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Effect of the mitophagy inducer urolithin A  
on age-related immune decline:  
a randomized, placebo-controlled trial

 

Mitochondrial dysfunction and stem cell exhaustion contribute to 

age-related immune decline, yet clinical interventions targeting immune 

aging are lacking. Recently, we demonstrated that urolithin A (UA), a 

mitophagy inducer, expands T memory stem cells (TSCM) and naive T cells 

in mice. In this randomized, double-blind, placebo-controlled trial, 50 

healthy middle-aged adults received oral UA (1,000 mg day−1) or placebo for 

4 weeks; time points of analysis were baseline and day 28. Primary outcomes 

were phenotypical changes in peripheral CD3+ T cell subsets and immune 

metabolic remodeling. UA expanded peripheral naive-like, less terminally 

exhausted CD8+ cells (treatment difference 0.50 percentage points; 95% 

CI = 0.16 to 0.83; P = 0.0437) while also increasing CD8+ fatty acid oxidation 

capacity (treatment difference = 14.72 percentage points; 95% confidence 

interval (CI) = 6.46 to 22.99; P = 0.0061). Secondary outcomes included 

changes in plasma cytokine levels (IL-6, TNF, IL-1β, IL-10), immune populations 

assessed via flow cytometry, immune cell function, and mitochondrial 

content. Analysis revealed augmented mitochondrial biogenesis in CD8+ cells, 

increased peripheral CD56dimCD16bright NK cells, and nonclassical CD14loCD16hi 

monocytes in UA-treated participants, as well as improved activation-elicited 

TNF secretion in T cells and bacterial uptake by monocytes. Exploratory 

single-cell RNA sequencing demonstrated UA-driven transcriptional shifts 

across immune populations, modulating pathways linked to inflammation 

and metabolism. These findings indicate that short-term U A s up pl em en-

tation modulates human immune cell composition and function, supporting 

its potential to counteract age-related immune decline and inflammaging. 

ClinicalTrials.gov registration number: NCT05735886.

The immune system responds to harmful stimuli such as infections 

and cellular damage1, playing a critical role in regulating inflammatory 

signaling required to combat exogenous infections or elicit an initial 

antitumor response at the presence of malignancy2,3. A remarkable fea-

ture of the immune system is its capacity to form a long-term adaptive 

response enabling a rapid recall to future re-challenges termed immune 

memory4, providing specific immunity that can span over decades5. 

Yet, this principally advantageous plasticity actively specializing the 

immune system throughout life comes at the cost of reduced respon-

siveness to novel antigens which is highlighted by attenuated responses 

to vaccines and increased vulnerability to novel infectious diseases6,7. 

Immune aging describes the global remodeling of the immune sys-

tem that is characterized by reduced thymic output and an increase 

in memory populations with concomitant reduction in naive T cell 

populations8,9. These changes cumulate in a chronic low-grade inflam-

matory state termed inflammaging10,11 that is characterized by increased 
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line with this, only a total of nine adverse events were recorded dur-

ing the 28 day study period in both groups (Extended Data Table 2). 

Four were reported in the UA group, whereas five were reported in the 

placebo group. Most adverse events (n = 6) were upper respiratory 

tract infections, of which three (n = 3) constituted SARS-CoV2 infec-

tions. One participant in the placebo group (n = 1) discontinued intake 

upon a major depressive episode which was deemed unrelated to the 

intervention. By protocol, no participants were excluded from final 

analysis, and analysis was performed by the original assigned group. 

concentrations of pro-inflammatory mediators favoring the develop-

ment of heart disease and cancer12,13.

The emerging field of immunometabolism has highlighted the 

critical role of metabolic dependencies of immune cells and their 

organelles in regulating immune fate and function14. Mitophagy is a 

selective form of autophagy aimed at degrading damaged and dysfunc-

tional mitochondria, with impaired mitophagy capacities constituting 

a defining characteristic of a variety of chronic conditions15. Indeed, 

inhibition of autophagy and impaired mitochondrial function consti-

tute two of the hallmarks of aging16. Mitochondrial quality control also 

critically affects immune fate and function, in turn affecting systemic 

inflammaging17. T cells with dysfunctional mitochondrial dynamics 

provoke systemic senescence via pathological cytokine secretion18, 

thereby placing them at the center of age-associated multimorbid-

ity. In cancer, exhausted tumor-infiltrating leukocytes accumulate 

dysfunctional mitochondria caused by impairment of mitophagy19 

and repression of peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α)-mediated mitochondrial biogenesis20. 

Improving mitochondrial quality control therefore possesses great 

hypothetical potential for improving immune function and positively 

influencing aging-associated diseases characterized by a dysfunctional 

immune response. Yet, interventions aimed at improving immune 

health are currently restricted to generalized lifestyle interventions 

such as physical exercise21 or caloric restriction22, as hypothetical 

therapeutic approaches exhibit long-term safety concerns23.

Urolithin A (UA) is a postbiotic metabolite derived from ellagitan-

nins, of which pomegranates constitute a rich source24. UA potently 

induces mitophagy in humans and rodents25,26, whereas clinical tri-

als have demonstrated improved physical performance upon UA 

supplementation27,28. We have recently shown that UA directly regulates 

CD8+ (cluster of differentiation 8-positive) T cell fate, leading to the 

expansion of T memory stem cells (TSCM) and naive-like T cells (TN) with 

potent anti-tumor memory in mice via mitophagy-elicited activation 

of Wnt signaling and T cell factor 1 (TCF1) induction29. We found that 

exposure to UA confers a beneficial T cell state on human chimeric 

antigen receptor (CAR) T cells ex vivo29. Therefore, we hypothesized 

that oral UA supplementation could trigger a similar effect associated 

with improved immune function in humans.

Results
The present study was designed as a randomized, double-blind, 

placebo-controlled proof-of-concept trial to investigate the effect 

of short-term (4 weeks) UA supplementation on immune health and 

systemic inflammation in a study cohort of 50 healthy middle-aged 

adults (MitoImmune, NCT05735886). Primary end points were changes 

in T cell subpopulations, as well as changes in mitochondrial activity 

in CD3+ T cells compared to placebo. A 1 month intervention period 

was chosen according to the average lifespan of human effector and 

memory T cell populations30. We screened n = 79 study participants 

out of whom 50 successfully met all screening inclusion and exclusion 

criteria (Fig. 1). Participants were deemed healthy by a study physician 

as determined by their medical history, anthropometric measure-

ments, physical examination, vital signs, and laboratory parameters. 

Randomization was performed based on age, gender, and body mass 

index (BMI), and participants were allocated to the treatment groups 1:1. 

Therefore, baseline characteristics of participants were similar (Table 1). 

Overall, there were more female participants (60% female versus 40% 

male) who were equally distributed to both groups. Vital signs did not 

differ between both groups at baseline (Table 1). Also, baseline levels 

of metabolic markers, kidney function parameters, and liver enzymes 

did not differ between the two groups (Extended Data Table 1).

Biochemical safety analysis and adverse event recording
Previously, long-term UA oral administration over 4 months was found 

to be safe and well tolerated in a cohort of middle-aged adults27. In 

Assessed for eligibility (n = 79)

Excluded (n = 29)

· Not meeting inclusion criteria 
(n = 10)

· Declined to participate (n = 19)

· Other reasons (n = 0)

Analysed (n = 25)

· Excluded from analysis (n = 0)

Lost to follow-up (n = 0)

Discontinued intervention (n = 0)

Allocated to urolithin A (n = 25)

· Received allocated intervention (n = 25)

· Did not receive allocated intervention (n = 0)

Lost to follow-up (n = 0)

Discontinued intervention (n = 1)
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Fig. 1 | CONSORT diagram of participant inclusion. The MitoImmune trial was 

a single-center, randomized, double-blind, placebo-controlled, investigator-

initiated interventional trial performed with healthy adults aged 45–70 years. 

Fifty participants (n = 50) met the inclusion and exclusion criteria and were 

subsequently included into the trial and then randomized to a daily intervention 

of single-dose (1,000 mg) UA or placebo based on age, gender, and BMI in a 1:1 

ratio. The total study duration was 28 days. One participant did not complete the 

allocated trial product intake (n = 1 dropout) but provided samples for end point 

analysis. No participant was therefore excluded for the final analysis. Fourty-nine 

participants reported >90% intake compliance as assessed via questionaires and 

completed scheduled visits (n = 49).

Table 1 | Study participant demographics

Urolithin A Placebo P value 

(significance)

Sex, female (%) 60 60 1.0 (NS)

Sex, male (%) 40 40 1.0 (NS)

Age (years) (mean ± s.d.) 53.68 ± 5.25 53.20 ± 6.10 0.7669 (NS)

Weight (kg) (mean ± s.d.) 74.58 ± 15.45 76.12 ± 14.89 0.7245 (NS)

BMI (kg m−2) (<35 kg m−2) 

(mean ± s.d.)

25.33 ± 3.59 25.91 ± 4.50 0.6229 (NS)

Systolic blood pressure 

(mmHg) (mean ± s.d.)

127.6 ± 11.81 132.6 ± 12.66 0.1843 (NS)

Diastolic blood pressure 

(mmHg) (mean ± s.d.)

73.23 ± 11.08 73.74 ± 13.03 0.8880 (NS)

Heart rate (b.p.m.) (mean) 

(mean ± s.d.)

66.90 ± 6.72 70.79 ± 7.19 0.0690 (NS)

Fifty participants (n = 50) that successfully met all inclusion and exclusion criteria were 

randomized to either UA or placebo. The two study groups were balanced on age, gender, 

BMI, and vital signs. Statistical analysis of baseline characteristics was performed via 

two-sided t-test.
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No other differences in adverse events were reported between the 

two groups, confirming safety and tolerance of UA supplementation 

in aged adults without prior conditions. No significant changes were 

observed in kidney function parameters or liver enzymes after the 

28 days of either UA or placebo (Extended Data Table 1). The intake of 

UA led to high plasma levels of parent UA and its conjugated form, UA 

glucuronide (Extended Data Fig. 1a,b), confirming its bioavailability.

Primary outcome: CD3+ immune subpopulations
The primary aim of the present study was to assess the effect of UA 

on CD3+ T cell subpopulations. In addition to growing evidence from 

recent omics-based studies supporting the notion of aging-associated 

remodeling of immune populations31,32, initial observations have high-

lighted the correlation of a reduced lymphocyte count in the peripheral 

blood with age33. We therefore performed clinical hemocytometry to 

first categorize circulating immune cells, comparing immune composi-

tion at baseline and upon the last study visit (Extended Data Fig. 1c). 

After 28 days participants in the UA group displayed significantly more 

circulating lymphocytes (Extended Data Fig. 1d) compared to baseline 

levels, a change which was not observed in the placebo group. Other 

immune populations, such as eosinophils, neutrophils, monocytes, and 

total leukocytes did not show marked alterations upon any intervention 

(Extended Data Fig. 1e–h).

We then performed broad spectral cytometry (Fig. 2a) to identify 

cell surface markers and transcription factors (Supplementary Fig. 1). 

The number of total CD3+ αβ, CD8+, and CD4+ T cells (Fig. 2b–d) among 

total peripheral blood mononuclear cells (PBMCs) did not change 

upon taking UA. Yet, we observed a significant change of naive CD8+ 

T cells (TN) after 28 days of UA intake. (Fig. 2e). The percentage of  

TSCM remained unaltered (Fig. 2f) in contrast to our previous in vitro 

observations29. Other CD8+ T cell subsets, such as central memory cells 

(TCM), effector memory cells (TEM), terminally differentiated effector 

memory T cells re-expressing CD45RA (TEMRA) or recently character-

ized “virtual memory” cells, which arise with a memory-like phenotype 

without prior foreign antigen challenge34, remained unaffected in both 

cohorts (Extended Data Fig. 2a–d). Total CD8+ T cells in the UA group 

displayed more antigen Kiel 67 (Ki-67) (Fig. 2g) after the completion 

of the last study visit, a marker of cellular proliferation and T cell rein-

vigoration that predicts pathological complete response to immune 

checkpoint blockade (ICB) in patients with triple-negative breast can-

cer35. Programmed cell death protein 1 (PD-1) expression was unaltered 

in both groups (Extended Data Fig. 2e). We also observed a reduction 

in thymocyte selection associated high mobility group box (TOX) 

expression (Fig. 2h), the master regulator of T cell exhaustion that 

marks aging-associated T cells36 and promotes CD8+ T cell dysfunction 

in cancer37,38. There was no difference in prominent senescence markers 

such as p16 and p21, or KLRG1 and CD57 (Extended Data Fig. 2f–i). Thus, 

UA altered the CD8+ T cell phenotype suggestive of a more naive-like, 

less exhausted global state. By stark contrast, UA did not affect the 

phenotype of CD4+ T cells in terms of TN, TEM, TCM, TSCM or TEMRA popula-

tions (Extended Data Fig. 2h–l) in our human cohort. There were also 

no changes in CD4+ T helper 1 (Th1) cells (marked by T-bet expres-

sion), Gata3+ T helper 2 (Th2) cells, FoxP3+ T regulatory (Treg) cells, 

circulating T follicular helper cells (Tfh1, identified via Bcl-6), or γδ 

T cells (Extended Data Fig. 2m–p). Collectively, UA supplementation 

instigates phenotypical changes in circulating T cells, with expan-

sion of lymphocyte populations and an emphasis on naive-like, less 

exhausted CD8+ state.

Primary outcome: metabolic reprogramming
The immune system exhibits a striking metabolic plasticity while meta-

bolic reprogramming critically instructs but also defines immune fate 

and function14. For instance, different metabolic needs are met by 

diverging mitochondrial ultrastructures in T cells17, which we expected 

to undergo change upon UA supplementation. A co-primary outcome 

therefore constituted changes in metabolic dependencies of immune 

(primarily T cell) populations. To further characterize the metabolic 

profile of immune cells on a single-cell resolution, we used single-cell 
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Fig. 2 | Primary end point—UA alters the CD8+ T cell phenotype. a, Experimental 

overview. PBMCs from the UA intervention cohort (UA) and placebo cohort (P) 

were subjected to spectral flow cytometry. Immune profiling was performed 

with matched samples from all three study visits. b–d, Changes in the T cell 

compartment as assessed by spectral flow cytometry. Changes of CD3+ αβ T cells 

(b), CD8+ T cells (c), and CD4+ cells (d) depicted as absolute change in percentage 

points of PBMCs are shown after 28 days of UA intake or placebo. Data are 

mean ± 95% confidence interval (CI), n = 25 per group. P values for treatment 

effects were calculated using a repeated measures mixed-effects model.  

e,f, Changes in CD8+ phenotype after 28 days. Absolute changes in percentage 

of naive CD8+ T cells (TN; e) and CD8+ TSCM (f) are shown. Data are mean ± 95% CI, 

n = 25 per group. P values for treatment effects were calculated using a repeated 

measures mixed-effects model. g,h, Absolute changes of Ki-67 (g) expression 

and TOX expression (h) within CD8+ cells after 28 days. Data are mean ± 95% 

CI, n = 25 per group. P values for treatment effects were calculated using a 

repeated measures mixed-effects model. All statistical tests were two-sided. No 

adjustment for multiple comparisons were made. Schematic in a created using 

BioRender.com.
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B cell subsets was not different between the two intervention groups 

(Fig. 4e and Extended Data Fig. 4g–j). Collectively, UA supplementation 

instigates phenotypical changes extending beyond CD8+ immunity.

Considering the well-established yet rapid impact of UA on 

mitophagy25 and the association between mitochondrial plasticity 

and immune fate17,29,44, which we have previously extended to the 

notion of UA-elicited mitophagy altering T cell function in mice29, 

we next assessed whether UA supplementation elicits mitochondrial 

remodeling in the immune compartment of humans. To this end, we 

used MitoTrackerGreen, a fluorescent dye that stains mitochondria 

independent of mitochondrial membrane potential (MMP). Neither 

CD8+ or CD4+ cells of UA-treated participants exhibited a change in 

mitochondrial mass after 28 days (Extended Data Fig. 5a–d). Mito-

chondrial biogenesis and mitophagy are closely interlinked15 to guar-

antee sustained replacement of dysfunctional mitochondria and 

maintain adequate mitochondrial mass. PGC-1α is considered the 

master regulator of mitochondrial biogenesis45. We have previously 

shown that UA elicits mitophagy quickly in T cells ex vivo, which is fol-

lowed by PGC-1α-mediated mitochondrial biogenesis29. We therefore 

hypothesized that an unchanged mitochondrial mass in T cells of 

UA-treated participants may be due to compensatory mitochondrial 

biogenesis upon mitophagy induction. Indeed, UA-exposed CD8+ 

T cells displayed stronger expression of PGC-1α after the interven-

tion period (Fig. 4f,g), whereas no such change was detected after 

intake of placebo. Consistent with no alterations in the CD4+ phe-

notype, no significant induction of PGC-1α was seen in CD4+ T cells 

(Extended Data Fig. 5e). Given that hyperpolarized mitochondria 

can be a source of reactive oxygen species which can potentiate 

senescence46, we finally assessed MMP, where we found no difference 

in MMP in both CD8+ T cells and CD4+ T cells in the UA group com-

pared to placebo (Extended Data Fig. 5f–h). As we hypothesized that 

mitophagy induction might have occurred before our follow-up visits, 

we performed additional ex vivo experiments from PBMCs derived 

from healthy donors that were not included in the trial. Here, incuba-

tion with UA at 25 µM led to quick hypopolarization of mitochondria, 

followed by lysosome formation, reduction of MitoTracker staining, 

and mtDNA/nuDNA (mitochondrial DNA to nuclear DNA) ratio, as  

well as stabilization of Pink1/Parkin levels (Extended Data Fig. 6a–f). 

This is consistent with rapid mitophagy induction that we have also 

observed in mice29. In summary, our data indicate that the mitophagy 

inducer UA supplementation affects mitochondria in CD8+ cells 

in vivo, possibly via PGC-1α-mediated mitochondrial biogenesis.

Secondary outcome: systemic inflammation and 
activation-induced immune response
Considering the effects of UA on immune polarization and the observa-

tion that aging-associated metabolic failure profoundly contributes 

to the phenotype of inflammaging18, we next investigated whether 

circulating cytokine plasma levels are affected by UA supplementation. 

Sample limitation allowed the measurement of up to n = 20 cytokine 

levels per group. Here, while administration of UA led to significantly 

lower levels of IL-2, there was no pathological induction of several 

pro-inflammatory cytokines (Fig. 5a).

A recent single-cell atlas of healthy human blood has indicated 

an aging-associated bias toward type 2 immunity that is uncovered  

in healthy participants upon antigen challenge, but not at steady  

state32. We therefore next focused on cytokine expression of stimu-

lated T cells to detect potential differences in the context of immune 

response which could constitute a potential predisposition to condi-

tions that may only manifest when specifically triggered (such as a  

pathological type 2 reaction observed in fibrotic conditions). To 

this end, PBMCs from both intervention groups were incubated in 

the presence of anti-CD3/anti-CD28 stimulation beads for a total of 

4 days (Fig. 4b). Intriguingly, challenged CD8+ T cells of UA-treated 
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Fig. 4 | Secondary end point—UA alters peripheral immune frequencies and 

mitochondrial remodeling. a, Absolute change in percentage of CD56dimCD16hi 

NK cells in PBMCs after 28 days. Data are mean ± 95% CI, n = 25 per group.  

P value for treatment effects was calculated using a two-sided repeated  

measures mixed-effects model. b, Absolute change in percentage of  

nonclassical monocytes (CD14−CD16+) within PBMCs after 28 days. Data are 

mean ± 95% CI, n = 25 per group. P value for treatment effect was calculated 

using a two-sided repeated measures mixed-effects model. c, Absolute change 

in HLA-DRhi cells within classical monocytes after 28 days of UA or placebo 

supplementation. Data are mean ± 95% CI, n = 25 per group. P value for treatment 

effect was calculated using a two-sided repeated measures mixed-effects model.  

d,e, Absolute change in percentage of DCs (d) and B cells (e) within PBMCs after 

28 days. Data are mean ± 95% CI, n = 25 per group. P values for treatment effect 

were calculated using a two-sided repeated measures mixed-effects model.  

f,g, Expression of PGC-1α in CD8+ cells before (d0) and after (d28) UA and placebo 

supplementation, respectively. Assessed by flow cytometry, data shown as mean 

fluorescence intensity (MFI). Representative histograms are shown in (f), data 

depicted in (g). Data are mean ± 95% CI, n = 12 per group. P value for treatment 

effect was calculated using a two-sided repeated measures mixed-effects model. 

No adjustments for multiple comparisons were made.
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pathways and its ligand PGE2 in TEM as well. Among naive T cells, several 

components of the electron transport chain (MT-ND5, MT-CO1, MT-CO2) 

were induced upon UA intake (Extended Data Fig. 7j). Collectively, 

the transcriptomic findings support our experimental evidence of 

altered mitochondrial activity and reduced CD8+ T cell suppression 

upon UA intake.

Changes in the NK cell compartment in UA-treated individuals 

were characterized by reduction of several well-known immediate-early 

genes56 (Extended Data Fig. 8a) including NR4A2, DUSP1, FOS, JUN,  

and NFKBIA. These constitute primary response genes that are 

induced rapidly after stimulation and generally do not require de novo  

protein synthesis57. Consistently, other downregulated genes 

belonged to inflammatory TNF and interferon pathways, while NK  

cells of UA-treated participants also displayed reduction of the  

activation markers CD69 and CXCR4 (Extended Data Fig. 8a). Such  

transcriptional profile is in line with less “inflamed” NK subsets that 

were recently described56. Furthermore, NK cells also displayed an  

upregulation of cytoskeletal and adhesion genes. In line with a more 

mature NK state, upregulated genes included NEAT1 and CD160, 

thereby reflecting a recently proposed NK1(B) profile58. Consistently,  

Gene Ontology enrichment analysis revealed distinct functional  

and spatial specializations associated with NK1 cells such as cyto-

skeletal remodeling, adhesion, and membrane–protein interactions. 

By contrast, NK cells of UA-receiving participants were less linked 

to an inflammatory response and nitrogen-associated pathways 

(Extended Data Fig. 8b,c).

Monocytes displayed a strong upregulation of several mito-

chondrial genes (MT-CYB, MT-ND5, MT-ATP8, MT-CO1 among others; 

Extended Data Fig. 8d) as well as nicotinamide phosphoribosyltrans-

ferase (NAMPT), the rate-limiting enzyme of the nicotinamide adenine 

dinucleotide (NAD) salvage pathway that is required to establish an 

anti-inflammatory M2-like (alternatively activated) polarization59. 

Strongest downregulation was observed among genes that belonged 

to the interferon response pathway (for example, IFITM2, IER2, STAT1; 

Extended Data Fig. 8d,e). Interferon-associated and inflammatory 

pathways were thus predicted as negative upstream regulators, 

whereas inhibitors of pathogenic myeloid-derived inflammation 

such as ETS variant transcription factor 3 (ETV3), ETV6 and Cbp/

P300-interacting transactivator with Glu/Asp-rich carboxy-terminal 

domain 2 (CITED2; refs. 60,61) were assumed to be activated upstream 

regulators (Extended Data Fig. 8f). The transcriptomic characteri-

zation therefore reinforces the notion of an anti-inflammatory 

monocyte polarization under UA treatment. In line with this, down-

regulated genes by UA in B cells included an inflammatory gene sig-

nature (MX1, XAF1, ISG15, TNSF10; Extended Data Fig. 8g) observed 

in patients with SARS-CoV2 (ref. 62). Accordingly, downregulated 

pathways included hypercytokinemia during viral infections, while 

B cells displayed upregulation of B cell receptor (BCR)-associated 

pathways (Extended Data Fig. 8h,i). CD4+ T cells were largely char-

acterized by a signature associated with mitochondrial health 

(Extended Data Fig. 8j–l), suggesting that CD4+ cells are also affected 

by UA, in line with trends on PGC-1α expression and metabolic remod-

eling. Taken together, our explorative scRNA-seq data indicated that 

UA induces a substantial change in immune cell transcriptional pro-

files, with impact on pathways related to inflammation and cellular 

and mitochondrial metabolism. This is in line with the reduction of 

immune aging phenotypes described above, further underscoring 

the UA-dependent potentially beneficial transcriptomic alterations 

in the human immune system.

Discussion
The past century has seen a progressive demographic shift with an 

increase of life expectancy, resulting in an expected doubling of the 

population aged over 60 years by 2050 (ref. 63). Yet, interventions 

to reliably extend healthspan, that is, years of life without chronic 

conditions, are still lacking. Maintaining immune health plays a crucial 

role in extending healthspan, as a well-functioning immune system is 

essential for preventing infections, reducing inflammation, and control-

ling the onset of age-related diseases. Indeed, higher levels of systemic 

inflammation and immune dysfunction observed in older adults favor 

T cell dysregulation, with cytokine storms in infectious disease, as 

recently observed in the COVID-19 pandemic64,65, or blunted immune 

response to cancer66. We here provide evidence that supplementa-

tion with UA alters immune phenotype and function, highlighting the 

potential capacity of mitophagy-inducing agents to effectively and 

safely alter the human immune system.

Adaptive immune cells have emerged as central drivers of 

aging-associated inflammation67, with metabolic changes in immune 

cells promoting multimorbidity18. The present study was designed to 

prospectively investigate changes in the T cell populations and their 

metabolic functions upon UA supplementation in an immune-aged 

population (>45 years). Indeed, we found an expansion of circulating 

naive CD8+ T cells in the UA study group, consistent with our previous 

in vitro findings29. It is worth noting that the reduction of this popula-

tion represents one of the main alterations during immune aging31,36,47. 

CD8+ TSCM remained unaltered, in contrast to UA’s ability to potently 

induce this long-lived subset ex vivo to potentiate cellular therapies29. 

However, it is important to note that the circulating TSCM population 

is thought to be strikingly stable throughout age68. Whereas a grow-

ing number of approaches has been identified to expand human TSCM 

in vitro69, no validated strategies to expand TSCM in humans have been 

identified yet.

Mitochondrial dysfunction and reduced autophagic capacities are 

well-established hallmarks of aging16. Therapeutic targeting of these 

limitations by inducing mitophagy via direct UA supplementation25,26 

has been shown to be an attractive strategy to improve muscle function 

in older adults27,28. In the immune system, alterations in mitochon-

drial structure and dynamics critically shape immune cell fate and 

function17,29,44. Indeed, we have observed mitochondrial and metabolic 

remodeling in T cells after UA intake, characterized by increased PGC-1α 

expression indicative of mitochondrial biogenesis and enhanced capac-

ity to oxidize fatty acids and amino acids to meet bioenergetic needs. It 

is important to note that we did not formally investigate the activation 

of classical mitophagy or autophagy programs in this trial, such as an 

increase of the Pink1/Parkin machinery. Yet, we have previously deline-

ated the mechanism of UA on murine T cells, highlighting the initiation 

of Pink1-mediated mitophagy within the first 6 h of UA exposure that 

results in subsequent Wnt/β-catenin signaling, TCF1 expression, and 

feedback mitochondrial biogenesis29. We also confirm these findings 

in human immune cells here, as we observe that mitophagy can be 

observed ex vivo within 48 h. Yet, our in vitro experiments use much 

higher concentrations than the physiological levels achieved in the 

clinical setting. However, as we observe elevated PGC-1α protein levels, 

metabolic features resembling a rejuvenated mitochondrial phenotype 

and an increase of TCF7 (encoding TCF1) expression in our sequencing 

data, we propose that a similar mechanism to our previously defined 

sequence may govern UA-mediated T cells in vivo. Apart from the 

discussed role of UA shaping T cell response, preclinical evidence  

has shown a role of UA in instructing macrophage polarization in vitro, 

in turn fostering an anti-inflammatory phenotype70. Concomitantly,  

we here show that systemic UA application renders a less inflamma-

tory monocyte phenotype in humans while improving experimental  

phagocytosis of E. coli, which is consistent with the requirement 

of adequate mitochondrial dynamics for macrophages to respond  

to a bacterial challenge71. Further mechanistical studies are, however, 

required to fully understand how mitophagy shapes host response  

to bacterial challenge or how it affects other immune cells under  

experimental conditions. This will prove key to assess whether instruct-

ing mitochondrial remodeling represents a generally attractive  

therapeutic option for humans that extends beyond the effect of UA.
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In addition to deeply characterizing the effects of UA on the 

human immune system in a placebo-controlled manner, thereby pro-

viding evidence for potentially ameliorating inflammaging, our work 

proposes future hypothetical applications that now warrant further 

investigation. While previous experimental studies have highlighted 

the role of mitochondrial dynamics and T cell longevity in sustaining 

an antitumor response19,20,29, several lines of clinical evidence sug-

gest that an aged immune system and mitochondrial dysfunction 

impair cancer survival in humans, which may be targeted by UA sup-

plementation. For instance, circulating T cell immunosenescence is 

observed in patients with non-small cellular lung cancer, correlat-

ing with resistance to ICB, but not conventional chemotherapeutic 

regimens72. Likewise, retained Ki-67+ expression in CD8+ cells has 

been associated with ICB response in triple-negative breast cancer35. 

Moreover, mitochondrial repression is observed in tumor-infiltrating 

lymphocytes of patients with head and neck squamous-cell carci-

noma, correlating with the upregulation of coinhibitory markers20. 

Mechanistically, PD-1 engagement suppresses PGC-1α expression 

in CD8+ T cells that drives mitochondrial insufficiency73. Whereas 

mitochondrial metabolism is critical for CD8+ T cell migration within 

tumors74, we show improved OXPHOS capacity and induction of a 

transcriptional program pertaining to homing and adhesion upon  

UA intake. Given that our phenotypical, metabolic, functional, 

and transcriptional findings address several critical characteris-

tics pertaining to T cell dysfunction, hypo-responsiveness, and ICB  

resistance in cancer, future studies should focus on how UA shapes  

the immune system in patients with systemic malignancy and 

how it can be potentially harnessed to enhance response to 

immune-based therapies.

Despite meeting its designed primary outcomes and several sec-

ondary end points, thereby proposing UA as an attractive option to 

alter immune aging, we acknowledge certain limitations of the present 

study. Whereas our findings provide clear evidence of reduced immune 

aging features, further studies are required to examine whether these 

improvements induced by UA translate into clinically tangible bene-

fits, such as reduced occurrence of infectious diseases, a boost in 

vaccination responses in older adults or augmented responses to 

cancer therapies. This is especially of importance as both age-related 

distributional dynamics and functional relevance of several immune 

populations, such as CD14loCD16hi monocytes and CD56dim NK cells 

studied here, remain unclear9,32. Given that sample limitations only 

enabled the assessment of cytokine levels for a maximum of n = 20 par-

ticipants, this part of the study remains underpowered. We observed 

trends for several pro-inflammatory cytokines at steady state, which 

ultimately failed to achieve statistical significance using the mixed 

effects model applied here. However, these trends are in line with a 

previous trial in 25 UA-treated adults, where a significant reduction of 

IFNγ, TNF, and IL-1β was observed27. In addition, scRNA samples were 

selected based on their post-randomization response, meaning that 

the comparisons here do not respect randomization and are to be 

considered of explorative nature. Likewise, corrections for multiplicity 

were made, and secondary analyses should be interpreted with caution. 

We do not report the pre-specified secondary end point of epigenetic 

age of PBMCs, as these data were analysed after unblinding. As this 

was a pilot study seeking to confirm the effects observed in murine 

models29, we did not perform a dose escalation. However, other stud-

ies have established an optimal intake dose for sufficient UA metabo-

lite levels75 which is in line with the dose used for this trial. Our study 

confirmed that robust immune remodeling is quickly induced after a 

28 day intervention period, although we did not perform a long-term 

follow-up after successful intake, for example, after several months. 

Consequently, it is worth further investigating the longer-term health 

impact of UA supplementation on immune aging including also older 

individuals. Such questions are of great importance when assessing 

the clinical value of UA, as we propose further investigating a potential 

role as a partner for cancer immunotherapy. In the same line, it is worth 

exploring in future trials the exact timepoint that UA-mediated immune 

remodeling starts to occur.

Collectively, our data provide strong evidence that altering 

mitochondrial dynamics via the orally available and well-tolerated 

mitophagy inducer UA elicits systemic immune remodeling and 

potentially reduces the immune aging phenotype. We therefore pro-

vide an intervention-based approach to limiting immune aging that 

may have potential to benefit chronic conditions characterized by 

immune dysfunction.

Methods
Experimental model and participant details
Trial design and study schedule. The present study (MitoImmune) 

is a randomized, double-blind, placebo-controlled interventional 

study including healthy participants. Participants were randomized 

to receive either UA (Mitopure, Amazentis SA) orally at a daily single 

dose of 1,000 mg (n = 25) or a corresponding placebo (n = 25; con-

taining lecithin, medium-chain triglycerides, and glycerol monostea-

rate without Mitopure) for a duration of 28 days. The daily dose of 

1,000 mg UA is consistent with doses used in previous clinical trials 

assessing muscle function. Consolidated standards of reporting trials 

(CONSORT) diagram for participant inclusion is depicted in Fig. 1. The 

study was approved by the local institutional review board (IRB) of the 

University of Frankfurt, Germany (Ethikkommission des Fachbereichs 

Medizin der Goethe-Universität, approval number 2022-745_2). Par-

ticipants were recruited at the clinical site (Goethe University Hospital 

Frankfurt, Department of Medicine I) via paper-based flyers and social 

media campaigns. Recruitment was initiated in March 2023, and the 

last participant completed the last visit in December 2023. A total of 

79 potential participants were screened for eligibility, of which n = 50 

met all the inclusion and exclusion criteria and were subsequently ran-

domized. Participants underwent three study visits at baseline, after 

7 days (d7) and after 1 month (d28), respectively. Blood was drawn on 

all study visits as depicted above, and adverse events were recorded. 

Participant demographics are displayed in Table 1. All participants 

(n = 50) completed the outlined study visits, but one participant of the 

placebo group (n = 1) discontinued the allocated intervention prema-

turely. No new concomitant diets or medications were reported. All 50 

participants are included in the final analysis for the primary end point 

of the trial as established by the study protocol. Primary end points 

constituted changes in percentages of CD3+ T cell immune cell popula-

tions (in particular, CD8+ naive T cells and CD8+ TSCM) and changes in 

mitochondrial activity in CD3+ T cells as assessed by flow cytometry. 

We have deviated from the initial intention of using real-time metabolic 

profiling of immune cells (such as Seahorse), as SCENITH allows a more 

granular subset-specific analysis of immune metabolism using low 

number of cells. No other deviations from the study protocol were 

made, and no new IRB approval or power calculations were required for 

this change. Secondary end points were the following: change in pro- 

and anti-inflammatory cytokine levels (IL-6, TNF, IL1-β, IL-10) in plasma, 

change in percentages of other immune cell populations (B cells, NK 

cells, macrophages, DCs, and so on) via flow cytometry, change in 

mitochondrial content of CD3+ T cell populations via MitoTracker stain-

ing using flow cytometry, changes in gene expression measured via 

single-cell analysis of CD3+ T cells, change in PBMC immune function, 

changes in lipid profile, and number of adverse events. We will report 

the pre-specified secondary end point of epigenetic age of PBMCs 

separately, as these data were analysed after unblinding of the group 

allocation. Analysis was conducted by the original group assignment, 

and every study participant was enrolled using the same study protocol 

version. The study was registered before start of recruitment (https://

clinicaltrials.gov/study/NCT05735886; registration date 21 February 

2023) and was conducted in accordance with the guidelines of the 

International Council of Harmonization for Good Clinical Practice and 
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the Declaration of Helsinki. The present trial follows the CONSORT 

reporting guidelines for randomized clinical trials.

Inclusion and Exclusion criteria. All study participants provided  

written informed consent before undergoing randomization. Parti-

cipants were generally healthy as assessed by a study physician to  

exclude participants with underlying chronic conditions that may 

influence the immune system. Study participants were aged between 

45 and 70 years and of average body weight (BMI between 20.0 and 

34.99 kg m−2). Participants received a travel compensation established 

by the IRB.

Participants agreed to avoid excessive physical activity for the 

duration of the trial or change their regular diet. Likewise, participants 

agreed to refrain from starting other dietary supplements for the 

duration of the trial. Concomitant use of corticosteroids, antibiot-

ics, any anabolic steroid, creatine, protein supplements, casein or 

branched-chain amino acids, immune-boosting (vitamin C, zinc) or 

mitochondrial (COQ10, NAD+) supplements within 45 days before 

screening disqualified trial participation. Smoking and excessive alco-

hol use, as defined by current WHO criteria, constituted exclusion 

criteria. In addition, other exclusion criteria included chronic condi-

tions that may have metabolic consequences, are thought to promote 

inflammation, or have an effect on trial product absorption (such as 

gastrointestinal conditions) as assessed by a study physician. The 

study only included participants that met all inclusion and exclusion 

criteria (healthy, aged adults), and the results may not generalize to 

other diseases or age groups.

Method details
Product intake and randomization. The investigational product 

was labeled according to International Council of Harmonization for 

Good Clinical Practice guidelines and local regulatory specifications 

and requirements.

The investigational product was provided as a maximum of four 

softgels, with each softgel containing 250 mg UA or placebo. UA or 

placebo softgels were packaged into bottles by Patheon Softgels B.V., 

each bottle containing 30 softgels. For the purpose of the study, the 

participants were therefore expected to take four softgels on each 

day. Each participant received four bottles for a 28 day supply at the 

start of the study.

The investigational product was blinded into a study code by an 

unblinded person at the sponsor site, who was not involved in trial 

design, data collection, analysis, or interpretation of the data. Upon 

study participant inclusion and informed consent, randomization 

was performed double-blind at the study site, using the eCRFs (elec-

tronic case report forms) (Secutrial) web-based, in-built randomization 

platform. A static stratified block randomization algorithm was used, 

randomizing participants according to age, sex, and BMI. For this 

block-based randomization strategy, a block size of four was used. 

All participants received the allocated intervention. Participants and 

providers were therefore blinded to the intervention.

Compliance. Compliance was assessed by counting the returned 

unused test product at the final visit. Compliance was calculated within 

the eCRF, dividing the number of dosage units taken by the number of 

dosage units expected, followed by multiplication by 100. Whenever 

unused test product was unavailable due to participants’ inadvertent 

discarding of the softgel-containing capsules, participants were asked 

to specify their compliance.

Adverse event reporting. Participants were instructed to contact the 

principal investigator (that is, the lead study physician) as soon as pos-

sible if he or she has noticed a problem with the investigational product 

to enable direct assessment of the situation. Otherwise, parti cipants 

were asked for any new adverse events during the regular study visits. 

All adverse events were categorized by the Common Terminology  

Criteria for Adverse Events version 5.0, which are displayed in 

Extended Data Fig. 2. No life-threatening adverse events were recorded.

Data management. Study data were processed in accordance with the 

principles of good clinical practice. Data were acquired from source 

documentation and entered for each individual participant eCRF 

into a validated data management system (Secutrial). Data entry was 

completed by site personnel into the study database system. Refer-

ence ranges were provided to query each laboratory parameter used 

during the study to identify the out-of-range values. The study blind 

was broken at the end of the study following blind database review. 

Emergency unblinding for safety reasons was not required during the 

conduct of the study. Source documents were reviewed to ensure that 

all items had been completed and that the data provided are accurate 

and obtained as specified in the protocol.

Laboratory chemistry/hematology. During the baseline and follow-up 

visits, blood was drawn by a physician or physician’s assistant to assess 

blood biochemistry parameters and hematology. Analysis was per-

formed using clinically validated systems at the University Hospital 

Frankfurt, Germany.

Bioavailability assessment of UA. Plasma concentrations of parent 

UA and its conjugated form, UA-glucuronide, were analysed before 

and after the 28 day intake period as previously described25. All values 

below the limit of quantification were set to 0.

PBMC isolation. Peripheral blood (35 ml) was collected by venous 

puncture into EDTA-buffered collection tubes. EDTA tubes were then 

spun at 400 g for 5 min at room temperature to separate plasma from 

cellular contents. Plasma was immediately frozen and kept at −80 °C 

for experiments detailed below. Resulting cells were subsequently 

diluted in PBMC wash buffer (PBS/2% FCS) and transferred to SepMate 

tubes (StemCell; 85460) layered with 15 ml FicollPaque Plus (Merck) 

or LymphoPrep (Progen; 1856-1). PBMC isolation was then performed 

according to manufacturer’s recommendations. Tubes were first spun 

at 1,200 g at room temperature for 10 min. The resulting PBMC layer 

was then transferred to a new 50 ml tube, filled with 15 ml PBMC wash 

buffer and spun again at 300 g for 8 min. Cell pellets were again washed 

in PBMC wash buffer and centrifuged at 400 g for 5 min. Finally, the 

resulting pellet was reconstituted in 6 ml of PBMC freezing medium 

(FCS/10% DMSO), rendering a single-cell suspension with final cell con-

centration between 1.5 × 106 and 5 × 106 cells per ml. Suspensions were 

quickly transferred into standard cryogenic vials and cryopreserved in 

a freezing container at −80 °C overnight. For long-term storage, cells 

were kept in vapor phase liquid nitrogen.

PBMC thawing. PBMCs were quickly thawed in a 37 °C water bath, 

then slowly added dropwise into polystyrene tubes containing 1 ml 

of pre-warmed PBMC medium (DMEM/2% FCS). Empty cryovials 

were again flushed with warm PBMC medium to collect all remain-

ing cells. Then, tubes were topped to 10 ml of PBMC medium and 

centrifuged at 500 g for 5 min. Cells were counted and used for 

subsequent experiments.

Flow cytometry staining and data processing. Spectral flow 

cytometry to broadly analyze immune composition was performed 

on PBMCs from 25 UA and 25 placebo individuals from our cohort. 

Flow cytometry staining was performed in three batches to minimize 

batch-related effects.

PBMC were thawed and allowed to recover for 3 h in uncoated 

cell culture dishes. All samples for any particular donor series 

were thawed together. Cells were stained with the panel shown in 

Supplementary Table 1. For the intracellular panel, cells were stained 
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after recovery with the surface panel, then fixed and permeabilized 

using the ThermoFisher Foxp3 Fix/Perm (00-5523-00) system,  

followed by staining for intracellular markers. For the surface-only 

panel, cells were treated with Bafilomycin A1 (0.5 µM) for 45 min,  

followed by 45 min incubation with C12FDG before collection and 

surface staining. All cells were analyzed on a Cytek Aurora cytometer. 

FCS files were exported into FlowJo V10.7.2 (BD) for further analysis.

Raw data for all 64 output channels were unmixed using library 

single-color reference controls for each marker. Spectral compensa-

tion for the resulting unmixed data was corrected by manually adjust-

ing a 31 × 31 matrix of spectral overlaps. Once the data were properly  

compensated, each individual marker was checked for signal and 

specificity. The resulting data were then manually gated using a  

representative sample. The gates are then applied to the other samples 

in the batch while spot-checking the gating of the other samples for 

consistency with the first sample gated. Exemplary gating strategies 

are shown in Supplementary Figure 1.

Mitochondrial analysis of PBMCs. PBMCs were thawed as described 

above and cultured in T cell medium (RPMI (ThermoFisher Scientific) 

10% FBS (South America origin), 10 mM Hepes (Sigma), 1× Non-Essential 

Amino Acid, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol, 

100 U ml−1 penicillin, 100 µg ml−1 streptomycin, and 2 mM Glutamax 

(ThermoFisher Scientific) overnight. After washing, cells were recon-

stituted in T cell medium containing the respective staining agent: 

for labeling of mitochondrial mass, MitoTracker Green (Invitrogen; 

M46750) was used at a concentration of 40 nM for 30 min at 37 °C. MMP 

was assessed via MitoTracker Red CMXRos (Invitrogen; M7512; 200 nM, 

60 min) due to its retention upon formaldehyde fixation. Cells were 

then stained with a combination of vFluor 450-conjugated antibody 

to CD3 (Tonbo Biosciences; OKT3; 1:100), PE-Cy7-conjugated anti-

body to CD4 (BioLegend; SK3; 1:200), APC-Cy7-conjugated antibody 

to CD8 (BioLegend; SK1; 1:200), APC-conjugated antibody to CCR7 

(BioLegend; G043H7; 1:200), FITC-conjugated antibody to CD45RA 

(BD; Clone HI100; 100), and Ghost Dye Violet 510 Fixable Viability Dye 

(Cell Signaling; 59863; 1:1,000). To assess expression of PGC-1α, cells 

were rested for 4 h after thawing then stained with the panel above for 

15 min at 4 °C. After washing in FACS buffer, cells were permeabilized 

and fixed using the eBioscience Foxp3/Transcription Factor Staining 

Buffer Set, followed by staining with PGC-1α (Santa Cruz; sc-518025; 

D-5; 1:50) antibody. For mitochondrial analysis, cells were finally fixed  

in 1% paraformaldehyde and analyzed on a Cytek Aurora cyto-

meter. Samples were unmixed using reference controls generated in  

combination with stained Ultracomp beads (Thermo Fisher 

Scientific, 01-2222-41).

Mitochondrial dependency analysis of immune populations: 

SCENITH. SCENITH was used to determine metabolic dependen-

cies of select immune populations, SCENITH reagents kit (inhibitors, 

puromycin, and anti-puromycin clone R4743L-E8) were obtained 

from www.scenith.com/try-it and used according to the provided 

protocol. In short, 0.3 × 106 PBMCs were treated for 15 min with Control 

(DMSO), 2-deoxy-glucose (2DG; 100 mM), oligomycin (O; 1 µM) and 

the combination of 2DG and oligomycin (DGO) or Harringtonine (H; 

2 µg ml−1). Following metabolic inhibitors, puromycin (final concen-

tration 10 µg ml−1) was added to cultures for 30 min. After puromycin 

treatment, cells were washed in PBMC wash buffer and stained with 

the following antibodies for 15 min at 4 °C: PE-Cy7-conjugated anti-

body to CD4 (BioLegend; SK3;1:200), APC-Cy7-conjugated antibody to 

CD8 (BioLegend; SK1;1:200), AF700-conjugated antibody to CD45RA 

(BD; 150503; 1:100); vFluor 450-conjugated antibody to CD3 (Tonbo 

Biosciences; OKT3; 1:200), APC-conjugated antibody to CCR7 (BioLe-

gend; G043H7; 1:200), BV786-conjugated antibody to CD14 (MφP-9; 

1:200), PE-Cy5.5-conjugated antibody to CD19 (eBioScience; SJ25C1; 

1:200), PE-CF594-conjugated antibody to CD16 (BD; 3G8; 1:200), 

BV711-conjugated antibody to CD56 (BD; NCAM16.2; 1:200), and Ghost 

Dye Violet 510 Fixable Viability Dye (Cell Signaling; #59863; 1:1,000).

Cells were fixed and permeabilized using the Foxp3 intracellular 

staining kit for 1 h. Intracellular staining of puromycin and protein 

targets was performed for 1 h in diluted (10×) permeabilization buffer 

at 4 °C. Finally, data acquisition was performed using the Cytek Aurora 

flow cytometer. Samples were unmixed using reference controls gener-

ated in combination with stained UltraComp beads using the Spectro-

Flo (version 3.2.1) software. The unmixed FCS files were used for data 

processing and analysis using FlowJo (BD, version 10.7.1). Immune cell 

populations of interest were gated manually for downstream analysis. 

Geometric mean fluorescence intensity (gMFI) expression values for 

puromycin were exported from FlowJo to calculate metabolic depend-

encies. The following calculations were used:

 (1) (C = gMFI of anti-Puro-Fluorochrome upon Control treatment)

 (2) (2DG = gMFI of anti-Puro-Fluorochrome upon 2DG treatment)

 (3) (O = gMFI of anti-Puro-Fluorochrome upon oligomycin 

treatment)

 (4) (DGO = gMFI of anti-Puro-Fluorochrome upon 2DG + oligomycin  

(DGO) treatment)

 (5) (Glucose dependence = 100(C – 2DG)/(C-DGO))

 (6) (Mitochondrial dependence = 100(C – O)/(C-DGO))

 (7) (Glycolytic capacity = 100 − Mitochondrial dependence)

 (8) (Fatty acid and amino acid oxidation capacity = 100 − Glucose 

dependence)

T cell stimulation assay. To study the antigen response of T cells, 

0.5 × 106 thawed PBMCs were plated in a 24-well plate for 24 h to 

deplete monocyte populations by plastic adherence. Next, cells 

in suspension were transferred to a new tube and centrifuged at 

350 g for 5 min, followed by reconstitution in fresh T cell medium.  

Cells were stimulated with human anti-CD3/C28 stimulation beads 

(Dynabeads, ThermoFisher; 11131D) for 4 days, using a ratio of 25 µl 

beads per 0.5 × 106 cells.

To study cytokine expression, Brefeldin A (Biolegend; 420601) 

was added to stimulated PBMCs for the last 3 h. Cells were then washed 

and stained with PE-Cy7-conjugated antibody to CD4 (BioLegend; 

SK3; 1:200), APC-Cy7-conjugated antibody to CD8 (BioLegend; SK1; 

1:200), APC-conjugated antibody to CCR7 (BioLegend; G043H7; 1:200), 

FITC-conjugated antibody to CD45RA (BD; Clone HI100; 1:200), and 

Live/Dead Fixable Blue Dead Cell Stain Kit (Thermo Fisher Scientific; 

L2310; 1:1,000), while intracellular staining for cytokine assessment 

was performed with BD Cytofix/Cytoperm (BD) with 20 min fixation and 

overnight incubation with CF594-conjugated antibody to IL-4 (BD; 11B11; 

1:300) and APC-conjugated antibody to TNF (BD; MAb1; 1:300). Finally, 

samples were fixed with 1% paraformaldehyde until data acquisition.

Plasma cytokine measurements. Inflammatory cytokines were  

measured using LEGENDplex HU Essential Immune Response Panel 

(BioLegend; 740930) according to the manufacturer’s instructions. 

Technical duplicates were used for both the standard curve and experi-

mental samples. Analysis was performed with the provided software.

Phagocytosis assay. To assess phagocytotic capacity of monocytes, 

the pHrodo E. coli Red BioParticles Phagocytosis Kit for Flow Cytom-

etry (Invitrogen) was used. Thawed PBMCs were immediately used 

for analysis. E. coli Red BioParticles (25 µl) was added to 0.25 × 106 

PBMCs in 225 µl PBMC medium. As a negative control, 20 µl of PBS 

was added to 225 µl of PBMCs. Incubation was performed at 37 °C  

for 45 min, followed by immediate transfer on ice. Cells were then 

washed in FACS buffer, centrifuged at 500 g for 5 min, followed by 

another wash step. Cells were stained with BUV395-conjugated anti-

body to CD3 (BD; UCHT1; 1:200), BV786-conjugated antibody to CD14 

(BD; MoP9; 1:200), and Live/Dead Fixable Blue Dead Cell Stain Kit 
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(Thermo Fisher Scientific; L2310; 1:1,000) for 10 min at 4 °C. After 

washing, cells were reconstituted in PBS and subjected to analysis 

using a Cytek Aurora flow cytometer. Monocytes were identified as 

CD3−CD14+ cells.

scRNA-seq library preparation. scRNA-seq was performed on PBMCs 

from 5 UA and 5 placebo individuals from our cohort, using matched 

samples from baseline visit and after 28 days. The sequencing was 

performed by Singleron. Cryopreserved human PBMCs were thawed, 

washed, resuspended in PBS, and counted with the Luna FX7 automated 

cell counter (Logos Biosystems). The concentration of the cell suspen-

sion was adjusted to 4 × 105 cells ml−1 with PBS and loaded onto a micro-

fluidic chip (part of Singleron GEXSCOPE Single Cell RNAseq Library Kit, 

Singleron Biotechnologies) to capture around 10,000 cells. Tagging  

the cells’ transcriptomes was done by loading paramagnetic beads 

ligated to oligonucleotide barcodes and unique molecular identifiers. 

The scRNA-seq libraries were constructed according to manufacturer’s 

instructions (Singleron Biotechnologies). The resulting scRNA-seq 

libraries were sequenced on an Illumina NovaSeq X instrument with 

a paired-end 150 bp approach by Macrogen Europe. The reads were 

demultiplexed on Illumina’s BaseCloud.

scRNA-seq data filtering, normalization, and batch correction. 

Count tables were obtained from Singleron (matrix.mtx, genes.tsv, and 

barcodes.tsv) and imported into R (version 4.2.2) using the Read10X 

function in Seurat48,76–78 (version 4.3.0.1). Seurat objects were created 

using min.cells = 1 and min.features = 500. Metadata such as timepoint, 

treatment, and donor were added to each Seurat object. Cells with more 

than 15% mitochondrial content were removed. Each Seurat object was 

normalized, scaled, and clustered with default settings. Next, Doublet-

Finder79 (version 2.0.3) was used with 2.5% expected doublets. Seurat 

objects were combined into one and were normalized, scaled, and 

clustered with default settings. Cell cycle scores were generated using 

the CellCycleScoring function and cc.genes.updated.2019 reference 

in Seurat to score for S- and G2M-phase. Next, data were normalized 

with the SCTransform function, method = “glmGamPoi”, using all cells 

and vars.to.regress = c(“percent.mt”,“S.Score”,“G2M.Score”). To reduce 

batch effects, Harmony80 (version 0.1.1) was used with group.by.vars 

= ‘orig.ident’. For final Uniform Manifold Approximation and Projec-

tion and clustering, the ElbowPlot function was used to determine the 

number of principal components and was set to 30.

Cell type calling. For calling cell types, Azimuth48 (version 0.4.6) with 

pbmcref.SeuratData (version 1.0.0) and SeuratData (version 0.2.2) was 

used. Seurat object was subset based on the cell type score from layer 

1, predicted.celltype.l1.score > 0.75. Further, the Seurat object was  

split into several smaller Seurat objects based on cell type identity 

in layer 1 for CD8+ T cells, CD4+ T cells, NK cells, monocytes, and B 

cells. Cells with a score lower than 0.8 were removed, and each Seurat  

object was normalized with SCTransform, batch corrected with  

Harmony and clustered as previously described for the whole data 

set. Cell types were called again on each Seurat object with Azimuth, 

and only cells that belonged to the correct cell type, this time in  

layer 2, were kept.

Differential gene expression, gene set enrichment analysis, and 

Ingenuity Pathway Analysis. Differentially expressed genes (DEGs) 

for each cell type between timepoint 28 and 0 were obtained with the 

FindMarkers function in Seurat, with placebo or treated cells, respec-

tively. The Logfc.threshold was set to 0.1 or 0.01, and only genes with 

p_val_adj below 0.05 were kept.

Further, the clusterProfiler81 package (part of Bioconductor 

3.18) was used in R with gseGO functions to find pathways and Gene  

Ontology terms for each condition. First, SYMBOL (official gene 

symbol) was converted to corresponding Entrez gene identifiers 

(ENTREZID), and genes were ranked based on log2 fold change. The 

output with logfc.threshold 0.01 was used, and only pathways and Gene 

Ontology terms with a P value cutoff = 0.1 were kept.

DEGs with P < 0.05 and a log2(fold change) > 0.1 were selected as 

input for Ingenuity Pathway Analysis (IPA). IPA was used to identify 

activated and inhibited canonical pathways. In addition, upstream 

regulator analysis was used to identify molecules upstream of the sig-

nificantly DEGs that could potentially explain the observed expression 

differences between UA and placebo. Activation z-score (a measure of 

consistency between up/down gene regulation pattern and activation/

inhibition pattern calculated by the IPA knowledgebase network) and P 

value of overlap (a measure of significance of enrichment of regulated 

genes in the dataset) were generated for each canonical pathway and 

upstream regulator.

Ex vivo analysis of mitochondrial parameters on human immune 

cells. For functional assays, PBMCs were cultivated in PBMC medium 

in the presence of UA (25 µM; Tocris; 6762) or DMSO control for the 

indicated time points. For the interrogation of mitochondrial param-

eters via flow cytometry, we used tetramethylrhodamine, methyl ester 

(TMRM; Thermo Fisher Scientific), LysoTracker red DND-99 (75 nM; 

Thermo Fisher Scientific), and MitoTracker Green (Thermo Fisher 

Scientific) according to the manufacturer’s instructions.

To assess levels of Pink1 and Parkin, PBMCs were then stained 

with antibodies directed against Pink1 (sc-518052 PE; 1:100) and 

Parkin (sc-133167 AF647; 1:50) after incubation with UA or DMSO 

for the indicated time points. Permeabilization and fixation were 

performed using the BD transcription factor buffer set kit (BD 

Biosciences; 562574). The mtDNA/nuDNA ratio was calculated 

using the mean threshold cycle of ND1 for mitochondrial DNA 

and B2M for nuclear DNA, respectively. The primers used were 

as follows: ND1 Forward (5′-GAGCGATGGTGAGAGCTAAGGT-3′) 

and Reverse (5′-CCCTAAAACCCGCCACATCT-3′); B2M Forward  

(5′-TGCTGTCTCCATGTTTGATGTATCT-3′) and Reverse (5′-TCTCTGCTCC 

CCACCTCTAAGT-3′). Here, T cells were purified from PBMCs using  

the EasySep Human T Cell Kit (StemCell; 17951), followed by incuba-

tion in T cell medium in the presence of UA (25 µM) or DMSO for 48 h.

Statistics and reproducibility. All measurements were taken from 

distinct samples; no samples were measured repeatedly to gener-

ate data. No samples were excluded for the complete flow cytom-

etry phenotyping constituting the primary end point of the present 

study. Samples for plasma cytokine analysis were chosen based on the  

availability of matched samples at baseline visit and after 28 days. 

Samples were excluded from analysis when cytokine level was not 

detectable. Samples from scRNA-seq were chosen to reflect a repre-

sentative day 28 response after unblinding of the trial. According to 

the nature of this study, all other data collection and analysis were 

performed blind to the group allocation. Error bars correspond to 95% 

confidence interval and were plotted with GraphPad Prism (version 

10). Repeated measures mixed effects models were performed for all 

comparisons here to test for significant differences of the respective 

variable between treatment groups by accounting for repeated meas-

urements within the participants and by controlling for other covari-

ates. Thereby, the participants were considered as random effects, 

and the variables treatment (group A versus group B), time (0 versus 

28 days), the interaction between treatment and time, age, BMI, and 

the baseline values as fixed effects. P values depicted here represent 

the interaction between treatment and time. Model assumptions for 

the repeated measures mixed-effects model were assessed. Residuals 

were visually inspected for normality and homoscedasticity using 

diagnostic plots. All analyses were performed using SAS version 9.4 

with SAS Enterprise Guide version 8.3. As one of our primary end points 

constitutes changes in mitochondrial function, this trial is powered to 

detect a difference in mitochondrial activity of immune cells between 
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treatment groups. Sample size estimates were based on statistical 

simulations by ref. 82 where a comprehensive literature review was 

performed to assess the range of effect size for 80% power when oxida-

tive function of muscle cells was studied. According to these statistical 

simulations, 24 participants are considered sufficient for interventions 

with an expected 11% effect size. Likewise, the sample size chosen 

(n = 50) is comparable to a similar study in the literature83 that focused 

on immune health and mitochondrial function.
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Extended Data Fig. 2 | Unaltered T cell subpopulations. (a-d) Distribution of 

CD8+ subsets within PBCMs depicted as absolute change in percentage of PBMCs 

after 28 days of UA intake (U) or placebo (P). Data are mean ± 95% CI, n = 25 per 

group as assessed by spectral flow cytometry. (e) Changes in CD8+ expression of 

PD-1, depicted as absolute change in percentage points. Data refers to changes 

after 28 days of UA intake (U) or placebo (P). Data are mean ± 95% CI, n = 25 per 

group as assessed by spectral flow cytometry. (f-i) Changes in CD8+ expression of 

CD57 (f), KLRG1 (g), p16 (h) and p21 (i), depicted as absolute change in percentage 

points. Data refers to changes after 28 days of UA intake (U) or placebo (P). Data 

are mean ± 95% CI, n = 25 per group as assessed by spectral flow cytometry. 

( j-n) Distribution of CD4+ subsets depicted as absolute change in percentage 

of PBMCs after 28 days of UA intake (U) or placebo (P). Shows data of CD4+ TN 

( j), CD4+ TCM (k) CD4+ TEM (l), CD4+ TSCM (m) and CD4+ TEMRA (n) subsets. Data are 

mean ± 95% CI, n = 25 per group as assessed by spectral flow cytometry. (o-q) 

Changes in T-bethi, GATA-3hi, and FoxP3hi CD4+ cells depicted as absolute change 

in percentage points of total CD4+ after 28 days of UA intake (U) or placebo (P). 

Data are mean ± 95% CI, n = 25 per group as assessed by spectral flow cytometry. 

(r) Changes of γδ CD3+ cells depicted as absolute change in percentage of PBMCs 

after 28 days of UA intake (U) or placebo (P). Data are mean ± 95% CI, n = 25 per 

group as assessed by spectral flow cytometry. For all subpanels, p-values for 

treatment effects were calculated by a two-dided repeated measures mixed-

effect model using the percentage of the depicted population at timepoints 

d = 0 and d = 28 (treatment-by-time effect). No adjustments were multiple 

comparisons were made.
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Extended Data Fig. 3 | Effect of UA on immune metabolism. (a-d) Metabolic 

profiling of CD8+ subpopulations using Scenith. Truncated violin plots of 

glucose dependence (a), mitochondrial dependence (b), glycolytic capacity 

(c), and fatty acid and amino acid oxidation capacity (FAO&AAO capacity) are 

shown. Data derived from TN, TCM, TEM and TEMRA subpopulations from n = 50 

participants at baseline (d0). Depicts mean (solid line) and 25th/75th quartiles 

(dotted lines), n = 25 per group. Exact p-values are shown, calculated by ordinary 

one-way ANOVA with Tukey’s multiple comparison’s test. (e-h) Truncated 

violin plots of fatty acid and amino acid oxidation (FAO&AAO) from several 

immune populations as assessed by SCENITH. Data from CD8+ TCM (e), CD8+ 

TEM (f), CD8+ TEMRA (g) and B cells (h) are shown from UA and placebo treated 

participants at baseline (d0) and after the 28-day supplementation period 

(d28). Mean (solid line) and 25th/75th quartiles (dotted lines) are depicted. 

N = 25 per group. (i-l) Truncated violin plots depicting glucose dependence 

from several immune populations as assessed by Scenith. Data from NK cells 

(i), non classical monocytes (j), CD4+ cells (k), and B cells (l) are shown from 

UA and placebo treated participants at baseline (d0) and after the 28-day 

supplementation period (d28). Depicts mean (solid line) and 25th/75th quartiles 

(dotted lines), n = 25 per group. (m-n) Truncated violin plots depicting glucose 

dependence and fatty acid and amino acid oxidation (FAO&AAO) capacity from 

classical monocytes as assessed by Scenith. Data from UA and placebo treated 

participants at baseline (d0) and after the 28-day supplementation period (d28). 

Depicts mean (solid line) and 25th/75th quartiles (dotted lines), n = 25 per group. 

P-values for treatment effects in e-h were calculated by a two-sided repeated 

measures mixed-effect model using the percentage of the depicted population 

at timepoints d = 0 and d = 28 (treatment-by-time effect). No adjustments for 

multiple comparisons were made.
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Extended Data Fig. 4 | Effect of UA on peripheral immune populations.  

(a-c) Tertiary markers on CD56loCD16hi NK cells. Changes in expression of NKG2A 

(c), KIR (d) and KLRG1 (e) are depicted as absolute change in percentage points. 

Data refers to changes after 28 days of UA intake (U) or placebo (P). Data are mean 

± 95% CI, n = 25 per group as assessed by spectral flow cytometry. P-values for 

treatment effects were calculated by a repeated measures mixed-effect model 

using the percentage of the depicted population at timepoints d = 0 and d = 28. 

(d) Absolute change of intermediate monocytes within PBMCs after 28 days. 

Data are mean ± 95% CI, n = 25 per group. P-values for treatment effects were 

calculated by a repeated measures mixed-effect model using the percentage 

of the depicted population at timepoints d = 0 and d = 28. (e) Absolute change 

of classical monocytes within PBMCs after 28 days. Data are mean ± 95% CI, 

n = 25 per group, P-values for treatment effects were calculated by a repeated 

measures mixed-effect model using the percentage of the depicted population at 

timepoints d = 0 and d = 28. (f ) Absolute change in percentage ILCs (f) in PBMCs. 

Data are mean ± 95% CI, n = 25 per group as assessed by spectral flow cytometry. 

P-values for treatment effects were calculated by a repeated measures mixed-

effect model using the percentage of the depicted population at timepoints 

d = 0 and d = 28. (g-h) Changes within the memory B cell (g) and naïve B cell (h) 

population depicted as absolute change in percentage points. Data refers to 

changes after 28 days of UA intake (U) or placebo (P). Data are mean ± 95% CI, 

n = 25 per group as assessed by spectral flow cytometry. P-values for treatment 

effects were calculated by a repeated measures mixed-effect model using  

the percentage of the depicted population at timepoints d = 0 and d = 28.  

(i-j) Changes of plasma cells (i) and plasma blasts ( j) cells depicted as absolute 

change in percentage of PBMCs after 28 days of UA intake (U) or placebo (P). 

Data are mean ± 95% CI, n = 25 per group as assessed by spectral flow cytometry. 

P-values for treatment effects were calculated by a repeated measures mixed-

effect model using the percentage of the depicted population at timepoints 

d = 0 and d = 28. All statistical tests were two-sided. No adjustments for multiple 

comparisons were made.
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Extended Data Fig. 7 | Single cell RNA sequencing reveals UA-mediated 

transcriptional alterations in T cells. (a) Violin plot displaying the average 

number of genes per cell. Data from every analyzed sample shown (n = 5 

per treatment, matched d0 and d28 samples). (b) Unsupervised Uniform 

Manifold Approximation and Projection (UMAP) visualization of PBMCs with 

clusters identified by unsupervised hierarchical clustering. (c) Volcano plot 

of differentially expressed genes within CD8+ cells in UA treated participants 

vs. placebo after the 28-day intervention period. Red dots represent genes 

expressed at higher levels in CD8+ cells from UA-treated participants, while blue 

dots represent genes with lower expression levels compared to baseline visit. 

Genes with log2fc ≥ 0.1 and p < 0.05 were considered significant. (d) Ingenuity 

pathway Analysis (IPA) of CD8+ cells, displaying activated canonical pathways in 

CD8+ cells of UA treated participants. Ranking was performed based on -log10 

p-value. Z-scores of affected pathways are shown. (e) Gene Ontology (GO) term 

enrichment analysis of CD8+ cells after 28 days of UA intake using the web-based 

tool Enrichr. Top upregulated terms and suppressed terms among the “cellular 

components” domain are shown. Ranking was performed based on adjusted 

-log10 p-value. Genes with log2fc ≥ 0.1 and p < 0.05 were considered for input. 

(f) Ingenuity pathway Analysis (IPA) of CD8+ cells, displaying inhibited canonical 

pathways in CD8+ cells of UA treated participants. Ranking was performed 

based on -log10 p-value. Z-scores of affected pathways are shown. (g) Biological 

upstream regulator analysis of CD8+ cells from UA-treated participants after the 

intervention period. Predicted inhibited upstream regulators as established by 

IPA are shown, ranked based on -log10 p-value. Respective inhibition z-scores 

are shown. (h) Volcano plot of differentially expressed genes within CD8 + TEM 

in UA treated participants vs. placebo after the 28-day intervention period. 

Red dots represent genes expressed at higher levels in TEM from UA-treated 

participants, while blue dots represent genes with lower expression levels. Genes 

with log2fc ≥ 0.1 and p < 0.05 were considered significant. (i) Gene Ontology 

(GO) term enrichment analysis of CD8 + TEM cells after UA intake. Top upregulated 

terms and suppressed terms among CC (cellular components) and MF 

(molecular functions) domains are shown. Ranking was performed on adjusted 

-log10 p-value. Genes with log2fc ≥ 0.1 and p < 0.05 were considered for input. 

(j) Volcano plot of differentially expressed genes within CD8 + TN in UA treated 

participants vs. placebo after the 28-day intervention period. Red dots represent 

genes expressed at higher levels in TN from UA-treated participants, while blue 

dots represent genes with lower expression levels. Genes with log2fc ≥ 0.1 and 

p < 0.05 were considered significant.
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Extended Data Fig. 8 | Single cell RNA sequencing reveals UA-mediated 

transcriptional alterations in other immune populations. (a) Heatmap 

showing the differential expression of markers of interest among NK cells. Left 

shows down-regulated IEGs. The color scale is based on log2fc-scaled gene 

expression compared to baseline. (b-c) Dot plot for Gene Ontology (GO) term 

enrichment analysis of NK cells. Top upregulated terms and suppressed terms 

among BP (biological processes) and CC (cellular components) domains are 

shown. Ranking was performed on enrichment score. Genes with log2fc ≥ 0.1 

and p < 0.05 were considered. (d) Volcano plot of differentially expressed genes 

within monocytes in UA treated participants vs. placebo. Red dots represent 

genes expressed at higher levels in monocytes from UA-treated participants, 

while blue dots represent genes with lower expression levels. Genes with 

log2fc ≥ 0.1 and p < 0.05 were considered significant. (e) Canonical pathway 

analysis of monocytes. Shows top 10 activated (red) and inhibited (blue) 

pathways in monocytes of UA-treated participants compared to the baseline 

measurement. Ranking was performed based on -log10 adjusted p-value. 

Z-scores are shown. (f) Upstream regulator analysis of monocytes using IPA.  

Top 6 predicted activated (red) and inhibited (blue) upstream regulators  

are shown. Ranking was performed based on Z-score. -log10 p-values are shown. 

(g) Volcano plot of differentially expressed genes within B cells in UA treated 

participants vs. placebo after the 28-day intervention period. Red dots represent 

genes expressed at higher levels in B cells from UA-treated participants, while 

blue dots represent genes with lower expression levels. Genes with log2fc ≥ 0.1 

and p < 0.05 were considered significant. (h-i) Canonical pathway analysis of  

B cells. Shows top 5 activated (red; h) and inhibited (blue; i) pathways in B cells of 

UA-treated participants compared to the baseline measurement. Ranking was 

performed based on -log10 adjusted p-value. Z-scores are shown. (j) Volcano plot 

of differentially expressed genes within CD4+ cells in UA treated participants 

vs. placebo after the 28-day intervention period. Red dots represent genes 

expressed at higher levels in CD4 cells from UA-treated participants, while blue 

dots represent genes with lower expression levels. Genes with log2fc ≥ 0.1 and 

p < 0.05 were considered significant. (k-l) Canonical pathway analysis of CD4+ 

cells. Shows top 5 activated (red; k) and inhibited (blue; l) pathways in CD4+ cells 

of UA-treated participants compared to the baseline measurement. Ranking was 

performed based on -log10 adjusted p-value. Z-scores are shown.
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Extended Data Table 1 | Biochemistry safety analysis

(a) Fifty subjects (n = 50) that successfully met all inclusion and exclusion criteria were randomized to either UA or placebo. The two study groups displayed similar metabolic, renal and 

hepatic parameters. Baseline statistics were performed within groups by paired t-testing (n.s., not significant) while treatment effect was calculated using a two-sided repeated measures 

mixed-effects model where subjects were considered as random effects.
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Extended Data Table 2 | Listing of adverse events (AEs) according to groups

Total number of post-emergent AEs according to SOC. No life-threatening adverse events were recorded. No differences were observed between the intervention groups.










