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Introduction: Developing interventions to delay aging and improve lifespan and healthspan is a critical goal in aging research.
Individual geroprotective compounds fail to address the complexity, interconnectedness, and dynamic nature of biological systems,
limiting success in significantly extending lifespan and improving health. This study investigates the effects of SRN-901—a novel oral
combinatorial drug that consists of urolithin A, quercetin, nicotinamide riboside, alpha-lipoic acid, and Seragon’s SRN-820—on
lifespan extension, frailty reduction, disease-related gene expression pathways, metabolic aging, and the proteome in 18-month-old
mice fed a Western diet.

Results: SRN-901-treated mice showed a significant increase of 33% in median remaining lifespan compared to placebo-treated mice.
Cox proportional hazards analysis revealed a hazard ratio of 0.54, indicating that SRN-901 treatment was associated with a 46%
reduction in the hazard of death. While rapamycin increased lifespan in adult mice, nicotinamide mononucleotide (NMN), and
nicotinamide riboside (NR) did not show significant differences in median lifespan compared to placebo. SRN-901 protected mice
against increased frailty during aging, with baseline-normalized scores rising to 1.17 in treated mice and 1.57 in controls, correspond-
ing to a 70% attenuation of frailty progression between pre-treatment (D-14) and post-treatment (D128; p < 0.001). Transcriptomic
analyses revealed that SRN-901 modulates gene expression across pathways implicated in aging biology, including inflammation,
apoptosis, and DNA repair, as well as gene sets associated with neurodegenerative disorders, including Alzheimer’s disease. Metabolic
profiling revealed that SRN-901 was associated with attenuation of several age-related metabolic shifts, resulting in a blood metabolite
profile that more closely resembled that of younger mice. The upregulation of glutathione metabolism and other longevity-related
pathways underscores SRN-901’s role in enhancing cellular defenses against oxidative stress and maintaining metabolic health.
Discussion: These results highlight SRN-901 as a promising multi-compound candidate for extending lifespan and healthspan by
targeting multiple aging pathways.
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Introduction
Aging is a complex biological process associated with declining physiological functions, increased frailty, susceptibility
to cardiometabolic and neurodegenerative disorders, and increased mortality. The aging population has become
a significant global issue, requiring efficient, large-scale measures to mitigate late-life ailments and improve human
healthspan.'” Among the prospective strategies, anti-aging pharmacotherapy is distinguished by its adaptability, con-
trollability, and practicality, rendering it a compelling strategy for creating geroprotective interventions.’

Substantial progress has been achieved in the identification of substances possessing anti-aging properties. The
DrugAge database catalogs more than 4000 lifespan experiments, including 372 conducted in Mus musculus.* In parallel,
over 300 human genes and more than 2000 model organism genes have been implicated in aging and lifespan regulation®
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offering an extensive pool of potential targets for drug development.® These single-target approaches often fail to address
the systems-level complexity and interconnected nature of aging.”

To improve the efficacy of anti-aging therapies, attention has shifted toward developing and combining compounds
that target many pathways simultaneously.® This strategy holds the potential for synergistic effects, wherein the combined
impact of the compounds is greater than the sum of their individual effects. Key considerations for designing such
combinations include minimizing off-target effects, avoiding cumulative toxicity, and ensuring that absorption is
comparable to individual compounds.” The success of combination therapies in treating various diseases, such as type
2 diabetes, cancer, obesity, and hypertension, provides a strong foundation for applying this approach to aging-related
interventions,'® and databases documenting drug interactions and therapeutic outcomes further facilitate this research.''
Nevertheless, studies specifically focused on combination therapies for lifespan extension remain scarce and
fragmented.'?

In this study, we investigated whether a combinatorial intervention could extend lifespan and improve healthspan in
aged mice. Eighteen-month-old C57BL/6 mice were treated until death with SRN-901 (500 mg/kg/day), a novel oral
formulation composed of a PI3K/Akt/mTOR pathway modulator, an autophagy-enhancing compound, an anti-
inflammatory flavonoid, and an NAD" precursor. Frailty assessments were conducted before and after dosing, and

blood samples were collected for transcriptomic and metabolomic analyses to evaluate molecular correlates of longevity.

Materials and Methods

Mice, Husbandry, and Diet Preparation

A total of 160 C57BL/6 mice (80 male and 80 pup-naive female) were purchased from Charles River Laboratories at the
age of 15 months and aged in the animal facility (HD Biosciences, San Diego) until they reached 18 months. Eighteen
months of age was selected to model late-life intervention. In C57BL/6 mice, 18—24 months corresponds to late-middle
to carly-old age and aligns approximately with late-middle-aged to older adult humans, depending on the conversion
model used.'> Aligning murine age with appropriate human life stages is critical when modeling age-dependent
pathologies, including metabolic dysfunction, neurodegeneration, and cancer, to avoid artificial or mistimed disease
phenotypes. Mice were housed in groups of three or four per cage under standard conditions, including a 12-hour light/
dark cycle (lights on at 7:00 AM, ambient temperature of 22 + 2°C, and relative humidity of 50 + 10%. To simulate
human dietary patterns, mice were fed the Total Western Diet (TWD), a high-fat diet (ENVIGO TD.110424; 45% kcal
from fat, 35% from carbohydrates, and 20% from protein; energy density 4.7 kcal/g) ad libitum, with free access to water.
Body weight and food intake were measured weekly to monitor health and dietary compliance (Supplementary Figure 1).

SRN-901 (500 mg/kg/day) and control were fed through oral gavage 6 days a week. SRN-901 was obtained from
Seragon Biosciences. The 500 mg/kg/day SRN-901 dose was selected by combining nicotinamide riboside, quercetin,
urolithin A, and alpha-lipoic acid in equimolar concentrations, consistent with doses previously reported in the literature
to be well tolerated and to influence metabolic or aging-related pathways, together with Seragon’s SRN-820 at an
internally established percentage that produced robust target engagement without gastrointestinal intolerance in prior
exploratory studies. NMN (300mg/kg) and NR (300mg/kg) were purchased from Effepharm, and fed through oral gavage
6 days a week. Rapamycin was mixed in food with a concentration of 14.4 ppm. All groups (SRN-901, NMN, NR,
Rapamycin, and Placebo), underwent an identical handling and gavage schedule (same frequency, time-of-day, and
volume) by trained staff using a standardized procedure using either group-specific drug or vehicle (water) and no
deviation events were recorded.

Sample sizes were selected based on effect sizes reported in late-life intervention studies and were intended to provide
>80% power to detect a 20-30% difference in median lifespan at a=0.05. Formal power calculations were not performed
prior to initiating the study because of variability across reported survival and attrition rates. To minimize bias, mice were
randomized into groups (SRN-901 and Control: n=44 per group; Rapamycin, NMN, and NR: n=24 per group) using
a computer-generated randomization protocol. To minimize the impact of social hierarchy and aggression, mice were

housed without replacement as individuals died at older ages. In cases where fight wounds necessitated removal for
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humane reasons, all mice in the affected cage were removed from the study to avoid biasing the population toward
dominant or non-dominant individuals.

Mice were inspected daily for health and welfare. Animals deemed unlikely to survive for more than an additional
48 hours, based on a predefined symptom checklist, were euthanized for humane reasons. The date of euthanasia was
recorded and used as the best estimate of the date of natural death for statistical purposes. For mice found dead during
daily inspections, the date of death was recorded. At necropsy, tumors were identified and recorded to calculate tumor
incidence in each group. The principal endpoint of the study was age at death (for mice found dead) or age at euthanasia
(for mice euthanized due to severe morbidity). For Euthanasia, mice were exposed to 4% isoflurane. Animals were
monitored closely, watching for cessation of motion including breathing. Death was confirmed by cervical dislocation
under anesthesia which was performed. All animal studies were conducted by a licensed contract research organization
(CRO) operating under institutional animal care and use committee (IACUC) oversight (HD Biosciences, San Diego
CA). All procedures were performed in accordance with applicable national and institutional guidelines for the care and
use of laboratory animals, including the Guide for the Care and Use of Laboratory Animals. The animals in this study
were C57BL/6 mice and did not require a license/permit for third party research use.

Frailty Analysis

Frailty was assessed (Supplementary Figure 1) using a validated mouse clinical frailty index (FI) scoring system, as

previously described.'* The FI evaluates a range of health parameters to provide a quantitative measure of frailty, with
higher scores indicating greater frailty. Assessments were conducted at two time points: 14 days before the initiation of
dosing (baseline) and 128 days after dosing began.

The FI scoring system included 24 non-invasive health parameters, such as integumentary, physical, musculoskeletal,
ocular, nasal, digestive, urogenital, and respiratory systems. Each parameter was scored on a scale of 0 (no deficit), 0.5
(mild deficit), or 1 (severe deficit). The total FI score was calculated as the sum of all deficits, with a maximum possible
score of 24. Frailty index scores are presented as mean + standard error of the mean (SEM). To account for any baseline
imbalances, frailty scores were analyzed using a two-way repeated-measures ANOVA with group and time as factors, and
post hoc comparisons were performed on change-from-baseline scores. A p-value of < 0.05 was considered statistically
significant. Investigators performing frailty scoring and lifespan analysis were blinded to treatment allocation, and

treatment preparation was handled by personnel not involved in data collection.

Transcriptome Analysis

Sampling and Sequencing

RNA sequencing was performed on n=24 mice per group to investigate transcriptome-wide changes across experimental
groups. Total RNA was extracted using TRIzol Kit (Invitrogen, Carlsbad, CA), with rigorous quality control implemen-
ted at multiple stages. RNA purity was assessed via NanoDrop™ spectrophotometry (A260/A280 > 1.9; A260/A230 >
2.0), integrity verified by Agilent™ 5400 Bioanalyzer (RIN > 8.0), and genomic DNA contamination excluded through
1% agarose gel electrophoresis. Strand-specific RNA-seq libraries were constructed using the NEBNext® Ultra II™
Directional RNA Library Prep Kit (New England Biolabs), following polyadenylated mRNA enrichment with poly-T
magnetic beads. Critical steps included fragmentation of mRNA (94°C for 8 min), first-strand cDNA synthesis with
random hexamers, and second-strand synthesis using dUTP for strand orientation preservation. Final libraries (300-500
bp inserts) were prepared through end repair, A-tailing, adapter ligation, and dual-size selection with AMPure XP system
(Beckman Coulter).

Libraries were quantified via Qubit™ 4.0 Fluorometer and gPCR (KAPA Library Quant Kit), with size distribution
validated using Agilent High Sensitivity DNA Kit. Equimolar pooled libraries were sequenced on an Illumina
NovaSeq 6000 platform (2x150 bp paired-end reads), generating ~20 million high-quality reads per sample (Q30
> 85%).
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Raw Sequencing Data Underwent Stringent Preprocessing

Adapters and low-quality bases (Q-score < 25) were trimmed using Fastp v0.23.2 with a 4-bp sliding window,'*'®
followed by ribosomal RNA depletion via Ribodetector v3.0 in -rrna mode; SILVA database.'” Post-filtering reads
(92.4% retention rate) were aligned to the GRCm39 reference genome (Mus Musculus Genome Assembly GRCm39, n.
d.) using STAR v2.7.10b'® with splice-aware parameters (—sjdbOverhang 149; —alignIntronMax 80,000), achieving
89.3% mean alignment efficiency. BAM files were indexed with Samtools v1.15' and gene-level counts were generated
using FeatureCounts v2.0.3?° in reverse-stranded mode (-s 2) with multi-mapping reads proportionally assigned (—

fraction).

Differential Expression Analysis

Differential expression analysis employed a dual-method approach: DESeq2 v1.38.3?' and edgeR v3.40.2.** For
DESeq2, a multifactorial design matrix (~0 + time:condition) was implemented to disentangle treatment and temporal
effects, and dispersion estimates were validated via diagnostic plots. Low-count genes (baseMean <10) and Ensembl
gene ID duplicates were resolved through expression averaging. Differentially expressed genes (DEGs) were defined by |
log2FoldChange| >1 and Benjamini-Hochberg adjusted p-value < 0.05 across three comparisons: pan-group treatment
effects and sex-stratified analyses.”

Functional Annotation and Pathway Analysis

To establish evolutionary conservation of aging-associated transcriptional signatures, candidate DEGs were cross-
referenced with three curated longevity databases: GenAge®* (build 21), SynergyAge (2023 release),”> Aging Atlas
(RRID:SCR_024793).2° Enrichment analyses were systematically conducted using clusterProfiler v4.6.0°" with opti-
mized parameters: Ensembl-to-Entrez ID conversion via org.Mm.egdb, GO term redundancy reduction through ReviGO
semantic clustering,”® and Benjamini-Yekutieli FDR correction.”” Gene Set Enrichment Analysis (GSEA) was executed
using fgsea v1.24.0°° against MSigDB Hallmark gene sets.”’ Significantly altered pathways were projected onto human
orthologs using Reactome’s Cross-Species Inference Engine, and the longevity-regulating pathway (KEGG mmu04211°2
was visualized via Pathview v1.38.0.%

Metabolome Analysis

Sampling and Chromatographic Separation

Frozen whole blood (SRN-901 and control; n=12 mice per group) was homogenized in ice-cold methanol/water (80:20,
v/v) using a Bead Ruptor Elite homogenizer (Omni International) at 4°C, followed by centrifugation (15,000xg,
10 min, 4°C) to pellet insoluble debris. Supernatants were lyophilized and reconstituted in 100 pL acetonitrile/water
(1:1) for analysis. To ensure analytical reproducibility, quality control (QC) samples were generated by pooling equal
aliquots from all experimental samples and injected every 10 runs throughout the sequence.

Chromatographic separation was achieved using a Waters ACQUITY UPLC HSS T3 column (2.1x100 mm, 1.8 pum)
maintained at 40°C, coupled to a TripleTOF 6600 mass spectrometer (SCIEX) equipped with DuoSpray™ ion source.
The mobile phase comprised 0.1% (v/v) formic acid in water (A) and acetonitrile (B), with the following elution
gradient: 0—1 min 2% B, 1-12 min linear increase to 98% B, 12—14 min isocratic hold, 14—14.1 min return to 2% B, and
14.1-16 min column re-equilibration. Mass spectrometric detection was performed in both positive (ESI+, 5.0 kV) and
negative (ESI-, —4.0 kV) ionization modes with the following parameters: curtain gas 35 psi, ion source gas 1 (55 psi)
and gas 2 (60 psi), source temperatures of 550°C (ESI+) and 450°C (ESI-), mass range m/z 501000 for MS1 and m/z
25-1000 for MS2 scans, and collision energy ramping from 10-40 eV(Multi- and Megavariate Data Analysis. Part
I Basic Principles and Applications. Second Revised and Enlarged Edition | Request PDF, n.d.).

Data Preparation

Raw mass spectrometry data were converted to mzXML format using ProteoWizard MSConvert (v3.0)** and processed
through XCMS (v3.18.0)*° with optimized workflows: The peaks with missing rate >50% in each group of samples were
filtered. Missing values were imputed via k-nearest neighbors (k=10),*® followed by QC-driven support vector regression
(SVR) normalization to mitigate batch effects.>” Metabolite annotation integrated three complementary strategies: 1)
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matching against an in-house library of 1200 authenticated standards; 2) cross-referencing with HMDB (v5.0)**° and
METLIN (2023) databases*” in silico prediction using MS-FINDER (v4.2) with SIRIUS fragmentation scores >4.0. Final
metabolite identifications required coefficient of variation (CV) <30% in QC replicates and MS/MS spectral similarity
confidence level >2 (out of 4-tiered confidence scoring system).

Raw mass spectrometry data were processed using the MetaboAnalystR package (v6.0). Quality control (QC)
measures were implemented to filter unreliable reads based on low repeatability within the QC sample group, as
determined by the relative standard deviation (RSD = SD/mean), with a threshold of 25%. To further refine the dataset,
an additional variance filter was applied based on the interquartile range, retaining the top 95% of variance-exhibiting
metabolites while filtering out the top 5% of highly variable features.

Following quality filtering, data were normalized using the pooled QC sample group to correct for batch effects and
technical variability. Normalization included loglO transformation to reduce skewness and autoscaling to ensure
metabolite standardization across all samples. These steps were performed to enhance comparability by minimizing
systemic bias resulting from differences in measurement scales. After logl0 transformation and autoscaling, distributions
of metabolite intensities were visually assessed using Q—Q plots and histograms. For downstream analysis, FDR-adjusted
p-values < 0.05 were considered significant.

Differential Metabolite Analysis

Heatmap generation was conducted using all 24 mouse samples absolute mean subtraction, with values considered
equivalent if their absolute mean difference was less than 0.3 units and distinct if the absolute mean difference exceeded
0.7 units. These cutoffs were determined based on autoscaled values to provide robust visualization of metabolic
variations. Differentially expressed metabolites were subjected to pathway enrichment analysis using the
MetaboAnalystR package (v6.0).

To further investigate metabolic shifts from pre-treatment to post-treatment in the control group and the treatment
group, a hierarchical statistical framework was utilized to reinforce statistical validity. For intra-group hypothesis testing,
normally distributed paired data was assessed via paired t-tests, while non-normal paired data was evaluated via
Wilcoxon signed-rank test.*' For inter-group hypothesis testing, independent t-test with Welch’s correction®? was
implemented for normally distributed metabolic shifts to address potential heteroscedasticity, while Mann—Whitney
U-test* was employed for nonparametric distributions. Differential metabolites were selected using an FDR threshold of
p < 0.05.

Functional Annotation and Pathway Analysis
Annotated metabolites were mapped to their corresponding pathways in the Kyoto Encyclopedia of Genes and Genomes
(KEGQG) database to identify significantly altered metabolic networks. The hypergeometric test was employed to
determine pathway significance, with p-values adjusted for multiple testing using the false discovery rate (FDR) method.
Pathways were ranked based on enrichment scores (-log10(p-value)), and pathway directionality was assessed using
z-score calculations to distinguish upregulated and downregulated pathways. Visualization was performed using KEGG
pathway heatmaps, bar plots, and enrichment graphs to highlight metabolic alterations induced by SRN-901 treatment.
Pathways with FDR-adjusted p-values < 0.05 were considered significantly enriched and were used to infer SRN-901’s
impact on metabolic aging and longevity-associated processes.

Proteomics Analysis

Sampling and Data Acquisition

Freshly collected mouse serum samples were immediately snap-frozen in liquid nitrogen and stored at —80°C in low-
protein-binding cryovials (Eppendorf Protein LoBind®™) to minimize surface adsorption (n=24 per group). For proteomic
processing, samples were thawed at 4°C under controlled conditions and subjected to automated handling using an SP100
liquid handling system (SPT Labtech) to ensure protocol consistency. Aliquots (50 pL) were transferred to a 96-well
mPCR plate (Bio-Rad) for parallelized workflow execution. Protein enrichment was achieved through incubation with
polymer core-silica shell magnetic nanoparticles (200 nm diameter, 1:10 v/v nanoparticle-to-sample ratio) under
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optimized binding conditions (25°C, 800 rpm orbital shaking for 30 min), followed by three washes with low-salt buffer
(50 mM ammonium bicarbonate, pH 8.0) to remove nonspecific binders. Captured proteins underwent sequential
reduction (10 mM dithiothreitol, 56°C for 30 min) and alkylation (20 mM iodoacetamide, 25°C for 20 min in dark
conditions), with on-bead digestion performed using sequencing-grade trypsin (Promega, 1:20 enzyme-to-substrate ratio)
at 37°C for 16 h under continuous agitation (500 rpm). Resulting peptides were desalted using C18 StageTips (Thermo
Scientific), eluted in 80% acetonitrile/0.1% formic acid, and quantified via UV absorbance at 280 nm (NanoDrop™) prior
to vacuum drying.

Peptide and Protein Quantification

For LC-MS/MS analysis, lyophilized peptides were reconstituted in 0.1% formic acid and loaded onto a Vanquish Neo
UHPLC system (Thermo Scientific) equipped with a 50 cm pPAC CI18 column (PharmaFluidics). Chromatographic
separation employed a 120-min gradient: 2—28% mobile phase B (0.1% formic acid in acetonitrile) over 90 min, 28—40%
B over 10 min, 40-95% B over 5 min, followed by 15 min column re-equilibration at 500 nL/min. Mass spectrometric
data were acquired on an Orbitrap Astral instrument (Thermo Scientific) operated in data-independent acquisition (DIA)
mode with the following parameters: MS1 scans at 120,000 resolution (m/z 380-980), automatic gain control (AGC)
target 300%; MS2 spectra collected via Astral analyzer with 3 m/z isolation windows and 15 normalized collision energy
(NCE), achieving a 1.5 s MS1 cycle time coupled with 22 DIA windows.

Raw DIA files were processed using DIA-NN (v1.8.1)** in library-free mode against the UniProt Mus musculus
proteome (2023-Q3 release) (Mus Musculus (Mouse) | Proteomes | UniProt, n.d.). Peptide-spectrum matches were
filtered at 1% global false discovery rate (FDR) using a convolutional neural network classifier. Protein quantification
via maxLFQ algorithm® incorporated delayed cross-run normalization with ComBat batch effect correction (sva
R package v3.48.0),*° while missing values (present in <50% samples) were imputed via k-nearest neighbors (k=5).
Final abundances were scaled to the sample-wise median total intensity for inter-sample comparability.

Statistical Analysis

Proteomics data analysis employed a tiered statistical framework to ensure methodological robustness. For hypothesis
testing, one-way ANOVA with Welch’s correction'’ was implemented to accommodate potential heteroscedasticity
across experimental groups, using log2-transformed intensity matrices for significance assessment. Fold-change calcula-
tions were derived from raw (non-log2) intensities to preserve absolute magnitude relationships. Multivariate exploration
integrated principal component analysis (PCA) with mean-centered scaling and hierarchical clustering based on log2
(fold-change) transformed values, utilizing Euclidean distance metrics and the unweighted pair group method with
arithmetic mean (UPGMA) algorithm for dendrogram construction.

Differential expression candidates were further refined through empirical Bayes moderated t-tests (limma R package
v3.56.0)** with Benjamini-Hochberg false discovery rate (FDR) correction, applying stringent thresholds of |log2(fold
change)| >1 and FDR <0.05. Pathway enrichment analysis was conducted through dual complementary approaches: 1)
Over-representation analysis using Fisher’s exact test against the PathBank knowledgebase (2023-Q4 release),*” encom-
passing metabolic, signaling, and disease-associated pathways; 2) Gene Ontology (GO)>® and Reactome annotation via
clusterProfiler (v4.6.0)*” with g-value <0.1 and minimum 5-protein cluster size requirements.

Results

SRN-901 Administration in Adult Mice Extends Lifespan
To assess the efficacy of late-onset SRN-901 treatment, 18-month-old C57BL/6J mice were treated with SRN-901,
placebo, or other anti-aging compounds, and mouse cohorts were followed until the predetermined humane endpoint to
determine lifespan (Figure 1). During the treatment period, we did not notice a decline in body weight or food intake for
either SRN-901-treated or placebo-treated mice across both sexes.

We found that SRN-901-treated mice (median: 350.5 days; 95% CI: 309.0-412.0; n = 38) showed a significant
increase of 33% in median remaining lifespan compared to placebo-treated mice (median: 263.5 days; 95% CI:
241.0-305.0; n = 42; p < 0.001) (Figure 2 and Supplementary Table 1.1). Cox proportional hazards analysis revealed
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Figure | Experimental design for testing lifespan and healthspan effects of SRN-901 on adult mice. Experimental design and study workflow illustrating animal age,
randomization, dosing timeline, blood collection points, frailty assessments, and downstream omics analyses. Male and female |8-month-old C57BL/6] mice were treated
with 500mg/kg/day SRN-901, 300mg/kg/day NMN, or NR, Rapamycin, or placebo by oral gavage (water), and mouse cohorts were followed until the predetermined humane
endpoint to determine lifespan. Mice were evaluated for frailty at 14 days before dosing (D-14; pre-dosing) and 128 days after baseline dose (D128; post-dosing). Blood
samples were collected for transcriptomic and metabolomic analyses at D-7 (pre-dosing) and D56 (post-dosing). SRN-901 and Control: n= 44 per group; Rapamycin, NMN,
and NR: n= 24 per group.
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Figure 2 SRN-901 significantly increases lifespan of adult mice. Kaplan—-Meier survival curves for mice treated with placebo (control, black), SRN-901 (red), rapamycin
(magenta), nicotinamide mononucleotide (NMN, blue), and nicotinamide riboside (NR, green). Gehan—Breslow test: SRN-901 vs placebo, p < 0.001; rapamycin vs placebo,
p = 0.04; NMN vs placebo, p = 0.50; NR vs placebo, p = 0.83. Median survival: Placebo = 263.5 days (95% CI: 241.0-305.0, n = 42), SRN-90| = 350.5 days (95% Cl:

309.0-412.0, n = 38), Rapamycin = 318.0 days (95% Cl: 281.0-399.0, n = 20), NMN = 246.0 days (95% Cl: 195.0-278.0, n = 22), NR = 232.0 days (95% Cl: 173.0-314.0, n =
16). Cox proportional hazards analysis for SRN-901 vs placebo: HR = 0.54 (95% CI: 0.34-0.85).

a hazard ratio of 0.54 (95% CI: 0.34-0.85; p < 0.01), indicating that SRN-901 treatment was associated with a 46%
reduction in the hazard of death. While rapamycin increased lifespan in adult mice (318.0 days; 95% CI: 281.0-399.0;
n = 20; p = 0.04), nicotinamide mononucleotide (NMN; 246.0 days; 95% CI: 195.0-278.0; n = 22; p = 0.50), and
nicotinamide riboside (NR; 232.0 days; 95% CI: 173.0-314.0; n = 16; p = 0.83) did not show significant differences in
median lifespan compared to placebo.

SRN-901 Administration in Adult Mice Improves Healthspan

At 64 weeks post-treatment onset, placebo-treated mice were ungroomed and displayed several end-of-life signs,
including kyphosis (Figure 3A and B). In contrast, SRN-901-treated mice were well-groomed and maintained normal
posture (Figure 3C and D).
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Figure 3 SRN-901 protects against frailty during aging in adult mice. (A-D) Visual inspection of mice. The photos show the mice 64 weeks after the start of placebo (A and B)
and SRN-901 (C and D) treatment. (E) Frailty scores. All mice from control (black) and SRN-treated (red) at pre-dosing and post-dosing. Visual phenotypes shown in (A-D)
(coat condition and kyphosis) were also scored using the same frailty index subscores and are reflected in the composite frailty values. (F) Tumor incidence rate. Adult mice
from control (black) and SRN-901-treated (red) groups. Placebo: n = 42; SRN-901; n = 38. **p<0.001, ****p<0.0001.

To further investigate the effect of SRN-901 on mouse healthspan, we performed frailty tests on all mouse cohorts at
pre- and post-dosing time points. SRN-901-treated mice had a mean frailty score of 3.29 + 1.30 at baseline and 3.85 +
1.04 after 128 days of treatment. Whereas placebo-treated mice progressed from 2.80 = 0.95 to 4.40 + 2.10 over the same
interval. When scores were normalized to each cohort’s own baseline (set to 1.0), the placebo group increased to 1.57
while the SRN-901 group rose only to 1.17. This corresponds to a 70% attenuation of frailty progression relative to
placebo controls (p = 0.001; Figure 3E and Supplementary Table 2.1).

Mice were also examined post-mortem for tumor growth (Figure 3F). Tumor incidence in SRN-901-treated mice
(13.2%) was significantly reduced by 30.53% relative to placebo-treated mice (19.0%; p < 0.0001).

8 https: Drug Design, Development and Therapy 2026:20


https://www.dovepress.com/article/supplementary_file/594895/ID_594895_supplementary_file.zip

Weiss et al

SRN-901 Suppresses Aging-Related Disease Pathways While Activating Transcriptional

Pathways Linked to Longevity in Adult Mice
To investigate the mechanisms by which SRN-901 increases lifespan, we performed RNA sequencing (RNA-seq) to
examine gene expression profiles of blood samples from SRN-901-treated and placebo-treated mice at 7 days before
treatment and 56 days after the start of treatment. We identified a total of 1710 genes that were differentially regulated in
SRN-901-treated mice and 1034 genes that were differentially regulated in placebo-treated mice. Of these, 1426 were
unique to SRN-901-treated mice, 750 were unique to placebo-treated mice, and 284 were differentially regulated in both
conditions.

Gene-set enrichment analysis (GSEA) of placebo- versus SRN-901-treated mice identified 49 differentially regulated
pathways (5 upregulated; 44 downregulated) (Supplementary Table 3.1). Pathways related to DNA repair were upregu-

lated in the SRN-901 treated mice, whereas pathways related to apoptosis, PI3K/AKT/mTOR signaling, unfolded protein
response, interferon-a and -y responses, IL6/JAK/STAT3 signaling, inflammatory response, reactive oxygen species
pathway, and mTORCI1 signaling were all downregulated (Figure 4A).

To investigate the effect of SRN-901 on transcriptional programs related to aging-associated diseases, we performed
pathway analysis with the KEGG and KEGG disease pathway databases, comparing SRN-901-treated mice to controls.
This analysis identified 214 differentially regulated pathways (159 upregulated; 55 downregulated) (Supplementary
Table 3.2 and Figure 4B), including upregulation of mitophagy and autophagy pathways and downregulation of mTOR,
insulin resistance, and NF-xB pathways.

KEGG Disease pathway enrichment analysis further revealed significant modulation of age-associated disease
programs in SRN-901—treated mice (Figure 4C). Notably, the Alzheimer disease pathway was the most significantly
enriched disease annotation and was directionally downregulated relative to placebo controls. This enrichment reflects
coordinated suppression of molecular processes shared between aging and neurodegeneration, including inflammatory
signaling (eg., NF-xB and JAK—STAT pathways), metabolic reprogramming (glycolysis/gluconeogenesis and cholesterol
metabolism), and vesicular trafficking pathways (SNARE interactions). Because these analyses were performed on
whole-blood transcriptomes, the Alzheimer’s disease annotation should be interpreted as pathway-level overlap with
neurodegeneration-associated molecular programs rather than evidence of disease modification or cognitive benefit.

SRN-90| Treatment in Adult Mice Inhibits Metabolic Aging

To further characterize the mechanisms underlying SRN-901-mediated lifespan extension, we performed metabolomic
sequencing to examine the metabolite profiles of whole blood samples from SRN-901-treated and placebo-treated mice at
7 days before treatment and 56 days after treatment onset.

To investigate metabolic shifts in control animals from pre-dosing to post-dosing that were not reflected in the
treatment group, we examined the metabolites that were naturally affected by aging. Metabolite changes observed in
aging controls were blunted or reversed in SRN-901-treated mice, including 78 metabolites that were rescued by SRN-
901 treatment (Supplementary Table 4.1), indicating that treatment was associated with partial normalization of age-

related metabolic shifts (Figure SA and Supplementary Table 4.2).

To gain further understanding on the pathways related to these metabolites, we utilized KEGG pathway enrichment
analysis to assess the global transcriptional and metabolic shifts induced by treatment and found 25 KEGG pathways that
were significantly altered (23 upregulated and 2 downregulated) (Figure 5B). Among the most significantly upregulated
pathways were glutathione metabolism, insulin signaling, AMPK signaling, and FoxO signaling, all of which are well-
established regulators of aging and longevity. In contrast, pathways associated with chronic inflammation, cellular
senescence, and metabolic dysfunction were significantly downregulated following SRN-901 administration. An analysis
of these metabolites for involvement in liver function identified the upregulation of niacinamide, phloretin, riboflavin,
and S-glutathionyl-L-cysteine (Figure SC—F) and downregulation of 11beta-PGE2, urobilin, CerP(d18 1 18 0), and
glycinamide ribonucleotide (Figure 5G-J).

There was considerable overlap between the metabolomics and transcriptomics data in that, consistent with previous
findings in transcriptomics, we observed significant modulation of pathways associated with longevity regulation,
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Figure 4 SRN-901 transcriptionally upregulates pro-longevity pathways and downregulates aging and aging-related disease pathways in adult mice. RNA-seq data from SRN-
901 and placebo-treated mice 56 days into the daily dosing regimen were analyzed for GSEA Hallmark pathways (A) and KEGG pathways (B and C). n = 24 per group.

metabolic homeostasis, and age-related disease suppression. Notably, pathways central to cellular repair, energy

metabolism, and stress resistance were upregulated, while pro-inflammatory and disease-associated pathways were

suppressed (Figures 4A, B and 5B).
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SRN-901 Treatment in Adult Mice Alters the Proteome
In the comprehensive proteomic profiling of the blood samples, 100,652 peptides corresponding to 10,052 protein groups
were profiled across the samples and 87,174 peptides and 5023 proteins were available for statistical analysis.

To determine specific differences in protein levels between placebo- and SRN-901-treated samples overall, we
performed a differential expression analysis (one-way ANOVA). Of the evaluated proteins, 47 proteins showed
a statistically significant change (p adj < 0.05, log2(fc) > 1) (Figure 6A). Several of the upregulated proteins, including
AADAT, PYGM, LIPA3, and KAD2, are functionally linked to amino acid metabolism, glycogen metabolism, lipid
processing, and adenylate energy buffering, respectively. Conversely, downregulated proteins such as K167, RBBPS5, and
PSMD5 are associated with cellular proliferation, chromatin remodeling, and proteostasis regulation. While these
individual protein changes suggest functional stratification between metabolic and growth-associated processes,
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Figure 6 SRN-901 alters proteome of adult mice during aging. (A) Volcano plot of proteins. The adjusted p-values and log, fold-changes of the protein abundance changes relative to
the vehicle samples are plotted against each other in the plot below. Red dots indicate proteins that pass the padj < 0.05 and |log2(fc)| > | cutoff. (B) Pathway analysis. The dot plot
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enrichment analysis was necessary to determine whether these alterations reflected coordinated pathway-level remodel-
ing rather than isolated protein shifts.

To gain biological insights from the dysregulated proteins, a GSEA-based pathway analysis was conducted. The
analysis identified key biochemical pathways (signaling, metabolic, and protein) that were altered between sample
groups. This analysis identified eight pathways that were enriched (Figure 6B). These pathways include the upregulation
of tryptophan metabolism, lysine degradation, arachidonic acid metabolism, succinate signaling during inflammation,
butyrate metabolism, starch and sucrose metabolism, and valine, leucine, and isoleucine degradation in SRN-901-treated
mice samples. The phenylalanine and tyrosine metabolism pathway was downregulated in SRN-901-treated mice
samples.

Discussion

Our findings demonstrate that SRN-901 administration significantly increases the lifespan of mice, reduces frailty scores,
modulates proteomic and gene expression pathways linked to longevity and aging-related diseases, and inhibits metabolic
aging. Taken together, these results provide evidence that SRN-901 exerts its pro-longevity effects by simultaneously
targeting multiple aging pathways, reinforcing the rationale for combinatorial therapeutic approaches in aging research.
The observed transcriptional, proteomic, and metabolic shifts underscore SRN-901’s role in promoting cellular resilience,
reducing frailty, and suppressing key drivers of aging-related diseases. The results of this study highlight the potential of
SRN-901 as a multi-target combinatorial approach to promote healthy aging and extend lifespan by targeting multiple
aging pathways.

The molecular architecture of SRN-901 provides a coherent mechanistic framework for this systems-level effect.
Nicotinamide riboside increases intracellular NAD" availability, thereby influencing sirtuin-dependent transcriptional
regulation and mitochondrial bioenergetics. Urolithin A promotes mitophagy and mitochondrial quality control, reinfor-
cing organelle turnover pathways intersecting with AMPK and mTOR signaling. Quercetin modulates pro-survival and
inflammatory pathways, including PI3K/AKT and NF-kB-linked signaling nodes implicated in cellular stress adaptation.
Alpha-lipoic acid engages AMPK-dependent metabolic control and redox regulation. In aggregate, these components
converge on interconnected nutrient-sensing, mitochondrial surveillance, and stress-response networks that are repeatedly
implicated across multiple hallmarks of aging. This convergence provides a mechanistic basis for the observed lifespan
extension, frailty attenuation, and normalization of age-associated molecular drift.

Increased Lifespan and Healthspan

The 33% increase in median lifespan following SRN-901-treated mice represents a notable improvement over placebo-
treated controls. The robust longevity benefits suggest that SRN-901 is effective as a late-life intervention, a critical
factor given the limited efficacy of many anti-aging therapies when initiated in later life stages.”' Additionally, SRN-901
provided a significant increase in lifespan extension compared to well-studied single molecule geroprotectors NMN
and NR.

Rapamycin, NMN, and NR were selected as comparator controls due to their well-established roles as benchmark
interventions in aging and longevity research.’>>> Rapamycin, an mTOR inhibitor, is widely recognized for its robust
lifespan-extending effects across multiple model organisms, serving as a reference standard for targeting nutrient-sensing
pathways. NMN and NR, as NAD+ precursors, were chosen for their documented ability to enhance mitochondrial
function, improve metabolic health, and mitigate age-associated physiological decline. By including these agents, we
aimed to position SRN-901’s multi-modal mechanism—combining PI3K/Akt/mTOR inhibition, autophagy activation,
anti-inflammatory action, and NAD+ replenishment—within the context of current leading pharmacological strategies for
promoting healthy aging and longevity.

The benchmark controls in our experiments were consistent with previously reported research on lifespan extension in
mice. Research by Harrison et al demonstrated that, based on age at 90% mortality, mice fed rapamycin beginning at 600
days of age (19.7 months) led to an increase of 14% for females and 9% for males. NMN and NR, as NAD+ precursors,
were chosen for their documented ability to enhance mitochondrial function, improve metabolic health, and mitigate age-
associated physiological decline. Kane et al, demonstrated NMN treatment of mice beginning at 13 months increased
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median lifespan by 8.5% in females, possibly due to sex-specific effects of NMN on NAD + metabolism. Zhang et al
demonstrated that NR treatment of 22 to 24 months old mice for 6 weeks slightly increased lifespan (chow diet: mean
829 + 12.0 days; NR treatment: mean 868 + 12.4 days; p = 0.034).%

Frailty is a key indicator of healthspan, reflecting an organism’s vulnerability to stressors.’® SRN-901-treated mice
exhibited a significant mitigation in frailty progression when compared to controls, indicative of improved physiological
resilience. This reduction in frailty aligns with the observed improvements in lifespan, reinforcing the notion that SRN-
901 not only extends life but also enhances quality of life (healthspan) in aging mice. Future studies should investigate
specific frailty domains, such as physical performance, cognitive function, and immune robustness, to delineate the
comprehensive health benefits of SRN-901.

Mechanistic Insights: Transcriptomics
Our study reveals that SRN-901 treatment induces a complex pattern of pathway modulation, affecting several key
hallmarks of aging. Notably, we observed the downregulation of multiple pathways associated with inflammation,
metabolism, and cellular homeostasis.

The downregulation of the NF-kB signaling pathway, a central regulator of inflammation and immune responses, is
a common feature of anti-aging interventions. Chronic inflammation and inflammaging are major drivers of age-related

decline,’”8

and the observed downregulation likely contributes to a reduction in these harmful processes. Similarly, the
decreased activation of the interferon-y response and the complement system, also involved in immune function and
inflammation, supports the notion that SRN-901 exerts a potent anti-inflammatory effect.

Furthermore, we found a downregulation of glycolysis, a central pathway for glucose metabolism. This suggests
a potential shift in energy metabolism to oxidative phosphorylation, which has been found to decrease during aging, and
a decrease in damaging metabolic byproducts, such as ROS.> Consistent with this, the downregulation of mTORC
signaling, a key regulator of cell growth and metabolism, is also noteworthy. mTORC activation is associated with aging,
and its inhibition is frequently observed in lifespan-extending interventions. Proteomic pathway data align with these
findings, showing increased catabolism of lysine and branched-chain amino acids and elevated butyrate metabolism (see
Proteomics).

SRN-901 appears to modulate cellular homeostasis at multiple levels. The downregulation of SNARE interactions in
vesicular transport suggests alterations in cellular trafficking, potentially reducing the secretion of harmful substances or
optimizing nutrient delivery, counteracting the dysregulation of protein trafficking seen in aging. Downregulation of
pathways related to glycosaminoglycan degradation points to reduced breakdown of these molecules in the extracellular
matrix, potentially preserving tissue structure and mitigating age-related inflammation. Moreover, the downregulation of
cholesterol homeostasis suggests a beneficial impact on lipid metabolism, possibly reducing the risk of atherosclerosis.

In contrast to these downregulated pathways, we observed a significant upregulation of DNA repair. Accumulation of
DNA damage is a critical factor in aging, and enhanced DNA repair capacity is a hallmark of interventions that extend
lifespan and healthspan. The upregulation of the pS3 pathway, a critical tumor suppressor that responds to cellular stress
and DNA damage, likely reflects a beneficial activation of its tumor-suppressive functions. These findings are validated
by the reduction in overall postmortem tumor incidence.

Recent advances in the field of senotherapeutics have highlighted the importance of tissue-specific and repurposed
strategies for targeting cardiac and systemic senescence. Several cardiovascular-directed senotherapeutic approaches,
including cardiac glycosides, metformin, acarbose, and other repurposed agents, have demonstrated the capacity to
modulate senescent cell burden and cardiac aging phenotypes.®®®' These studies emphasize that age-related cardiovas-
cular decline can be influenced by compounds originally developed for unrelated indications, reinforcing the translational
potential of multi-modal interventions. While SRN-901 was not designed as a tissue-specific senotherapeutic, the
observed downregulation of inflammatory and mTOR-related pathways, combined with metabolic normalization,
suggests mechanistic overlap with emerging cardioprotective senotherapeutic strategies.

In summary, the pattern of pathway modulation suggests that SRN-901 targets fundamental aging processes,
including inflammation, metabolic dysregulation, and genomic instability. The combined effect of reducing pro-aging
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pathways while enhancing protective mechanisms like DNA repair may contribute to its lifespan-extending and
healthspan-promoting effects.

Metabolic Aging and Pathway Modulation

A relatively small subset of proteins (47 of 5023 tested) met our conservative significance criteria (<50% missingness;
CV <30%; MS/MS >2; RSD <25%; top 95% IQR retained; FDR <0.05). This likely reflects both biological and
analytical constraints: late-life interventions can produce focused rather than global proteomic remodeling, and our
requirement for an adjusted p value less than 0.05 and an absolute log2 fold change greater than one preferentially selects
large-effect changes. Less pronounced but potentially biologically relevant shifts may therefore fall below our detection
threshold and should be explored in future targeted studies.

AADAT is involved in the metabolism of tryptophan and a-aminoadipic acid and participates in several amino acid
and neurotransmitter-related pathways, suggesting a potential link to metabolic and neuromodulatory processes.
However, our data do not establish a causal role for AADAT in the lifespan extension observed with SRN-901, and
functional studies will be required to determine whether AADAT upregulation contributes directly to the pro-longevity
phenotype.

The pathways that were notably upregulated include glutathione metabolism, insulin signaling, AMPK signaling, and
FoxO signaling, all of which are recognized regulators of aging and longevity. Glutathione metabolism plays a pivotal
role in antioxidant defense by mitigating oxidative stress, which is a primary driver of cellular damage and dysfunction in
aging tissues.®® Similarly, activation of the AMPK and insulin signaling pathways is associated with improved metabolic
flexibility, enhanced autophagy, and increased lifespan in multiple model organisms.®>®> The upregulation of FoxO
signaling further supports the hypothesis that SRN-901 enhances stress resistance, as FoxO transcription factors are key
mediators of longevity-promoting interventions such as caloric restriction and exercise.®®

Conversely, pathways linked to chronic inflammation, cellular senescence, and metabolic dysfunction were markedly
downregulated after the administration of SRN-901. Suppression of arachidonic acid metabolism suggests a reduction in
pro-inflammatory eicosanoid production, aligning with previous transcriptomic findings that demonstrated a decrease in
IL6/JAK/STAT3 and interferon signaling. Additionally, downregulation of the non-alcoholic fatty liver disease (NAFLD)
pathway indicates that SRN-901 protects against metabolic aging, preserving hepatic function and reducing lipid
accumulation in aging tissues. These findings are consistent with the observed maintenance of a youthful metabolic
profile in treated mice and highlight SRN-901’s potential to mitigate aging-associated metabolic disorders. This
metabolic preservation likely contributes to the observed lifespan extension and reduced frailty.

The observed upregulation and downregulation of specific metabolites following SRN-901 treatment provide critical
insights into its mechanisms for improving lifespan and healthspan. Among the upregulated metabolites, niacinamide (a
form of vitamin B3) is a key precursor in NAD+ biosynthesis, supporting cellular energy metabolism and DNA repair,
processes essential for maintaining cellular function and delaying aging.®’” Phloretin, a polyphenolic compound, is known
for its antioxidant and anti-inflammatory properties, potentially reducing oxidative damage and chronic inflammation
associated with aging.°® Riboflavin (vitamin B2) plays a pivotal role in mitochondrial energy production and redox
balance, which are often compromised with age.®® Deoxycholic acid, a secondary bile acid, may contribute to improved
gut microbiota composition and metabolic health.”>”" Dihydropteroate, a precursor in folate biosynthesis, underscores
the importance of folate metabolism in DNA synthesis and repair.”> S-Glutathionyl-L-cysteine, involved in redox
homeostasis, reflects enhanced antioxidant defenses and mitigating oxidative stress, a hallmark of aging.”

Conversely, the downregulation of metabolites like 11B-prostaglandin E2 (11B-PGE2), linked to chronic inflamma-
tion, suggests reduced inflammatory signaling, which is critical for mitigating inflammaging.”* CerP(d18:1/18:0),
a ceramide phosphate, is associated with pro-inflammatory and apoptotic signaling, so its suppression may promote
cell survival.”>’® Lastly, decreased glycinamide ribonucleotide levels, a purine biosynthesis intermediate, could reflect
reduced metabolic stress.

Together, these metabolic shifts reveal that SRN-901 promotes a systemic recalibration of metabolic pathways
favoring enhanced mitochondrial function, reduced inflammation, and improved cellular resilience, collectively con-
tributing to prolonged lifespan and healthspan.

Drug Design, Development and Therapy 2026:20 https: 15



Weiss et al

Limitations and Future Directions

While this study provides compelling evidence for the efficacy of SRN-901 in promoting healthy aging, several
limitations and next steps should be considered. Regarding dose schedule and optimization, we used a single total
daily dose and dosing schedule. Future studies should perform dose-ranging (including lower total doses) and schedule
optimization (eg, 3 days/week vs 6 days/week, and intermittent vs continuous dosing) to determine the minimal effective
exposure for survival and frailty outcomes while improving translational feasibility and tolerability. Pharmacokinetic and
exposure confirmation studies should be paired with pharmacodynamic readouts that reflect pathway engagement, such
as NAD-related metabolites, redox markers, and inflammatory mediators.

For generalizability, the current work was performed in C57BL/6 mice under a Western diet paradigm. Validation in
additional aging contexts is needed, including standard chow aging, genetically diverse strains, and disease-enriched
models relevant to late-life mortality such as diet-induced metabolic dysfunction, atherosclerosis-prone backgrounds, or
models of neurodegenerative decline. These studies would clarify how diet and baseline disease burden influence effect
size and mechanism.

Regarding individual component contributions, SRN-901 is a combinatorial investigational longevity drug, and it will
be important to quantify the contribution of each component. Future work should include factorial or ablation designs
that test single agents and defined sub-combinations, with pathway engagement readouts matched to each component’s
expected biology.

Finally, future studies should pre-specify molecular biomarkers that are hypothesized to track with functional decline
and survival, then test whether those biomarkers predict frailty trajectories, specific frailty domains (mobility, endurance,
cognition, immune resilience), and mortality risk within and across cohorts. In parallel, more comprehensive pathology
and organ-level functional testing, including systematic histopathology and clinical chemistry, will strengthen interpreta-
tion of cause-of-death patterns and help distinguish disease modification from generalized stress resistance.

Conclusion

This study establishes SRN-901 as a promising candidate for promoting longevity and functional healthspan, as
evidenced by delayed frailty progression and reduced mortality risk in late-life treated mice. The multi-target combina-
torial nature of SRN-901, designed to target multiple aging pathways simultaneously, represents a significant advance-
ment over single-compound interventions. By addressing the interconnected and dynamic nature of aging processes,
SRN-901 exemplifies the potential of combinatorial approaches to develop effective anti-aging interventions. Although
the number of significantly altered proteins was modest relative to the total proteome, the changes were enriched within
biologically coherent pathways relevant to aging biology. The multi-omics findings—highlighting modulation of
nutrient-sensing, inflammatory, DNA repair, and metabolic stress-response pathways—provide a mechanistic framework
linking these molecular shifts to the observed attenuation of frailty progression and reduction in mortality risk. The
success of SRN-901 underscores the potential for combination therapies to achieve convergent pathway engagement,
consistent with additive or potentially synergistic mechanisms that are required to address the inherent complexity of
aging processes.

These observations underscore the multifaceted efficacy of SRN-901 and its potential translational relevance to
human aging and age-related diseases. The translational implications of these findings are significant, paving the way for
future research aimed at improving human healthspan and reducing the burden of age-related diseases. Future work
should compare SRN-901 with emerging agents, as well as repurposed cardiometabolic drugs with senotherapeutic
properties. The integration of combinatorial, tissue-directed, and repurposed approaches may enable more precise
targeting of age-associated pathologies and should be considered in future combination therapy designs. Additionally,
future studies should aim to delineate the contribution of individual components within SRN-901 to these pathway
alterations and explore SRN-901’s potential for translation into human aging interventions.
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