing used were two-sided and performed at the 0.05 significance level. Tests were declared statistically significant if the calculated
p value was <0.05. The endpoints were analyzed for both ITT and PP populations All analyses were performed using R Statistical
Package version 3.5.3 (R Core Team, 2019). For summaries of continuous variables, the arithmetic mean, standard deviation, median
and minimum-maximum range were presented to two decimal places. Possible differences between groups at baseline was as-
sessed by an analysis of variance (ANOVA). In the case of a significant between group difference, pairwise comparisons were con-
ducted with alpha adjustment using Tukey’s HSD. For each group, change in parameters between visits were assessed using a
paired Student’s t-test or Wilcoxon Signed-Rank test. Possible differences between groups for change in parameters were assessed
by a linear or repeated mixed-effects models, controlling for the baseline value in the model.

Plasma biomarkers

Change in plasma levels of acylcarnitines was assessed using repeated Measures ANOVA to analyze the data. Missing values, if any,
were imputed with the observed minimum for that particular compound. The statistical analyses were performed on natural log-trans-
formed data. For plasma CPR and cytokines, post baseline markers were analyzed in the Log10 scale using an analysis of covariance
(ANCOVA), correcting for baseline value and treatment arm. In case of observed value below the limit of detection, left censoring was
applied. Point estimate, 80% and 95% confidence intervals were extracted from the ANCOVA model. No correction for multiplicity
testing was applied. Analysis was performed using R version 4.0.3

RNA-seq

Differential gene expression (DGE) was calculated from RNA-seq data within each treatment group comparing D120 to D1 (baseline,
BL) using a Wald-test. Genes sets were taken from the MSIGDB C5 GO collection. Gene sets with adjusted p.value < 0.1 were
selected. Gene sets significantly enriched in the both the treatments and placebo groups were considered are false positive hits
and removed from the analysis.
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Proteomics
For testing of differential protein abundance, log2 peptide intensity ratios between replicate pairs for each protein were analyzed us-
ing a one sample t-test (u = 0). p-values were corrected for overall FDR using the g-value approach.

mtDNA/nuDNA
The mtDNA/nuDNA ratio calculated according to the following equation:
mtDNA . _AACH
~UDNA ratio = 2
AACt = (uCtumnpi(pr20) — #Cliaspiz0)) — (uClumnprer) — “Cligsar))
Where:

uCtyrnpt is the mean threshold cycle (Ct) of the technical triplicate of MTND1

uCtygs is the the mean Ct of the technical triplicate of 18S

The effect of treatment on mtDNA/nuDNA ratio was tested using a type Il analysis of variance (Wald test) at baseline (to test for
proper randomization) and over time (D120 - BL) after correction for multiple testing. A post-hoc analysis on the individual treatment
group comparison was conducted when the effect of treatment was significant.
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