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​Abstract​
​Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterized by​

​motor neuron demise, leading to paralysis and death within approximately 3-5 years of symptom​

​onset. Current FDA-approved therapies offer limited disease modification, highlighting the need​

​for treatments that address neuroinflammation and excitotoxicity. Cannabis-derived compounds,​

​particularly flavonoids like Cannflavin A (CFA), have emerged as potential neurotherapeutics​

​due to their anti-inflammatory properties but remain unresearched. In this study, an​​in-vivo​

​C9orf72​​Drosophila melanogaster​​model of ALS, expressing​​toxic poly-GR dipeptide repeats,​

​was used to evaluate the transcriptomic impact of CFA and CNR-401 (a proprietary mixture of​

​flavonoids and terpenes). RNA-sequencing was performed on fly brains followed by differential​

​depression analysis and functional enrichment to identify modulated molecular pathways. Both​

​compounds were found to elicit significant transcriptional remodeling relevant to​

​neurodegenerative pathophysiology. CNR-401 uniquely upregulated ABC transporter genes​

​(NES = 3.17) and fatty acid metabolism (median NES = 2.7515), suggesting a shift toward lipid​

​homeostasis, metabolic resistance, and management of neuroinflammation. CFA treatment​

​primarily enriched gene sets associated with synaptic activity, both excitatory (Glutamatergic​

​Synaptic Transmission NES = 3.165) and inhibitory (GABAergic Synapse NES = 2.175),​

​suggesting a homeostatic stabilization of neurons against excitotoxicity. Both treatments​

​suppressed glucuronidation and xenobiotic metabolism, which may enhance drug bioavailability​

​and support endogenous neuroprotective steroids and coordinated modulation of the circadian​

​clock. In summary, CNR-401 and CFA were shown to be strong therapeutic candidates for ALS​

​patients. Future studies should utilize better controls and mammalian models of ALS to facilitate​

​more accurate ortholog mapping and support gene-level claims.​
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​Introduction​
​Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterized by​

​demise of upper and lower motor neurons, leading to paralysis and death within approximately​

​3-5 years of symptom onset​​(Hardiman et al., 2017)​​.​​Therapeutic options for ALS remain​

​limited. Riluzole provides a modest survival benefit​​(Bensimon et al., 1994; R. G. Miller et al.,​

​2012)​​, Edaravone has demonstrated efficacy in a clinically​​defined subset of patients​​(Abe et al.,​

​2017)​​, and sodium phenylbutyrate-taurursodiol has​​shown slower functional decline versus​

​placebo in a randomized trial, while requiring further larger/longer studies​​(Paganoni et al.,​

​2020)​​. Overall, available therapies provide limited​​disease modification and no current treatment​

​halts or reverses ALS, underscoring the need for new therapeutic strategies that address its​

​multifactorial pathology​​(Hardiman et al., 2017)​​.​​Neuroinflammation has emerged as a​

​significant contributor to ALS progression, yet remains insufficiently addressed by current​

​treatments​​(Philips & Robberecht, 2011)​​. This has​​prompted interest in anti-inflammatory and​

​neuroprotective compounds as potential ALS therapeutics.​

​Compounds derived from​​Cannabis sativa​​have attracted​​increasing interest as potential​

​neurotherapeutics due to their diverse bioactive constituents, including cannabinoids as well as​

​flavonoids and terpenes​​(Bautista et al., 2021; Stasiłowicz-Krzemień​​et al., 2024)​​. One such​

​molecule is cannflavin A, a prenylated flavone that exhibits anti-inflammatory activity​

​(Abdel-Kader et al., 2023; Bautista et al., 2021)​​.​​Cannflavin-containing preparations have been​

​reported to suppress pro-inflammatory eicosanoid production via inhibition of microsomal​

​prostaglandin E synthase-1 (mPGES-1) and 5-lipoxygenase (5-LOX)​​(Werz et al., 2014)​​. In​

​vitro, cannflavin A/B have also been reported to reduce amyloid-β-associated neuronal toxicity​
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​in PC12 cells​​(Eggers et al., 2019)​​, supporting broader investigation of cannabis-derived​

​flavonoids in neurodegeneration.​

​In the present study, we focused on two compounds: pure cannflavin A (CFA) and CNR-401, a​

​proprietary mixture of cannabis-derived constituents. CNR-401 is formulated to combine​

​cannflavin A with additional flavonoids and terpenes, with the aim of engaging multiple​

​biological pathways implicated in ALS. However, it remains unclear how treatments like CFA​

​and CNR-401 influence gene expression programs relevant to ALS pathology. Deciphering their​

​transcriptomic impact could clarify which pathways are modulated by these compounds and​

​prioritize mechanisms consistent with neuroprotection.​

​To address this, we utilized a​​Drosophila Melanogaster​​model of ALS as an​​in vivo​​platform for​

​drug evaluation and transcriptomic analysis. The​​Drosophila​​system offers a short lifespan,​

​well-defined genetics, and powerful tools for targeted transgene expression and genomic analysis​

​(Brand & Perrimon, 1993; Hegde & Srivastava, 2022)​​.​​Drosophila​​ALS models have yielded​

​insights into conserved disease mechanisms relevant to mammalian neurodegeneration​​(Hegde &​

​Srivastava, 2022)​​.​

​Here we employed a transgenic​​Drosophila​​line modeling​​C9orf72-associated ALS/FTD, the​

​most common genetic cause of ALS and frontotemporal dementia​​(DeJesus-Hernandez et al.,​

​2011; Majounie et al., 2012; Renton et al., 2011)​​.​​In patients, a pathogenic G4C2 hexanucleotide​

​repeat expansion in C9orf72 is linked to ALS/FTD​​(DeJesus-Hernandez​​et al., 2011; Renton et​

​al., 2011)​​and can produce toxic dipeptide repeat​​(DPR) proteins via repeat-associated non-AUG​

​translation, including arginine-rich DPRs such as poly-glycine-arginine (poly-GR)​​(Mizielinska​

​et al., 2014)​​. We recapitulated this pathology in​​flies by pan-neuronal expression of a poly-GR​
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​repeat transgene, which drives neurodegenerative phenotypes​​in-vivo​​(Mizielinska et al., 2014;​

​Xu & Xu, 2018)​​. This model enables evaluation of how​​CFA and CNR-401 modulate brain gene​

​expression programs under poly-GR toxicity.​

​We performed RNA-sequencing of​​Drosophila​​ALS model​​brains to capture global gene​

​expression changes induced by CFA and CNR-401. By comparing untreated and treated poly-GR​

​flies, we sought to identify molecular pathways modulated by each compound. We also analyzed​

​male and female flies separately, given evidence that sex influences ALS biology and clinical​

​outcomes​​(Grassano et al., 2024; Zamani et al., 2024)​​.​​Our goal was to determine how each​

​compound reshapes the brain transcriptome under poly-GR toxicity and whether these effects​

​differ by sex.​

​Materials and Methods​

​Sample Preparation and RNA Sequencing​

​Drosophila Husbandry and Sample Preparation​

​Sample preparation including husbandry, treatment, and freezing was conducted in the​

​Washington State University Spokane (WSU Spokane) Drosophila Unified Degeneration Engine​

​(DUDE). Experiments were run using a​​Drosophila melanogaster​​model of familial ALS (fALS)​

​generated by crossing virgin​​elav-Gal4​​females obtained​​from the Bloomington Drosophila​

​Stock Center (Stock number 458) with​​UAS-C9orf72​​polyGR36​ ​males from University College​

​London, Institute of Healthy Ageing. The resulting first filial (F​​1​​) hybrid offspring express the​

​pathogenic dipeptide repeat through the​​Gal4/UAS​​system.​
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​In each of five crossing vials were placed nine females and three males on normal fly food and​

​kept in a 25 °C day/night incubator. P generation flies were kept in the same vials for 5 days,​

​allowing time for egg laying to occur, before being flipped onto new food. This was repeated to​

​afford two lines of vials capable of producing F​​1​ ​generations for the experiments. F​​1​ ​generation​

​hybrid flies were collected as they eclosed, separated by gender, and 30 flies were placed into​

​four vials (quadruplicate) per gender (male or female) per food (control or test) for a total of 480​

​flies per experiment. Two such experiments were conducted: one with test food containing 1.0​

​mM CFA and another containing 1.0 mM CNR-401. To prevent the flies from getting stuck in​

​the new food, flies were anaesthetised on a CO​​2​ ​pad,​​swept into the food vials held horizontally,​

​and were only returned to a vertical orientation after the flies recovered from sedation.​

​Industry standard agar-based fly food made onsite at DUDE was used. To prepare the 1.0 mM​

​CFA test food, 45.2 mg CFA (approximately 1035 μL) in excipient, provided by Canurta, was​

​combined with 100.58 g of food and blended completely with an electric mixer. 4-5 g aliquots​

​were dispensed into eight empty fly vials, spun in a centrifuge for 60 sec at 2050 rpm, sealed​

​with cotton Flugs​​®​​, and stored at +4 °C. Eight plain​​food vials were prepared similarly as​

​controls. To prepare the 1.0 mM CNR-401 test food, 393.5 μL of CNR-401, in excipient, was​

​combined with 40.0 g of fly food. Test food preparations were blended completely with an​

​electric mixer, 4-5 g aliquots were dispensed into empty fly vials, spun in a centrifuge at 2050​

​rpm for 35 sec, sealed with cotton Flugs​​®​​, and stored​​at +4 °C.​

​F​​1​ ​generation flies were kept on food for six days​​in the 25 °C day/night incubator, observed​

​daily, and any mortality was recorded. On day six, flies were anesthetized on a CO​​2​ ​pad, their​
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​heads were removed under magnification, and heads were directly placed into mini-CF,​

​supported in dry ice followed by storage at -80 °C.​

​RNA Extraction and Sequencing​

​Extraction and sequencing was performed by National Research Council (NRC) Canada.​

​Extraction was done in eight batches, corresponding to each condition (sex×drug​​×​​treatment).​

​RNA from the two male CFA batches (control and treated) was extracted with the Qiagen​

​RNeasy Plus kit on September 4th, 2025 (RIN: 9.3-9.7). Due to the low, but still acceptable,​

​RNA yield (Supplementary Table S1), the NEB Monarch Total RNA prop was employed for all​

​remaining samples on September 11th and 12th, 2025 (RIN: 9.0-9.8). Both kits were used​

​according to manufacturer instructions, with ~100uL of buffer (Qiagen: Buffer RLT+​

​B-mercaptoethanol, NEB: Protection Buffer) initially added to the tubes containing the flies for​

​~30 second homogenization with a small pestle, before the remaining buffer volume was added​

​for a final ~10 second homogenization. RNA-seq libraries were prepared using the Illumina​

​Stranded mRNA by Ligation Kit according to manufacturer instructions. Libraries were​

​sequenced on an Illumina Novaseq X+ instrument using v1.5 2x150 bp chemistry. Full extraction​

​and sequencing statistics can be found in Supplementary Tables S1 and S2.​

​Data Processing and Quality Control​

​Reads, Alignment, and Quantification​

​Keeping with best practices for RNA-seq analysis, quality control checks were applied at major​

​steps throughout the analysis​​(Conesa et al., 2016)​​.​​Processing of the raw reads to generate​

​counts per gene for each sample was performed by NRC Canada. Quality control for raw reads​

​involved trimming with cutadapt​​(Martin, 2011)​​and​​using Fastqc​​(Andrews, 2010)​​to assess the​
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​quality of reads before and after trimming. Alignment and quantification was done with STAR​

​(Dobin et al., 2013; Dobin & Gingeras, 2015)​​against​​the BDGP6.46 reference genome​

​(​​Drosophila_melanogaster - Ensembl Genome Browser​​113​​, 2024)​​in quant mode.​

​Sample Outlier Detection​

​After alignment and quantification, data for each sample was parsed and combined into a raw​

​matrix of counts per gene (Supplementary Table S3) and a summary file with quality control​

​metrics for each sample (Supplementary Table S4). This summary file was used for preliminary​

​screening of the samples according to the following thresholds. The sequencing depth, or number​

​of reads for a sample, is important for accurate gene detection and statistical power​​(Conesa et​

​al., 2016; Dawadi et al., 2025)​​. While the depth of​​sequencing varies greatly depending on the​

​experiment, 5 million aligned reads is generally considered the absolute minimum​​(Conesa et al.,​

​2016;​​Considerations for RNA Seq Read Length and Coverage​​| Illumina Knowledge​​, 2025)​​. The​

​percentage of mapped reads is an indicator of overall sequencing accuracy and sample quality​

​(Conesa et al., 2016)​​and is required to be greater​​than 50%​​(Dobin & Gingeras, 2015)​​.​

​Ribosomal RNA (rRNA) comprises more than 80% of all RNA molecules in a cell and is​

​purposely depleted during sequencing​​(O’Neil et al.,​​2013)​​. Thus, presence of rRNA in the​

​sample is indicative of technical error. The allowable amount of rRNA contamination was​

​capped at 15%, using reads mapping to multiple loci as a proxy for rRNA presence according to​

​the standard set by the alignment tool​​(Dobin & Gingeras,​​2015)​​. Finally, the number of genes​

​detected was measured. This is an experiment-specific metric so sample homogeneity was​

​targeted instead of setting an absolute threshold​​(Conesa et al., 2016)​​by excluding samples more​

​than 2 scaled median absolute deviations (MADs) away from the median​​(Leys et al., 2013; J.​

​Miller, 1991)​​. To further capture technical reproducibility,​​this relative threshold was then also​
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​applied across the other 3 metrics to detect outlier samples that were more than 2 MADs away​

​from the median in the incorrect direction (i.e. a sample would only be flagged for an abnormally​

​low mapping rate and not for a high one).​

​To assess samples on a gene-by-gene basis, Cook’s distance​​(Cook, 1977)​​was calculated for​

​each gene across all samples during processing with DESeq2. In the DEseq2 procedure, samples​

​were flagged as outliers for a gene if their Cook’s distance exceeded the 99% confidence​

​boundary for influence​​(Love et al., 2014)​​. Given​​the ample replicate size of this study (n=4), a​

​refitting procedure was employed to address these outliers: for any gene containing a flagged​

​outlier, the offending sample was removed for that gene and model parameters were recalculated​

​using the remaining replicates​​(Love et al., 2014)​​.​​This gene-specific approach prevents technical​

​artifacts or high biological variance in a single sample from producing false significance for a​

​gene while preserving that sample's valid data points for the rest of the transcriptome.​

​Manual Verification​

​Various plots were generated to manually validate quality control practices. Raw counts were​

​filtered to retain only annotated fly genes with ≥ 10 counts and then plotted to assess sequencing​

​quality. Sample quality was assessed by plotting sequencing metrics (Supplementary Figure S1)​

​and the median-of-rations size factors (Supplementary Figure S2). Raw counts were then​

​normalized by dividing by size factors and compressed by log​​2​​(counts) +1 to stabilize variance​​.​

​Signal uniformity was assessed by boxplots of count distributions (Supplementary Figure S3)​

​and sample clustering was assessed with principal component analysis (PCA) of the first 6 PCs​

​with varying number of genes (all PCAs can be found in Supplementary Figure S4) and sample​

​correlation heatmaps using average hierarchical clustering with a Kendall, Spearman, or Pearson​
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​correlation coefficient as a measure of distance (all three heatmaps can be found in​

​Supplementary Figure S5).​

​Differential Expression Analysis​

​Gene Filtering to Boost Power​

​Following the recommendations of the DESeq2​​(Love​​et al., 2014)​​vignette, pre-filtering was​

​applied such that genes with less than 10 reads across all samples were dropped in order to​

​reduce the memory size of the data object and increase the speed of count modeling. Genes were​

​also subjected to independent filtering by DESeq2, being removed if the mean normalized count​

​was too low to have any statistical power​​(Love et​​al., 2014)​​. Independent filtering was run six​

​times to capture the variability inherent to this statistical process, and a range was presented.​

​This reduces the number of hypothesis tests that need to be performed and mitigates the multiple​

​testing penalty allowing for a greater number of true positives to be detected.​

​Contrast Definitions​

​Four experimental questions were investigated: treatment effects, innate sex effects, interactive​

​effects with sex, and the difference in effects between the two drugs. Factor levels were​

​explicitly defined, with female, control, and CFA groups set as reference levels to ensure​

​consistent directionality of the calculated log​​2​​fold​​changes. In assessing treatment effects,​

​variance due to sex was subtracted by performing each test on a pooled sex-adjusted group (eg.​

​CFA: treated versus control) and also on each sex-stratified subgroup (eg. CFA females: treated​

​versus control). For innate biological differences between males and females, variation due to​

​treatment was similarly subtracted by testing a pooled group adjusted for treatment (eg. CFA:​

​male versus female) and then looking directly within each treatment-stratified group (eg. CFA​
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​treated: male versus female). A third analysis investigated sex interactions by looking at the​

​difference between how each sex responded to treatment versus control (eg. CFA: male response​

​versus female response) as well as to CNR-401 versus CFA (eg. treated: male difference versus​

​female difference). The fourth analysis explored the effects of the two drugs. Like with analysis​

​one, variance due to sex was first subtracted by performing tests on pooled sex-adjusted groups​

​(eg. treated: CNR-401 versus CFA) and then within sex-stratified subgroups (eg. treated:​

​CNR-401 versus CFA in females). After running all analyses, 22 pairwise comparisons were​

​produced. Full results can be found in Supplementary Table S5.​

​Statistical Modeling​

​Counts and metadata were imported and computationally cleaned and validated to ensure​

​compatibility with downstream analysis. Differential expression was analyzed with PyDESeq2​

​v0.4.9​​(Muzellec et al., 2023)​​, a python implementation​​of the DESeq2 framework​​(Love et al.,​

​2014)​​. Counts for each gene were modeled using Negative​​Binomial generalized linear models​

​(GLMs) to accommodate the overdispersion characteristic of RNA-seq data​​(Conesa et al.,​

​2016)​​. To do this, raw counts for each sample were​​first normalized using the median-of-ratios​

​method​​(Love et al., 2014)​​to estimate sample-specific​​size factors. This effectively accounts for​

​differences in sequencing depth and allows for fair comparisons between samples. Dispersion​

​was then estimated for each gene using Maximum Likelihood. To improve reliability, these​

​estimates were then moderated by shrinking them towards a global trend line capturing the​

​mean-variance relationship across all genes. Lastly, the size factors and shrunken dispersion​

​estimates were plugged into a GLM for each gene to solve for the coefficients representing log​​2​

​fold changes (LFCs) for each contrast.​
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​Following the fitting of the GLM, statistical significance for each LFC was assessed using Wald​

​tests. This test evaluated the null hypothesis that the LFC for a given contrast is equal to zero,​

​and produced​​p​​-values accordingly. After​​p​​-value calculation,​​LFCs were then shrunk using the​

​bayesian technique​​apeglm​​to account for the naturally larger LFC in lowly expressed genes​

​(Zhu et al., 2019)​​, improving downstream visualization​​and ranking.​

​Significance Filtering​

​To account for the multiple testing problem resulting from performing thousands of individual​

​Wald tests,​​p​​-values were adjusted using the Benjamini-Hochberg​​procedure​​(Benjamini &​

​Hochberg, 1995)​​. A False Discovery Rate (FDR) threshold​​of 0.05 was applied, ensuring that​

​proportion of false positives among the rejected null hypotheses was controlled below 5%. Genes​

​were then called significantly differentially expressed if they achieved an adjusted​​p​​-value (FDR)​

​≤ 0.05. It was decided that an LFC threshold would not be applied in order to capture the​

​maximum number of DEGs in this exploratory experiment. Results were visualized through​

​volcano and MA plots​​(Rosati et al., 2024)​​, LFC distributions​​(Supplementary Figure S6) and​

​cross-comparison plots including a Jaccard overlap heatmap, DEG summary barplot, and venn​

​diagram of DEG overlap.​

​Functional Analysis​

​Downstream functional analyses were conducted on the differential expression tables to​

​characterize biological processes, find connections to relevant diseases, and identify potential​

​biomarkers and therapeutic targets.​
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​Gene Enrichment​

​Permutation-based gene set enrichment analysis (GSEA) was performed on the complete​

​(unfiltered) set of genes using GSEApy v1.1.11​​(Fang​​et al., 2023)​​, implementing the Broad​

​Institute algorithm (Subramanian et al., 2005). Fly genes were first mapped to human orthologs​

​using FlyBase ortholog annotations to leverage comprehensive human pathway databases and​

​then ranked by the DESeq2 Wald statistic (LFC/standard error), which provides a normalized​

​measure of both effect magnitude and statistical confidence. GSEA was conducted with 1000​

​permutations to establish an empirical null distribution. Gene sets were queried on January 29th​

​2025 from the following databases: Gene Ontology (Biological Process, Molecular Function, and​

​Cellular Component)​​(Ashburner et al., 2000; The Gene​​Ontology Consortium, 2026)​​, KEGG​

​(Kanehisa, 2019; Kanehisa et al., 2025; Kanehisa & Goto, 2000)​​, Reactome​​(Milacic et al.,​

​2024)​​, and WikiPathways​​(Agrawal et al., 2024)​​. Pathways​​with FDR q-value ≤ 0.05 were​

​considered significantly enriched. Complete effects of treatment (CFA or CNR-401 versus​

​control) and sex (male versus female) can be found in Supplementary Tables 6 and 7,​

​respectively.​

​Protein Network Interactions​

​To elucidate the functional organization of differentially expressed genes and identify regulatory​

​hubs, protein-protein interaction (PPI) networks were constructed using STRING (v11.5)​

​(Szklarczyk et al., 2023)​​. For each of the 22 comparisons,​​significant DEGs (FDR ≤ 0.05) were​

​submitted to STRING with​​D. melanogaster​​as the reference​​organism, and networks were built​

​using high-confidence interactions (combined score ≥ 0.400) spanning experimental,​

​co-expression, and text-mining evidence channels. DEGs were limited to the top 200 per​

​comparison due to API constraints. Network topology was quantified in NetworkX (v2.6.0) and​
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​hub genes were defined using a composite score integrating degree centrality, betweenness​

​centrality, closeness centrality, eigenvector centrality, and PageRank. Functional modules were​

​detected via Louvain clustering. A cross-comparison analysis was then performed to identify​

​recurrent hub genes (Supplementary Table S8). Network statistics can be found in​

​Supplementary Table S9.​

​Systems Biology Analysis​

​To complement differential expression testing and identify co-expressed gene programs​

​associated with experimental factors, weighted gene co-expression network analysis (WGCNA)​

​was performed across all 32 samples​​(Langfelder &​​Horvath, 2008)​​. This unsupervised​

​framework grouped genes into modules based on expression-pattern similarity, enabling​

​detection of coordinated programs that may not be recovered by pairwise contrasts. Networks​

​were built from a variance-stabilized (log​​2​​+1) expression​​matrix comprising 4,989 genes after​

​low-variance filtering (top 50% most variable genes capped at 5000 for computational​

​efficiency), using a soft-thresholding power of β = 3 selected to achieve scale-free topology fit​

​(R² = 0.87) with mean connectivity of 205. Modules were detected by hierarchical clustering​

​with dynamic tree cutting (minimum module size 30 genes), and closely related modules were​

​merged at an eigengene correlation threshold of 0.75 (Supplementary Table S2). Trait​

​correlations can be found at Supplementary Table 10 and are visualized in Supplementary Figure​

​7. Hub genes for each module are listed in Supplementary Table S11.​

​Results​

​Quality Control and Sample Assessment​

​Sequencing quality and preliminary sample screening​
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​RNA-seq produced ~1.1 billion reads across 32 samples. Uniquely mapped reads per sample​

​(sequencing depth) ranged from 8.90-45.3 million (median 23.0 million), surpassing the​

​threshold of 5 million reads. The percentage of these reads that mapped to the​​D. melanogaster​

​reference genome (BDGP6.46) was 63.7-75.8% (median 73.2%), well above the threshold of​

​50%. Reads that mapped to multiple loci accounted for 0.88-2.52% (median 1.11%) of the total​

​reads. This is below the 15% threshold for rRNA contamination. Gene detection was consistent,​

​with 12,940-16,396 genes detected per sample (median 14,578.5). Results are visualized in​

​Supplementary Figure S1. While all samples were above absolute thresholds, a few samples​

​were flagged for deviating from the median. Two samples were below 2 MADs of the median for​

​mapping rate (64.3% and 63.7%). In addition, four samples were above 2 MADs of the median​

​for rRNA content (1.7%, 1.8%, 2.5%, and 1.6%). Replicate 1 of the male control in the CFA​

​group stood out as a sample that was flagged for both abnormally low gene detection (12940)​

​and high rRNA content (1.5%). All seven outlier samples were flagged before proceeding to​

​further processing and can be found listed in Supplementary Table S4.​

​DESeq2 size factors (median-of-ratios) ranged from 0.52-1.88 (plotted in Supplementary Figure​

​S2), indicating moderate depth/complexity variation without evidence of major technical failure:​

​there were no extreme size factors >3.0 or <0.3.​

​Sample clustering identifies validates the main sources of variation​

​After variance-stabilizing the counts, PCA of samples revealed sex and drug as top sources of​

​variation (PC1 and PC3, respectively, in Figure 1). Treatment (treated versus control) was not​

​found to separate on any of the first 6 PCs, cumulatively representing 50.2 of variance​

​(Supplementary Figure S4). Results remained the same with PCA of only the top 500 and 1000​
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​most-variable genes (Supplementary Figure S4). This aligns with the expectation for PCs to​

​explain covariates like sex and drug but not predict response variables such as treatment​​(Ma &​

​Dai, 2011)​​.​

​Figure 1. Principal component analysis of normalized gene expression.​

​PCA of 32 RNA-seq samples using all genes after size-factor normalization and log​​2​​+​​1​

​shrinkage. Sex very clearly separated on PC1 (23.0% variance) with males as crosses on the left​

​and females as circles on the right. Choice of drug separated more subtly on PC3 (6.3%​

​variance) with CFA in blue near the top and CNR-401 in green near the bottom.​
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​Clustering sample gene expression profiles by similarity (Figure 2) supported the patterns​

​revealed by the PCA, with samples first grouping by sex, and then by compound. Distinctly,​

​treatment effects were captured as a more-subtle tertiary source of variation. The fact that control​

​samples cluster first by drug revealed the presence of strong batch effects which were kept in​

​mind for later interpretations. Heatmaps calculated with alternative correlation coefficients can​

​be found in Supplementary Figure S5.​

​Figure 2. Sample-to-sample distance matrix with hierarchical clustering.​
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​Kendall distances (1 - correlation) between samples computed from variance-stabilized (log​​2​​+1)​

​expression values of flybase genes with >10 counts. Hierarchical clustering (average method)​

​reveals primary grouping by sex, secondary grouping by compound (CFA vs CNR-401 ), and​

​tertiary grouping by treatment. Color warmness reflects distance (more red=more distance=less​

​similar).​

​Sensitivity analysis and QC summary​

​To quantify impact, plots were regenerated after removing outliers. While clustering was slightly​

​improved, core signals were retained. Therefore, all 32 samples were kept for primary analyses​

​to maximize power, with DESeq2 Cook’s distance filtering providing additional gene-level​

​protection. Overall QC supported proceeding with differential expression analysis: sequencing​

​depth and mapping were acceptable, samples clustered by sex and drug covariates, as well as by​

​the primary treatment variable, validating the experimental procedure. The strong batch effects,​

​revealed through the clustering of control samples, indicated that pre-existing biological​

​variability was greater than treatment effects and thus cross-experiment comparisons must be​

​interpreted with caution (i.e. CFA-treated samples cannot simply be compared to​

​CNR-401-treated samples).​

​Differential expression landscape​

​Across all comparisons, significant DEGs ranged from 108 to 6,133 (Figure 4). Of the 55,508​

​total DEGs, 16,836 were retained after pre-filtering out genes with less than 10 reads across all​

​samples, and 13,776-13,804 genes passed independent filtering from DESeq2, reflecting​

​adequate expression for model fitting. Primary treatment contrasts identified robust​

​transcriptional responses for both compounds, with larger effects for CFA than CNR-401 in​
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​sex-adjusted analyses (CFA: 1,275 DEGs; 600 up, 675 down; CNR-401: 734 DEGs; 394 up, 340​

​down). Sex-stratified contrasts showed marked sex dependence: CFA responses were stronger in​

​males than females (736 versus 361 DEGs), whereas CNR-401 responses were stronger in​

​females than males (907 versus 235 DEGs), indicating sexually dimorphic treatment programs.​

​Figure 4. Differentially expressed genes across 22 comparisons.​

​Stacked bar chart showing the unfiltered number of upregulated (red) and downregulated (blue)​

​genes for each comparison at FDR ≤ 0.05. Sex differences accounted for the largest number of​

​DEGs. Values indicate total DEG count.​
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​Sex effects dominated the transcriptome. Treatment-adjusted male versus female comparisons​

​yielded 6,118 DEGs for CFA and 6,133 for CNR-401 (~37% of tested genes), consistent with​

​pervasive sex-biased expression in D. melanogaster​​(Graveley et al., 2011; Parisi et al., 2003)​

​and the sex-driven separation observed in PCA. Sex×treatment interaction testing identified a​

​smaller but significant set of genes with sex-dependent treatment responses in both experiments​

​(CFA: 108 DEGs; CNR-401: 379 DEGs), with CNR-401 exhibiting a larger interaction​

​component. Exploratory compound comparisons (CNR-401 versus CFA) produced thousands of​

​DEGs across matched conditions (sex-adjusted treated: 2,759; sex-adjusted control: 2,302; with​

​larger differences in sex-stratified contrasts), but these results must be interpreted cautiously​

​because CFA and CNR-401 were administered in separate cohorts rather than a paired design,​

​and batch effects were strong (see Sensitivity analysis and QC summary).​

​Overlap analysis using Jaccard similarity (Figure 5) indicated substantial concordance among​

​sex-effect DEG sets (Jaccard >0.5), moderate overlap among within-compound treatment​

​contrasts (~30-40%), and low overlap between treatment and sex DEG sets (<15%), supporting​

​largely distinct programs. Interaction DEG sets were minimally shared between compounds​

​(Jaccard = 0.12), consistent with compound-specific patterns of sex-dependent response. A​

​focused Venn analysis of key contrasts similarly supported separation between sex- and​

​treatment-associated gene sets, with a small shared subset (Figure 6D). Log​​2​ ​fold-change​

​distributions were consistent with effect magnitude differences (Supplementary Figure S6):​

​treatment contrasts showed modest median absolute effects (|LFC| ~0.4-0.8) with broadly​

​balanced up- and down-regulation, whereas sex contrasts exhibited wider distributions including​

​strongly sex-biased genes (|LFC| > 4). Collectively, these results show that both compounds elicit​
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​significant transcriptional remodeling (stronger for CFA in pooled analyses), sex is the dominant​

​axis of variation, and treatment responses include a measurable sex-dependent component,​

​motivating downstream functional enrichment to resolve affected pathways and biological​

​processes.​

​Figure 5. Jaccard similarity of DEG sets across comparisons.​
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​Heatmap showing pairwise Jaccard index (intersection/union) between filtered significant genes​

​from all 22 comparisons. Sex-effect comparisons cluster together (Jaccard > 0.5, warm colors).​

​Treatment-effect comparisons show moderate overlap (~0.3-0.4). Treatment and sex gene sets​

​show minimal overlap (<0.15), indicating largely distinct transcriptional programs.​

​Figure 6. Overlap of differentially expressed genes between treatment and sex comparisons.​
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​Three-way Venn diagram showing overlap between filtered CFA treatment DEGs (1,275 genes,​

​teal), CNR-401 treatment DEGs (734 genes, purple), and sex-effect DEGs (6,118 genes, orange).​

​Treatment effects show substantial overlap with each other but minimal overlap with sex-biased​

​genes, indicating largely distinct transcriptional programs. Inset box shows key statistics.​
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​Treatment effects - CFA and CNR-401 transcriptional responses​

​Both CFA and CNR-401 induced differential gene expression in​​D. melanogaster​​(Table 1; Fig.​

​1). In sex-adjusted models, CFA produced 1,275 DEGs and CNR-401 produced 734 DEGs (FDR​

​≤ 0.05), with bidirectional changes in both compounds. Sex-stratified analyses revealed​

​pronounced sexual dimorphism: CFA showed male-biased responsiveness (735 versus 363​

​DEGs), whereas CNR-401 showed female-biased responsiveness (907 versus 236 DEGs).​

​Table 1. Differential expression summary: treatment effects.​

​DEGs: FDR ≤ 0.05. Genes subjected to filtering.​

​Contrast​ ​N tested​ ​N DEGs​ ​Up​ ​Down​

​CFA treated vs control (sex-adjusted)​ ​10,008​ ​1,275​ ​600​ ​675​

​CNR-401 treated vs control​

​(sex-adjusted)​

​9,995​ ​734​ ​394​ ​340​

​CFA females vs control​ ​10,316​ ​363​ ​159​ ​204​

​CFA males vs control​ ​9,534​ ​735​ ​256​ ​479​

​CNR-401 females vs control​ ​10,239​ ​907​ ​441​ ​466​
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​CNR-401 males vs control​ ​9,343​ ​236​ ​131​ ​105​

​CFA and CNR-401 shared 317 DEGs, including timeless (down) and​​CG10550​​(up), indicating​

​common circadian-related targets (Table 2). CFA-specific responses included downregulation of​

​heat shock proteins (​​Hsp23, Hsp26, Hsp27​​) and upregulation​​of spo (ecdysone biosynthesis).​

​CNR-401-specific responses included upregulation of metabolic genes​​(Pepck1, Cyp6a2​​) and​

​downregulation of immune genes (​​CecB​​)​​(Larkin et al.,​​2021)​​].​

​Table 2. Conserved and compound-specific treatment-responsive genes.​

​Class​ ​Genes​ ​Direction​ ​CFA LFC​ ​CNR-401​

​LFC​

​Shared​ ​tim​ ​Down​ ​−1.17​ ​−1.13​

​l(2)efl​ ​Down​ ​−1.89​ ​−1.10​

​CG10550​ ​Up​ ​+1.36​ ​+1.72​

​CFA-specific​ ​Hsp23, Hsp26, Hsp27​ ​Down​ ​−1.0 to −1.2​ ​—​

​spo​ ​Up​ ​+1.04​ ​—​
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​CNR-401 -specific​ ​Pepck1​ ​Up​ ​—​ ​+0.87​

​CecB​ ​Down​ ​—​ ​−1.38​

​Figure 7. Volcano plots of treatment effects.​
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​Log₂ fold-change vs −log₁₀(adjusted p-value). Dashed lines: FDR = 0.05. (A) CFA sex-adjusted​

​(1,275 DEGs). (B) CNR-401 sex-adjusted (734 DEGs). (C) CFA males (735 DEGs). (D)​

​CNR-401 females (907 DEGs).​

​Sex effects and sex×treatment interactions​

​Sex differences dominated the transcriptome across conditions (Table 3; Fig. 3). In​

​treatment-adjusted models, 6,100 genes (37% of tested) showed significant sex-biased​

​expression, with balanced male- versus female-biased counts and similar effect magnitudes for​

​both compounds (median |LFC| ~1.15 among significant genes). Sex×treatment interaction tests​

​identified genes with sex-dependent treatment responses: 108 for CFA and 380 for CNR-401​

​(Table 3).​

​Table 3. Sex effects and sex×treatment interactions.​

​Positive interaction LFC indicates larger treatment effect in males than females​

​(difference-in-differences). DEGs: FDR ≤ 0.05. Genes subjected to filtering.​

​Contrast​ ​N tested​ ​N DEGs​ ​Male-biased​ ​Female-biased​

​Sex main effect (treatment-adjusted)​

​CFA male vs female​ ​13,804​ ​6,119​ ​3,012​ ​3,107​

​CNR-401 male vs female​ ​13,776​ ​6,135​ ​3,051​ ​3,084​
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​Sex effect within condition​

​CFA treated​ ​12,183​ ​4,754​ ​2,389​ ​2,365​

​CFA control​ ​11,850​ ​3,466​ ​1,666​ ​1,800​

​CNR-401 treated​ ​12,183​ ​4,842​ ​2,339​ ​2,503​

​CNR-401 control​ ​11,489​ ​4,083​ ​1,907​ ​2,176​

​Sex×treatment interaction​ ​Male-stronger​ ​Female-stronger​

​CFA interaction​ ​10,013​ ​108​ ​41​ ​67​

​CNR-401 interaction​ ​9,679​ ​380​ ​192​ ​188​

​Male-biased genes included immune peptides such as Cecropins (​​CecA1, CecA2, CecB​​) and​

​Attacins (​​AttA, AttB​​), consistent with known sex differences​​in immune gene expression in​​D.​

​melanogaster​​. Female-biased genes included heat shock​​proteins (​​Hsp23, Hsp26, Hsp27​​) and​

​circadian regulators.​

​Deol​​28​

​422​

​423​

​424​

​425​



​Sex×treatment interaction analysis identified genes whose treatment response differed between​

​sexes. CFA showed 108 interaction genes while CNR-401 showed 380, with CNR-401​

​exhibiting a larger sex-dependent component.​

​Figure 8. Volcano plots of sex effects and sex×treatment interactions.​

​(A-B) Volcano plots for male vs. female contrasts (treatment-adjusted) in CFA (6,118 DEGs) and​

​CNR-401 (6,133 DEGs). Positive LFC indicates male-biased expression. Male-biased genes​

​include immune peptides (CecB, AttA); female-biased genes show higher heat shock protein​

​expression. (C) CFA sex×treatment interaction (108 DEGs): genes whose treatment response​

​differs between sexes. Gnmt shows strong female-biased treatment response (interaction LFC =​

​−3.99). (D) CNR-401 sex×treatment interaction (379 DEGs): 3.5× more interaction genes than​

​CFA, indicating more sex-specific effects.​
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​Functional enrichment analysis​

​To characterize the biological processes underlying differential expression, we performed gene​

​set enrichment analysis (GSEA) using a permutation-based approach with 1,000 permutations.​

​Genes were mapped to human orthologs and ranked by their Wald statistic prior to GSEA against​
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​GO (Biological Process, Molecular Function, Cellular Component), KEGG, Reactome, and​

​WikiPathways databases.​

​Treatment-associated pathway signatures​

​GSEA identified 858 and 434 significantly enriched pathways (FDR ≤ 0.05) for CFA and​

​CNR-401 treatment effects, respectively (Supplementary Table S6). CFA treatment showed​

​strong enrichment for neuronal signaling pathways, including potassium channel activity (NES =​

​3.17, FDR < 0.001), glutamatergic synaptic transmission (NES=3.02, FDR < 0.001), and​

​synaptic vesicle cycle (NES = 2.90, FDR < 0.001). CNR-401 treatment showed robust​

​enrichment for ABC transporters (NES = 3.17, FDR < 0.001), cytochrome P450 oxidation (NES​

​= 3.00, FDR < 0.001), and fatty acid metabolism (NES = 2.88, FDR < 0.001).​

​Pathways downregulated by both treatments showed convergent themes in xenobiotic​

​metabolism and glucuronidation. CFA treatment suppressed drug metabolism pathways (NES =​

​−3.21, FDR < 0.001), pentose and glucuronate interconversions (NES = −3.24, FDR < 0.001),​

​and biological oxidations (NES = −3.07, FDR < 0.001). Similarly, CNR-401 treatment​

​suppressed glucuronidation (NES = −3.07, FDR < 0.001), pentose/glucuronate interconversions​

​(NES = −3.01, FDR < 0.001), and ascorbate/aldarate metabolism (NES = −2.96, FDR < 0.001).​

​Table 4. Top GSEA enrichments for treatment effects​

​The top 5 upregulated and downregulated pathways enriched in CNR-401 treatment, CFA​

​treatment, and both treatments, ranked by absolute NES. NES = normalized enrichment score;​

​positive NES indicates pathway upregulated by treatment; negative NES indicates pathway​
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​downregulated by treatment; NES range captures the range of scores for the 5 pathways. Full​

​results in Supplementary Table S6.​

​Compound​ ​Direction​ ​Top enriched pathways​ ​NES range​ ​FDR range​

​CFA​ ​Up​ ​Potassium channel activity, potassium ion​

​transmembrane transport, glutamatergic synaptic​

​transmission, synaptic vesicle cycle, monoatomic​

​cation transport​

​2.89 – 3.17​ ​< 0.001​

​CFA​ ​Down​ ​Biotransformation Phase I/II, pentose and glucuronate​

​interconversions, xenobiotic metabolism by​

​cytochrome P450, retinol metabolism, glucuronidation​

​−3.28 – −3.05​ ​< 0.001​

​CNR-401​ ​Up​ ​ABC transporters, cytochrome P450 oxidation,​

​long-chain fatty acid metabolism, monocarboxylic​

​acid transport, very long-chain fatty acid metabolism​

​2.71 – 3.17​ ​< 0.001​

​CNR-401​ ​Down​ ​Glucuronidation, pentose and glucuronate​

​interconversions, ascorbate and aldarate metabolism,​

​glucuronate metabolism, porphyrin metabolism​

​−3.07 – −2.82​ ​< 0.001​
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​Both​ ​Up​ ​Ribonucleoprotein complex biogenesis,​

​G-protein-coupled receptor signaling, translation​

​initiation factor activity, cyclic nucleotide binding​

​1.63 – 2.34​ ​< 0.05​

​Both​ ​Down​ ​Mucin-type O-glycan biosynthesis, O-glycan​

​processing, lysosomal lumen, retinoid metabolism,​

​drug metabolism​

​−2.45 – −1.72​ ​< 0.05​

​GSEA using the full ranked transcriptome identified coordinated pathway shifts not captured by​

​thresholded DEG sets (Table 5). CFA treatment was associated with strong enrichment for​

​synaptic function, including glutamatergic synaptic transmission (GO:0035249; FDR < 0.001;​

​58% tag), synaptic vesicle cycle (KEGG; FDR < 0.001; 52% tag), and potassium ion​

​transmembrane transport (GO:0071805; FDR < 0.001; 58% tag). CNR-401 treatment showed​

​pronounced enrichment for metabolic transport processes, with ABC transporters (KEGG; FDR​

​< 0.001; 45% tag) and monocarboxylic acid transport (GO:0015718; FDR < 0.001; 48% tag)​

​among the top terms. Both treatments showed convergent downregulation of glucuronidation​

​(Reactome; FDR < 0.001) and pentose/glucuronate interconversions (KEGG; FDR < 0.001)​

​(Supplementary Table S6).​

​Table 5. Top GSEA enrichments across treatment comparisons​

​GSEA performed with gseapy using genes ranked by Wald statistic. FDR q-values reported. Tag​

​% indicates percentage of leading-edge genes out of the gene set.​
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​Comparison​ ​Gene set​ ​GO/Pathway ID​ ​FDR q​ ​Tag %​

​CFA treated vs control​ ​Potassium channel activity​ ​GO:0005267​ ​< 0.001​ ​58%​

​CFA treated vs control​ ​Glutamatergic synaptic transmission​ ​GO:0035249​ ​< 0.001​ ​58%​

​CFA treated vs control​ ​Synaptic vesicle cycle​ ​KEGG​ ​< 0.001​ ​52%​

​CFA treated vs control​ ​Monoatomic cation transmembrane​

​transport​

​GO:0098655​ ​< 0.001​ ​55%​

​CNR-401 treated vs​

​control​

​ABC transporters​ ​KEGG​ ​< 0.001​ ​45%​

​CNR-401 treated vs​

​control​

​Cytochrome P450 oxidation​ ​WikiPathways​ ​< 0.001​ ​62%​

​CNR-401 treated vs​

​control​

​Long-chain fatty acid metabolism​ ​GO:0001676​ ​< 0.001​ ​51%​

​CNR-401 treated vs​

​control​

​Fatty acid metabolic process​ ​GO:0006631​ ​< 0.001​ ​48%​
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​Sex-biased pathway enrichments​

​Sex-effect enrichments were highly consistent between CFA and CNR-401 treatment​

​backgrounds (Supplementary Table S7). Male-biased genes (positive NES; 226 pathways in​

​CFA, 262 in CNR-40 ) were enriched for xenobiotic metabolism, including Phase I​

​functionalization of compounds (NES = 3.08, FDR < 0.001), biological oxidations (NES = 3.07,​

​FDR < 0.001), and biotransformation Phase I/II (NES = 3.05–3.21, FDR < 0.001). Male-biased​

​enrichment was also observed for amino acid transport (GO:0006865; NES = 2.80–2.94, FDR <​

​0.001) and glucuronidation (NES = 2.80–2.90, FDR < 0.001).​

​Female-biased genes (negative NES; 255 pathways in CFA, 107 in CNR-401 ) were enriched for​

​translation machinery and ribosome biogenesis. The strongest female-biased enrichments​

​included eukaryotic translation elongation (NES = −3.51, FDR < 0.001), peptide chain​

​elongation (NES = −3.49, FDR < 0.001), SRP-dependent cotranslational protein targeting (NES​

​= −3.49, FDR < 0.001), and cytoplasmic ribosomal proteins (NES = −3.21 to −3.41, FDR <​

​0.001). These patterns suggest higher basal protein synthesis capacity in females.​

​GSEA of sex comparisons revealed strong enrichment for ribosomal components among​

​female-biased genes, including ribosome (KEGG; NES = −3.20 to −3.35, FDR < 0.001),​

​cytoplasmic ribosomal proteins (WikiPathways; NES = −3.21 to −3.41, FDR < 0.001), and​

​peptide biosynthetic process (GO:0043043; NES = −3.22, FDR < 0.001). These sex-biased​

​patterns were largely conserved across drug conditions, with 104 male-biased and 79​

​female-biased pathways shared between CFA and CNR-401 contexts (Supplementary Table S7).​
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​Convergent and divergent pathway themes​

​Cross-comparison analysis identified both shared and compound-specific pathway signatures​

​(Figure 9; Supplementary Table S6). Of the 858 CFA-significant and 434 CNR-401 -significant​

​pathways, 255 were shared between compounds, including 20 concordantly upregulated and 70​

​concordantly downregulated pathways.​

​Convergent themes included: (i) suppression of mucin-type O-glycan biosynthesis (CFA NES =​

​−2.40, CNR-401 NES = −2.45, FDR < 0.001) and O-glycan processing; (ii) downregulation of​

​lysosomal function (CFA NES = −2.33, CNR-401 NES = −1.72) and retinoid metabolism (CFA​

​NES = −2.05, CNR-401 NES = −2.42); (iii) shared upregulation of G-protein-coupled receptor​

​signaling, including heterotrimeric G-protein complex (CFA NES = 2.06, CNR-401 NES = 2.31,​

​FDR < 0.001) and adenylate cyclase-modulating GPCR signaling (CFA NES = 2.08, CNR-401​

​NES = 2.34, FDR < 0.001); and (iv) upregulation of ribonucleoprotein complex biogenesis (CFA​

​NES = 1.82, CNR-401 NES = 2.13, FDR < 0.05).​

​Divergent themes were revealed by drug comparison analysis (726 significant pathways).​

​Relative to CFA, CNR-401-treated samples showed enrichment for ribosome biogenesis (NES =​

​2.67, FDR < 0.001), rRNA processing (NES = 2.65, FDR < 0.001), and branched-chain amino​

​acid degradation (NES = 2.60, FDR < 0.001). Conversely, CFA treatment showed relative​

​enrichment for glutamatergic synaptic signaling (CNR-401 versus CFA: NES = −2.70, FDR <​

​0.001), postsynaptic density components (NES = −2.78, FDR < 0.001), and ionotropic glutamate​

​receptor complex (NES = −2.78, FDR < 0.001), indicating that synaptic function pathways are​

​preferentially activated by CFA.​
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​Sex-biased pathways showed remarkable conservation across drug conditions. Conserved​

​male-biased pathways included glucuronidation (CFA NES = 2.65, CNR-401 NES = 2.58),​

​triglyceride metabolism (CFA NES = 2.12, CNR-401 NES = 2.16), and transport of inorganic​

​cations/anions and amino acids (CFA NES = 1.98, CNR-401 NES = 2.75). Conserved​

​female-biased pathways included ribosome (CFA NES = −3.35, CNR-401 NES = −3.20),​

​cytoplasmic ribosomal proteins (CFA NES = −3.41, CNR-401 NES = −3.21), and selenoamino​

​acid metabolism (CFA NES = −3.44, CNR-401 NES = −3.09). This conservation of sex-biased​

​pathway signatures regardless of drug treatment indicates robust sexual dimorphism in baseline​

​metabolic and biosynthetic programs.​

​Figure 9. Shared enriched pathways between CFA and CNR-401 treatment responses​
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​Horizontal bar plot showing GSEA pathways significantly enriched in both CFA and CNR-401​

​treatment comparisons (FDR ≤ 0.05 in both). Bars represent average normalized enrichment​

​score (NES) across compounds; individual CFA (blue circles) and CNR-401 (orange squares)​

​NES values shown. Green bars indicate pathways upregulated by treatment; red bars indicate​

​pathways downregulated. Convergent upregulated pathways include G-protein-coupled receptor​

​signaling (adenylate cyclase-modulating GPCR, heterotrimeric G-protein complex), ribosome​

​biogenesis, and GTPase activity. Convergent downregulated pathways include glucuronidation,​

​pentose and glucuronate interconversions, xenobiotic metabolism by cytochrome P450, retinol​

​metabolism, and steroid hormone biosynthesis. Of 858 CFA-significant and 434 CNR-401​

​-significant pathways, 255 were shared between compounds (90 with concordant direction: 20​
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​upregulated, 70 downregulated). GSEA performed with gseapy using 1,000 permutations; genes​

​ranked by Wald statistic.​

​Protein-protein interaction network analysis​

​To identify potential regulatory hubs, differentially expressed genes (DEGs, FDR < 0.05) from​

​each contrast were queried against the STRING protein-protein interaction database (v11.5,​

​Drosophila melanogaster​​, interaction score ≥ 0.4).​​Network statistics and hub genes (defined as​

​the top 10 genes by degree centrality within each network) are summarized in Table 6 and​

​Supplementary Table S8.​

​Sex-dimorphic networks.​

​Among networks with ≥50 nodes, the CNR-401 treated male versus female comparison yielded​

​the largest interaction network (100 nodes, 564 edges, clustering coefficient 0.39), with the main​

​connected component encompassing 57% of nodes (Fig. 9A). In contrast, the corresponding CFA​

​sex comparison (102 nodes, 153 edges, clustering coefficient 0.25) exhibited more sparse​

​connectivity, with its largest component containing only 28% of nodes. Notably, 57 of the top​

​100 hub genes across all sex-comparison networks are shared between CFA and CNR-401​

​treatments (Jaccard index 0.51), with recurrent hub genes appearing in multiple networks​

​(Supplementary Table S8). STRING functional enrichment analysis of these recurrent hubs​

​revealed significant enrichment for olfactory transduction (FDR < 10⁻⁸), sensory perception​

​(FDR < 10⁻⁷), and ionotropic glutamate receptor signaling (FDR < 10⁻⁴)​

​Treatment-effect networks.​

​For treatment contrasts (treated versus control), the CFA male treatment comparison (36 nodes,​

​76 edges, clustering coefficient 0.40) formed a cohesive network with 94% of nodes in a single​
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​connected component (Fig. 9B), enriched for one-carbon metabolism (FDR = 2.3 × 10⁻⁴) and​

​folate biosynthesis (FDR = 3.1 × 10⁻³). Hub genes included folate-cycle enzymes (Shmt, AdSL,​

​Nmdmc) and heat-shock proteins (Hsp26, Hsp27, Hsp70Bb). The sex-adjusted treatment​

​contrasts (fewer DEGs by design) produced smaller networks: CFA (14 nodes, 12 edges) and​

​CNR-401 (5 nodes, 3 edges). Density values for these small networks are omitted from​

​cross-contrast comparisons, as network density is inherently inflated when node counts are low​

​(N < 30).​

​Recurrent hub genes.​

​Across all pairwise contrasts, 95 genes were identified as hubs in three or more networks​

​(Supplementary Table S8). The most frequently recurring hubs—Ir8a, Or56a, Or92a, and​

​Obp83a (each present in 6 networks)—encode olfactory and odorant-binding receptors,​

​suggesting that chemosensory pathways may be a conserved transcriptional target across​

​treatment and sex conditions.​

​Table 6. STRING network statistics for selected DEG contrasts.​

​DEGs, differentially expressed genes (FDR < 0.05); CC, connected component. Density and​

​clustering omitted for networks with <30 nodes. Full network statistics in Supplementary Table​

​S9.​

​Comparison​ ​DEGs (N)​ ​Nodes​ ​Edges​ ​Density​ ​Clustering​ ​Largest CC (%)​
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​CNR-401 treated male vs​

​female​

​179​ ​100​ ​564​ ​0.114​ ​0.393​ ​57 (57%)​

​CNR-401 control male vs​

​female​

​205​ ​108​ ​280​ ​0.048​ ​0.368​ ​76 (70%)​

​CFA control male vs female​ ​219​ ​102​ ​153​ ​0.030​ ​0.246​ ​29 (28%)​

​CFA male treated vs control​ ​40​ ​36​ ​76​ ​0.121​ ​0.402​ ​34 (94%)​

​CFA treated vs control (adj​

​sex)​

​27​ ​14​ ​12​ ​—​ ​—​ ​4 (29%)​

​CNR-401 treated vs control​

​(adj sex)​

​6​ ​5​ ​3​ ​—​ ​—​ ​3 (60%)​

​Weighted gene co-expression network analysis​

​A total of 4,989 genes (mean count ≥ 10 across samples) were clustered into 10 co-expression​

​modules plus a residual "grey" module containing 1,463 unassigned genes (29.3%; Table 7).​

​Module eigengenes were correlated with sample traits (drug, sex, treatment), and hub genes were​

​identified as the top 20 genes per module ranked by the product of module membership (MM)​

​and intramodular connectivity (kME).​
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​Sex-associated modules​

​Two large modules exhibited strong sex associations: Module 9 (1,142 genes; r = −0.95 with​

​female, FDR < 10⁻¹⁵) and Module 2 (1,079 genes; r = +0.94 with male, FDR < 10⁻¹⁴). Module 9​

​hub genes encode ribosomal subunits (RpS10b, RpL18A, mRpL16), suggesting female-biased​

​ribosome biogenesis. Module 2 hub genes include chemosensory receptors (Obp83a, Or56a,​

​Ir8a), consistent with male-biased olfactory gene expression. A third module, Module 4 (222​

​genes; r = +0.71 with male, FDR < 10⁻⁵), is enriched for mitochondrial complex I components​

​(ND-75, ND-42, ND-30; Supplementary Table S11).​

​Drug-associated modules​

​Module 10 (214 genes) showed the strongest drug association (r = −0.94, indicating CFA-biased​

​expression; FDR < 10⁻¹⁴). Hub genes include ionotropic receptors (Ir75b, Ir75c, Ir64a), which​

​function in gustatory and olfactory perception. Module 3 (122 genes; r = −0.78 with CFA, FDR <​

​10⁻⁶) hub genes encode detoxification enzymes (Ugt86Dd, Cyp6g1, Cyp6g2), suggesting​

​drug-specific induction of xenobiotic metabolism.​

​Treatment-associated module​

​Only Module 8 (102 genes) showed significant correlation with treatment status (r = −0.55, FDR​

​= 0.005), indicating reduced expression in treated versus control samples across both drugs. Hub​

​genes include lipid desaturase (Desat1), endoplasmic reticulum chaperone (Hsc70-3), and JNK​

​pathway component (Src64B; Supplementary Table S11).​

​Module-DEG overlap​

​To assess concordance between WGCNA and pairwise DEG analyses, we computed the fraction​

​of each module's genes present in each DEG set. Module 10 showed 38% overlap with CFA​
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​male treated versus control DEGs (hypergeometric p < 10⁻⁸), and Module 8 showed 22% overlap​

​with the same contrast (p < 0.01). Module 9 and Module 2 showed > 40% overlap with all four​

​sex-comparison DEG sets, confirming that sex-driven expression signatures are robust across​

​both drugs (Supplementary Table 10; Supplementary Fig. S7).​

​Table 7. WGCNA module summary.​

​r, Pearson correlation between module eigengene and trait; FDR, Benjamini-Hochberg adjusted​

​p-value. Only the top-associated trait per module is shown; full correlations in Supplementary​

​Table S10​

​NS, not significant. An additional 1,463 genes (29.3%) were not assigned to any module.​

​Module​ ​Genes​ ​Top Trait​ ​r​ ​FDR​ ​Top Hub Genes​

​Module 9​ ​1,142​ ​Sex (F)​ ​−0.95​ ​<10⁻¹⁵​ ​RpS10b, RpL18A, mRpL16​

​Module 2​ ​1,079​ ​Sex (M)​ ​+0.94​ ​<10⁻¹⁴​ ​Obp83a, Or56a, Ir8a​

​Module 10​ ​214​ ​Drug (CFA)​ ​−0.94​ ​<10⁻¹⁴​ ​Ir75b, Ir75c, Ir64a​

​Module 4​ ​222​ ​Sex (M)​ ​+0.71​ ​<10⁻⁵​ ​ND-75, ND-42, ND-30​
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​Module 3​ ​122​ ​Drug (CFA)​ ​−0.78​ ​<10⁻⁶​ ​Ugt86Dd, Cyp6g1, Cyp6g2​

​Module 8​ ​102​ ​Treatment​ ​−0.55​ ​0.005​ ​Desat1, Hsc70-3, Src64B​

​Module 6​ ​297​ ​Sex (F)​ ​−0.55​ ​0.005​ ​sug, GstE1, CG7214​

​Module 1​ ​76​ ​Sex (M)​ ​+0.73​ ​<10⁻⁵​ ​Cyp309a1, mmy, sro​

​Module 5​ ​238​ ​—​ ​NS​ ​—​ ​—​

​Module 7​ ​34​ ​Sex (F)​ ​−0.41​ ​0.050​ ​CG14545, CG10513​

​Figure 10. Module-trait correlation heatmap from weighted gene co-expression network​

​analysis.​
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​Heatmap displaying Pearson correlation coefficients between module eigengenes (rows) and​

​experimental traits (columns). Color scale indicates correlation direction and magnitude (blue =​

​negative, red = positive). Asterisks denote statistical significance (* p < 0.05, ** p < 0.01, *** p​

​< 0.001; Benjamini-Hochberg corrected). Module 10 shows strong CFA-associated expression (r​

​= −0.94 with drug). Module 9 (r = −0.95) and Module 2 (r = +0.94) represent robust female-​

​and male-biased modules, respectively. Module 8 is the only module significantly correlated with​

​treatment status (r = −0.55), indicating downregulation in treated samples. Module 3 shows dual​

​associations with drug (r = −0.78, CFA-biased) and sex (r = +0.54, male-biased).​
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​Discussion​
​The transcriptional states produced by Cannflavin A and CNR-401 map onto established​

​pathological axes of Amyotrophic Lateral Sclerosis (ALS), Frontotemporal Dementia (FTD),​

​Parkinson’s Disease (PD), and Alzheimer's Disease (AD). This explains the mechanisms through​

​which these drugs exhibit neuroprotective effects, such as rescuing motor phenotypes in​

​zebrafish impaired with the neurotoxin β-N-methylamino-L-alanine (BMAA)​​(Banwait et al.,​

​2025)​​.​

​Coordinated Suppression of Drug Metabolism​

​GSEA revealed glucuronidation-related processes among the most strongly downregulated​

​pathways in both treatments (Table 4), appearing consistently across all four databases.​

​Glucuronidation is a phase ⅠⅠ detoxification pathway​​(Josephy et al., 2005)​​in which​

​UDP-glucuronosyltransferases (UGTs) attach a water-soluble group to lipophilic compounds,​

​conjugating them into hydrophilic glucuronides and facilitating their excretion by phase ⅠⅠⅠ ABC​

​transporters​​(Yan et al., 2025; Yang et al., 2017)​​.​​Treatment with CFA and CNR-401 impaired​

​not only the conjugation process but also the upstream metabolism of sugars to create the​

​water-soluble group (see Pentose and glucuronate interconversions in Supplementary Table S6),​

​indicating a coordinated systemic suppression.​

​Increasing Drug Bioavailability​

​This suppression may aid in the bioavailability of the drugs, prolonging their therapeutic effects.​

​The metabolism of drugs in the brain is handled by either one or both of phase Ⅰ functionalization​

​by cytochrome P450s (CYPs) and/or phase ⅠⅠ glucuronidation by UGTs before final phase ⅠⅠⅠ​

​export by ABC transporters​​(Josephy et al., 2005;​​Yan et al., 2025; M. Zhang et al., 2024)​​. For​
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​luteolin, the chemical precursor of cannflavins​​(Abdel-Kader et al., 2023; Rea et al., 2019)​​,​

​glucuronidation is the primary elimination pathway​​(Yang et al., 2017)​​. This is generally the case​

​for the aglycone forms of polyphenols​​(Hu, 2007)​​.​​While cannflavins, cannabinoids, and​

​terpenes are functionally aglycones, in that they lack a sugar group, only cannflavins possess the​

​multiple phenolic rings required to be classified as polyphenols​​(Abdel-Kader et al., 2023; Rea et​

​al., 2019)​​. Whether or not glucuronidation is the​​primary pathway for the specific ingredients in​

​CNR-401 requires further investigation. However, since CFA and CNR-401 also downregulate​

​the metabolism of xenobiotics by cytochrome P450s (Supplementary Table S6), it can be​

​conservatively inferred that these drugs downregulate the pathways that would otherwise​

​inactivate and clear them, extending the duration of their effects. This would be a powerful​

​property given that common dietary polyphenols are known to have poor bioavailability,​

​typically 2-20%​​(Hu, 2007)​​, which is most attributed​​to their rapid glucuronidation once ingested​

​(Gao & Hu, 2010; Hu, 2007)​​. In the past, the bioavailability​​of the polyphenol curcumin has​

​been increased by 2000% in humans when administered with piperine​​(Shoba et al., 1998)​​, a​

​known inhibitor of glucuronidation​​(Lambert et al.,​​2004; Shoba et al., 1998)​​.​

​Supporting the Endogenous Neuroprotection of Steroids​

​Another interpretation is that by suppressing glucuronidation, CFA and CNR-401 are extending​

​the lifespan of endogenous neuroactive compounds. Phase I-III detoxification genes are highly​

​expressed in the brain where they function to regulate the elimination of neurosteroids and​

​neurotransmitters​​(Sheng et al., 2021; Silva-Adaya​​et al., 2021; Yan et al., 2025)​​. Neurosteroids​

​have extensively been shown to protect against neurodegeneration​​(Borowicz et al., 2011;​

​Garcia-Segura & Balthazart, 2009; Puig-Bosch et al., 2023)​​. Estrogen-like steroids are​

​particularly powerful​​(Brann et al., 2007; Bustamante-Barrientos​​et al., 2021)​​, having been​

​Deol​​47​

​649​

​650​

​651​

​652​

​653​

​654​

​655​

​656​

​657​

​658​

​659​

​660​

​661​

​662​

​663​

​664​

​665​

​666​

​667​

​668​

​669​

​670​

​671​

https://www.zotero.org/google-docs/?Rpk09T
https://www.zotero.org/google-docs/?Htwr9R
https://www.zotero.org/google-docs/?F18Md6
https://www.zotero.org/google-docs/?JiceMO
https://www.zotero.org/google-docs/?JiceMO
https://www.zotero.org/google-docs/?4Pl8gQ
https://www.zotero.org/google-docs/?4aRyfj
https://www.zotero.org/google-docs/?JnLmNQ
https://www.zotero.org/google-docs/?58afR1
https://www.zotero.org/google-docs/?6xqZnQ
https://www.zotero.org/google-docs/?zbGDh9
https://www.zotero.org/google-docs/?zbGDh9
https://www.zotero.org/google-docs/?Xt3TyC


​shown to exert an anti-apoptic effect on spinal motor neurons in rats​​(Cardona-Rossinyol et al.,​

​2013; Chen et al., 2015)​​. This is of particular significance​​considering that motor neuron death is​

​the central characteristic of ALS pathophysiology​​(Hardiman et al., 2017)​​.​

​Complex Effects on other Compounds in the Brain​

​The effects of suppressed glucuronidation on other substrates in the brain, such as dopamine and​

​cholesterol​​(Silva-Adaya et al., 2021; Yan et al.,​​2025)​​remains unclear. Increasing the lifespan of​

​dopamine in the brain is of relevance to PD, where pathological symptoms are attributed to​

​decreased dopamine in the substantia nigra​​(Zhou et​​al., 2023)​​. While inhibition of CYP2E1 has​

​previously been shown to increase extracellular dopamine concentration in the substantia nigra​

​of rats​​(Nissbrandt et al., 2001)​​, CYP2D can synthesize​​dopamine from tyramine​​(Sheng et al.,​

​2021)​​showing that the CYPs are a diverse family with​​contradicting effects between different​

​members. This homeostatic interplay is also present for cholesterol, where brain CYPs are​

​involved in both its biosynthesis and catabolism​​(Sheng​​et al., 2021)​​. While it is important to​

​know how CNR-401 and CFA affect specific members of these families, for example​​CYP2E1​

​and​​CYP2D​​, gene-level statements cannot be made because​​their orthologs do not exist or are not​

​yet annotated in the​​Drosophila​​genome​​(Drosophila_melanogaster​​- Ensembl Genome Browser​

​113, 2024)​​. Additionally, the metabolism of compounds​​in the brain is not limited to just CYPs​

​and UGTs. Using dopamine as an example, it is primarily eliminated by aldehyde dehydrogenase​

​and catechol methyltransferase, with UGTs and sulfotransferases providing alternative routes​

​(Sheng et al., 2021)​​. Thus, it is important to assess​​the transcriptomic impact on other​

​detoxification processes to gain a more holistic view of how the metabolism of neuroactive​

​compounds are modulated.​
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​Divergent Regulation of Other Detoxification Pathways​

​While both CFA and CNR-401 show negative enrichment of UGT and CYP metabolic pathways,​

​they have divergent effects on other detoxification pathways. CNR-401 maintains or upregulates​

​other phase ⅠⅠ processes​​(Yan et al., 2025)​​including​​glutathione metabolism (NES = 1.880) and​

​sulfotransferase activity (NES = 1.971), while CFA downregulates these same processes (NES =​

​-1.984 and -1.862). This appears to be evidence of induction of a metabolic switch rather than a​

​complete shutdown of detoxification: endogenous compounds in the brain exhibit the metabolic​

​flexibility to use multiple detoxification pathways​​(Sheng et al., 2021​​; see discussion of​

​dopamine above) evidenced by the fact that phase ⅠⅠ enzymes share substrates​​(Ouzzine et al.,​

​2014)​​. By targeting specifically UGTs and CYPs, CNR-401​​slows metabolism, but does not halt​

​it systemically like CFA does, preventing toxic accumulation and overload. The same up/down​

​pattern is also present in the regulation of phase ⅠⅠⅠ ABC transporters (CNR-401 NES = 3.17.​

​CFA NES = -2.88; Supplementary Table S6), where CNR-401 uniquely maintains the “revolving​

​door” that allows the compounds to actually leave the cell once metabolized​​(Liu & Hu, 2007)​​.​

​This theory of superior modulation of detoxification is supported by the fact that CNR-401 was​

​shown to be less toxic than CFA in zebrafish embryos: 62.5% versus 37.5% larval survival at 5​

​µM​​(Banwait et al., 2025)​​.​

​Glutathione as an Antioxidant​

​Glutathione is not only a phase ⅠⅠ detoxification enzyme, but also a major antioxidant in the brain​

​(Aoyama, 2021; Silva-Adaya et al., 2021)​​. Decreased​​expression in the glutathione​

​S-transferases (GSTs) responsible for attaching glutathione to compounds, namely​​GST01​​and​

​GST02​​, have been associated with an earlier age of​​onset for AD, fALS, and PD​​(Kölsch et al.,​
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​2004; Li et al., 2003; Van De Giessen et al., 2008)​​. Additionally, increased​​GSTP1​​expression​

​reduces hyperactive cyclin dependent kinase-5 (Cdk5) activity by direct competitive inhibition​

​and neutralizing oxidative stress, preventing it from driving AD through Aβ production and PD​

​through degeneration of dopaminergic neurons in the substantia nigra​​(Allnutt et al., 2020; Sun et​

​al., 2011)​​. The upregulation of glutathione metabolism​​by CNR-401 thus suggests a powerful​

​antioxidant mechanism of action.​

​ABC Transporters as Regulators of Inflammation and Neurodegeneration​

​The upregulation of ABC-transporter genes is also meaningful. These ATP-dependent​

​transporters protect the central nervous system (CNS) by acting as a barrier against toxic​

​substances​​(Yan et al., 2025)​​as well as by governing​​the homeostasis of lipids​​(Kotlyarov &​

​Kotlyarova, 2021)​​. ABCB1 and ABCG2 control the delivery​​of drugs into the brain at the blood​

​brain barrier​​(Schulz et al., 2023)​​, and their increased​​expression suggests better protection​

​against neurotoxins​​(Schulz et al., 2023; Yan et al.,​​2025)​​. Within the brain, the engagement of​

​lipid-trafficking is consistent with neurodegeneration frameworks that place lipid-homeostasis​

​and transporter-linked expression at the interface of cholesterol handling and inflammation​​(Villa​

​et al., 2024)​​. Specifically, the observed upregulation​​of​​ABCG2​​(L2FC = 0.24 and 0.29, FDR =​

​0.02 and 0.002; see FBgn0052091 and FBgn0031449 in Supplementary Table S5) aligns with the​

​relief of oxidative stress and neuroinflammation in brain tissue​​(Shen et al., 2010)​​.​​The role of​

​ABCA1​​can be highlighted as a candidate gene for Alzheimer’s​​disease​​(Fehér et al., 2018; Yan et​

​al., 2025)​​where mice models have shown that lack​​of ABCA1 increases amyloid-β deposition​

​and cognitive decline while overexpression of​​ABCA1​​decreases amyloid-β plaques​​(Koldamova​

​et al., 2014)​​. CNR-401’s ability to upregulate this​​gene (L2FC = 0.33, FDR = 0.05; see​

​FBgn0034493 in Supplementary Table S5) aligns with these neuroprotective mechanisms,​
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​suggesting its potential as a therapeutic treatment for AD. There is also potential application to​

​PD, since the decrease or loss-of-function in genes including​​ABCA7​​,​​ABCB7​​,​​ABCA5​​, and​

​ABCB1​​have all been associated with disease development​​(Yan et al., 2025). Conservatively, the​

​transcriptomic impact of CNR-401 can be said to move the system toward a neuroprotective state​

​by controlling lipid-based inflammation and toxin vulnerability, relevant to neurodegeneration.​

​CNR-401 Uniquely Affects Lipid Trafficking and Metabolism​

​When looking at the most significant pathways affected differently between treatments​

​(Supplementary Table S6), lipid metabolism pathways consistently emerge as being uniquely​

​upregulated by CNR-401. It is important to note here that the excipient used to deliver the​

​compounds contained a heavy concentration of long-chain fatty acids. However, this same​

​excipient was also used to deliver CFA and results from this experiment showed an opposite​

​negative regulation (Supplementary Table S6), indicating that the observed effects on lipid​

​metabolism cannot be attributed solely to the excipient. The source of the following observed​

​effects should be verified by repeating the experiment(s) with the excipient added to the control​

​group. Nonetheless, this excipient is part of the final formulation; so, it is part of CNR-401 and​

​can be discussed as such.​

​Strong positive enrichment was observed for very-long-chain, long-chain, unsaturated, and​

​regular fatty acid metabolism (NES = 2.732, 2.882, 2.353, 2.771), as well as for gene sets​

​involving fatty acid transport, oxidation, biosynthesis, elongation, degradation, and catabolism​

​(Supplementary Table S6). This suggests that CNR-401 drives a widespread lipid-metabolic​

​response in neural tissue, mechanistically relevant to ALS since metabolic alterations are​

​including hypermetabolism and altered energy expenditure are well-documented, and lipid​
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​profile changes vary with disease phase and clinical phenotype​​(Burg & Van Den Bosch, 2025;​

​Dorst et al., 2023; Maruyama et al., 2023; Nakamura et al., 2021)​​. There is also a connection to​

​AD, since cholesterol is known to increase the production and deposition of Aβ peptides, leading​

​to the formation of amyloid plaques​​(Sheng et al.,​​2021)​​.​

​CNR-401 treatment also uniquely resulted in positive enrichment of peroxisome-related​

​pathways (NES ≃ 2; Supplementary Table S6). Peroxisomes lie at the intersection of​

​very-long-chain fatty-acid metabolism and ether-lipid biology and participate in redox-linked​

​lipid homeostasis processes​​(Wanders & Waterham, 2006)​​.​​These findings strengthen the role of​

​the upregulated ABC transporters (discussed above) in lipid trafficking.​​Of the 48 ABC​

​transporters, 20 are thought to transport lipids or lipid-related compounds​​(Tarling et al., 2013)​​,​

​with ABCD1, ABCD2 and ABCD3 bound to the peroxisomal membrane where they transport​

​fatty acids into the peroxisome for oxidation​​(Kemp​​et al., 2011)​​. Taken together, the coordinated​

​induction of lipid metabolism, peroxisomal, and ABC transporter pathways provides a link​

​between lipid turnover and organelle-based processing. These results indicate that CNR-401​

​shifts the transcriptome toward a lipid-metabolic state corresponding to major pathology axes inn​

​neurodegenerative diseases.​

​CFA Uniquely Affects Synaptic Activity and Energy Production​

​Glutamate Excitotoxicity and ALS​

​Enrichment analysis of CFA treatment effects reveals a robust upregulation of gene sets​

​associated with synaptic function and the regulation of neuronal excitability; the top 100​

​upregulated pathways are overwhelmingly dominated by these terms (Supplementary Table S6).​

​This is of extreme relevance to ALS, where the two most long-standing FDA approved drugs,​
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​edaravone and riluzole, target excitotoxicity in neurons​​(Arnold et al., 2024; Hardiman et al.,​

​2017)​​. In the "cortical hyperexcitability hypothesis”​​of ALS​​(Arnold et al., 2024)​​, excessive​

​glutamate signalling, though the activation of postsynaptic ionotropic receptors, causes repeated​

​firing of motor neurons eventually becoming toxic and leading to cell death​​(Dong et al., 2009;​

​Hardiman et al., 2017)​​. This is believed to preferentially​​affect motor neurons because of their​

​relatively low ability to buffer intracellular calcium ions (Ca​​2+​​),​​leading to mitochondrial​

​overload and initiation of apoptosis​​(Dong et al.,​​2009; Hardiman et al., 2017; Van Den Bosch et​

​al., 2006)​​.​

​Modulation at the Synapse​

​The primary processes that cause excitotoxicity at the synapse​​(Arnold et al., 2024)​​were​

​significantly affected by CFA treatment. Most notably, upregulation was found for Glutamatergic​

​Synaptic Transmission (NES = 3.165), Ionotropic Glutamate Receptor Complex (NES = 2.783),​

​and Glutamate Binding and Activation of AMPA Receptors (NES = 2.175; all results for this​

​section in Supplementary Table S6). While this is immediately associated with an excitotoxic​

​state​​(Arnold et al., 2024)​​, this excitatory response​​was crucially balanced by a simultaneous​

​induction of inhibitory signalling. CFA treatment upregulated GABAergic Synapse (NES =​

​2.175) which is meaningful given that decreased inhibitory currents and reduced GABAergic​

​synapse densities are observed in mice models of ALS​​(W. Zhang et al., 2016)​​. Additionally,​

​CFA promotes neuron health through upregulation of the Synaptic Vesicle Cycle pathway (NES​

​= 2.731), which is impaired by hyperexcitability-associated​​(Weskamp et al., 2020)​​TDP43​

​alterations in ~97% of ALS patients​​(Hardiman et al.,​​2017)​​.​
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​These balanced synaptic adjustments align with homeostatic plasticity principles, where neural​

​circuits adjust excitatory and inhibitory conductances to maintain stable output during​

​perturbations​​(O’Leary et al., 2014; Turrigiano, 2012)​​.​​For example, elevated intracellular Ca​​2+​

​though voltage-gated channels activated by chronic potassium ion (K​​+​​) depolarization can​

​actually prevent apoptosis​​(Ichinose et al., 2003)​​.​​This mechanism-of-action is  strongly​

​supported though CFA’s strong upregulation of Potassium Channel Activity (NES = 3.165),​

​Potassium Ion Transport (NES = 2.866), Leak Channel Activity (NES = 2.759), Calcium Ion​

​Transmembrane Transport (NES = 2.049), Regulation of Cytosolic Calcium Ion Concentration​

​(Nes = 1.869), and Regulation of Voltage-Gated Calcium Channel Activity (NES = 2.076). This​

​suite of pathways is importantly coupled with Potassium Ion Homeostasis (NES = 2.832),​

​Calcium Ion Homeostasis (NES = 1.874), and Stabilization of Resting Membrane Potential (NES​

​= 2.789). These findings also align with clinical observations that pharmacologically activating​

​the Kv7 family of K​​+​​channels successfully decreases​​motor neuron excitability in ALS patients​

​(Wainger et al., 2014, 2021)​​, altogether suggesting​​that modulating potassium conductance is a​

​viable strategy for stabilizing neurons against excitotoxicity,​

​Downstream Regulation of Calcium-Buffering Organelles​

​Excitotoxicity is also defined by secondary processes: the response of calcium-buffering​

​organelles such as the endoplasmic reticulum (ER) and mitochondria​​(Arnold et al., 2024)​​.​

​Changes to mitochondrial morphology and function are well-documented in ALS​​(Onesto et al.,​

​2016; Salvatori et al., 2018; P. Wang et al., 2019; W. Wang et al., 2016)​​, where they are​

​associated with disrupted respiratory chain function and production of reactive oxygen species​

​(ROS)​​(Hardiman et al., 2017; Taylor et al., 2016)​​.​​Specifically, the poly(GR) dipeptide repeat in​

​C9ORF72-​​ALS has been shown to bind to mitochondria​​and cause dysfunction​​(Choi et al.,​
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​2019; Dafinca et al., 2016; Lopez-Gonzalez et al., 2016)​​. Considering this knowledge, the​

​upregulation of Oxidative Phosphorylation (NES = 1.922) by CFA signals healthy mitochondrial​

​function and a shift away from calcium-overload and ALS pathophysiology. In 5-20% of​

​mitochondria, excess calcium is shared with the ER through mitochondria-associated ER​

​membranes, with calcium-overload in the ER causing the unfolded protein response (UPR)​

​(Arnold et al., 2024; Bhardwaj et al., 2019)​​, also​​associated with ALS onset​​(Pharaoh et al.,​

​2019)​​. Response to Unfolded Protein and the Mitochondrial​​Outer Membrane were notably​

​downregulated (NES = -2.211 and -1.647 in Supplementary Table S6), however orthologs of​

​ER-mitochondria tethering proteins (FBgn0029687and FBgn0029999 in Supplementary Table​

​S5) were not found to be significantly affected in either direction. To further clarify the effect on​

​ER stress and the UPR, it would be helpful to make comparisons to a healthy control. For the​

​scope of this study, it can be said that CFA induces a robust effect on synaptic pathways directly​

​related to the excitotoxic pathophysiology of neurodegenerative diseases,with therapeutic​

​potential through principles of homeostatic plasticity.​

​Energy Production and ALS​

​Fatigue is a common symptom for ALS patients, thought to be caused by ATP depletion in motor​

​neurons​​(Alencar et al., 2022; Vandoorne et al., 2018)​​.​​As previously mentioned, CFA induced a​

​significant upregulation of Oxidative Phosphorylation (NES = 1.922), suggesting engagement of​

​metabolic machinery to support neuronal energy demands. CNR-401 showed an opposite​

​downregulation of Oxidative Phosphorylation (NES =1.665), but an upregulation of​

​Mitochondrial Fatty Acid Beta-Oxidation (NES - 1.777). Coupled with the robust lipid metabolic​

​signature previously explored, this suggests that CNR-401 enacts a metabolic switch from​
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​glucose to fatty acids​​(Veech, 2004)​​. This is an established therapeutic shift that is known to​

​increase ATP output and decrease the production of free radicals​​(Seyfried et al., 2019; Veech,​

​2004)​​, and is emerging as a promising treatment for​​ALS patients​​(Phillips et al., 2024)​​. These​

​contrasting signatures support a model where the drugs engage distinct mitochondrial pathways,​

​but converge on a mechanism of increased energy production. This may help neuronal survival,​

​and at the very least increase patient quality-of-life. The ability of CNR-401 to engage ketogenic​

​metabolism is especially interesting and warrants further investigation.​

​Circadian and Stress-Linked Pathways​

​Both CFA and CNR-401 produced consistent transcriptional modulation of the core circadian​

​clock, with particularly strong suppression of the negative arm of the molecular oscillator. In​

​both treatments, timeless (tim) was among the most strongly downregulated genes (CFA LFC =​

​−1.17; CNR-401 LFC = −1.13), and period (per) was similarly reduced (CFA LFC = −0.78;​

​CNR-401 LFC = −0.82). In contrast, the positive arm component clock (clk) showed modest but​

​significant upregulation (CFA LFC = +0.41; CNR-401 LFC = +0.34), while cryptochrome (cry)​

​and doubletime (dbt) remained largely unchanged. Together, this pattern suggests a coordinated​

​damping of the PER–TIM negative feedback loop accompanied by relative enhancement of CLK​

​driven transcriptional output​​(Allada et al., 2001)​​.​

​Circadian disruption is increasingly recognized as a contributing factor in ALS and ALS/FTD,​

​with patients exhibiting altered sleep–wake cycles​​(Lang, 2025)​​. The coordinated modulation of​

​tim, per, and clk observed here indicates that both compounds engage clock-linked stress and​

​metabolic pathways with potential relevance to ALS pathogenesis. Importantly, the circadian​

​clock is tightly integrated with lipid metabolism and inflammatory signaling​​(Bass & Takahashi,​
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​2010; Gerstner et al., 2023; Konakchieva et al., 2025; Milling, 2020; Petrenko et al., 2023; X.​

​Wang et al., 2020)​​, providing a mechanistic bridge​​between the circadian signatures observed​

​here and the lipid centric effects especially prominent in the CNR-401 transcriptomic response​

​discussed previously. In mammalian astrocytes, a type of glial cell, the core clock component​

​BMAL1 (the mammalian CLK partner) regulates autophagy, endolysosomal flux, and lipid​

​remodeling, and its loss leads to profound defects in lysosomal function and neuroinflammation​

​(McKee et al., 2023)​​. These pathways align directly​​with the CNR-401-dependent upregulation​

​of fatty acid metabolism and peroxisomal remodeling, suggesting that the drug’s lipid metabolic​

​phenotype may in part arise from clock-linked regulation of glial lipid handling.​

​Taken together, the transcriptomic data indicate that CFA and CNR-401 converge on a shared​

​core circadian mechanism, suppression of PER/TIM and enhancement of CLK, with CNR-401​

​coupling them to lipid metabolic, peroxisomal, and transporter mediated pathways. This supports​

​a model in which cannabinoid derived interventions engage clock-linked nodes controlling lipid​

​metabolism, autophagy, and stress resilience, all of which are central to ALS/FTD vulnerability.​

​Conclusions​
​In a C9orf72​​Drosophila​​model of ALS/FTD, treatment​​with CFA and CNR-401 exhibits​

​transcriptomic responses relevant to Amyotrophic Lateral Sclerosis (ALS), Frontotemporal​

​Dementia (FTD), Parkinson’s Disease (PD), and Alzheimer's Disease (AD). Strong​

​downregulation of detoxification pathways suggest increased drug bioavailability​​(Gao & Hu,​

​2010; Yan et al., 2025; Yang et al., 2017)​​and support​​of endogenous neuroprotective steroids​

​(Borowicz et al., 2011; Garcia-Segura & Balthazart, 2009; Puig-Bosch et al., 2023)​​, with CFA​

​causing a systemic suppression and CNR-401 eliciting a more targeted inhibition of​
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​glucuronidation while enhancing other detoxification mechanisms such as export by ABC​

​transporters and conjugation by glutathione. The strong upregulation of ABC transporters and​

​lipid metabolism shown uniquely by CNR-401 indicates modulation of inflammation​​(Shen et​

​al., 2010; Villa et al., 2024)​​and aligns with therapeutic​​potential for neurodegenerative diseases​

​(Yan et al., 2025)​​. Furthermore, the metabolic shift​​to mitochondrial fatty acid oxidation hints at​

​a ketogenic mechanism​​(Veech, 2004)​​, relevant to the​​fatigue common in ALS patients​​(Alencar​

​et al., 2022)​​. CFA was shown to induce a distinct​​response characterized by broad synaptic​

​remodeling and regulation of excitotoxicity​​(Arnold​​et al., 2024; Dong et al., 2009)​​, as well as​

​support of mitochondrial oxidative phosphorylation. These findings suggest that CFA and​

​CNR-401 produce distinct but potentially complementary transcriptional states that align with​

​pathways implicated in neurodegenerative diseases. While CNR-401 focuses on managing lipid​

​metabolism and neuroinflammation with the engagement of glutathione to scavenge free​

​radicals, CFA targets synaptic homeostasis by controlling calcium overload and excitotoxicity.​

​In order to further explore the mechanisms of action of these two drugs, future studies should​

​utilize mammalian models of ALS to facilitate better ortholog mapping and support gene-level​

​claims. This would aid in the understanding of the impact on complex gene families where​

​members have divergent or interactive effects. Interpretation would also benefit from the​

​inclusion of a healthy control group in addition to a pathological control, with the excipient​

​added to all groups. It would also be interesting to investigate the isolated effects of other​

​CNR-401 ingredients, given the distinct signature of CFA. For now, the mechanisms of action​

​for these two treatments have been shown to be relevant to neurodegenerative pathophysiology.​
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​Coupled with toxicity assays and phenotypic evidence​​(Banwait et al., 2025)​​, CNR-401 is a​

​strong therapeutic candidate for ALS patients.​

​Data and Code Availability​
​Supplementary materials are available in this public repository:​
​https://figshare.com/projects/Transcriptomic_Effects_of_Cannabis-Derived_Therapies_in_a_Dro​
​sophila_model_of_ALS/271489​

​Figure S1​​.​​Sample QC summary​

​Figure S2. Normalization Size factors​

​Figure S3. Sample Count distributions​

​Figure S4. Sample Correlation PCA Plots​

​Figure S5. Sample Correlation Heatmaps​

​Figure S6. LFC distributions​

​Figure S7. WGCNA Module-DEG overlap​

​Table S1. RNA Extraction Stats​

​Table S2. RNA Sequencing Stats​

​Table S3. Counts matrix​

​Table S4. Sample QC Metrics​

​Table S5. DEA Results​

​Table S6. Treatment Effect GSEA Pathways​

​Table S7. Sex Effect GSEA Pathways​

​Table S8. STRING Recurrent Hub Genes​

​Table S9. STRING Network Statistics​
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​Table S11. WGCNA Hub Genes​

​Code used in this study can be found in this public repository:​
​https://github.com/gdeol4/drosophila-deseq2-workflow​
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