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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterized
by motor neuron loss, and currently has limited therapeutic options. To advance the
development of effective interventions, we conducted a comprehensive transcriptomic
analysis using a zebrafish model of ALS induced by f-N-methylamino-L-alanine (BMAA)
exposure. Zebrafish embryos were treated with candidate neuroprotective agents, including
CNR-401, Edaravone, and Cannflavin A, and assessed for phenotypic and molecular
responses. Leveraging Canurta’s DEG Pipeline Assistant, we performed high-throughput
RNA-seq analysis, identifying robust differential gene expression signatures and pathway
enrichments associated with both disease and therapeutic intervention. Our results
demonstrate that BMAA exposure induces significant motor deficits and widespread
transcriptomic alterations, notably upregulating genes involved in neuroinflammation and
extracellular matrix (ECM) remodeling. Importantly, treatment with CNR-401 not only
produced the most extensive transcriptomic response but also significantly rescued
BMAA-induced motor deficits in zebrafish larvae, directly linking molecular changes to
phenotypic improvement. Functional enrichment analyses revealed that CNR-401 modulates
processes central to ALS pathology, including inflammatory response, ECM organization,
calcium signaling, steroid metabolism, and neuronal survival via the PI3K-Akt pathway.
Edaravone and Cannflavin A elicited more limited and distinct transcriptomic changes, with
Edaravone primarily affecting metabolic and signaling pathways, and Cannflavin A
modulating metabolic and steroidogenic functions.
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Introduction

ALS is a rapidly progressive neurodegenerative disease characterized by the loss of motor
neurons, leading to muscle weakness, paralysis, and ultimately death. Despite decades of
research, effective treatments remain scarce, and the disease burden continues to grow
globally. Existing therapies, such as riluzole and edaravone, offer only modest benefits (Xu et
al. 2021), underscoring the urgent need for new therapeutic strategies that target the complex
molecular mechanisms underlying ALS pathogenesis.

Zebrafish (Danio rerio) provide a powerful vertebrate model for studying neurodegenerative
diseases due to their genetic tractability, conserved neurobiology, and suitability for
high-throughput screening. The neurotoxin BMAA is reliably known to induce ALS-like
phenotypes in zebrafish, enabling the evaluation of candidate neuroprotective compounds in
vivo (Oliveira et al. 2023).

Canurta Therapeutics is dedicated to advancing the development of novel ALS therapies
through rigorous preclinical research and innovative computational tools. This study presents
the first use of the newly developed DEG Pipeline Assistant that facilitates reproducible,
high-throughput analysis of RNA-seq data, enabling rapid identification of disease-relevant
genes and pathways that help inform therapeutic strategies (Banwait and Deol 2025).

BMAA-Treated Zebrafish Model of ALS

To model ALS-like neurodegeneration, we utilized B-methylamino-L-alanine (BMAA), a
cyanobacterial neurotoxin known to induce motor neuron toxicity and behavioral deficits in
zebrafish (Oliveira et al. 2023). Neurotoxins, and specifically BMAA, are increasingly
implicated in ALS pathogenesis (Newell et al. 2022). Dietary exposure to BMAA through
bioaccumulation in aquatic food webs has been directly linked to ALS clusters, such as the
50-100-fold increase in ALS-parkinsonism-dementia complex observed among the Chamorro
people of Guam who show an average of 6.6 ug/g BMAA in their brain tissues (Cox et al.
2003). BMAA is thought to cause this neurodegeneration through pathways such as
microglial activation, chronic inflammation, and calcium overload (Lopicic et al. 2022).

Exposure to BMAA in zebrafish reliably induces ALS-like phenotypes including motor
deficits, spinal abnormalities, altered neuromuscular junction morphology, and increased
oxidative stress (Oliveira et al. 2023), enabling the evaluation of candidate neuroprotective
compounds in vivo. Zebrafish share approximately 70% of their genes with humans, and an
estimated 84% of human disease-associated genes have at least one zebrafish ortholog
(Miyawaki 2020), making them a genetically tractable system for modeling human
pathologies. Their nervous system exhibits conserved neuroanatomy and neurochemistry,
including orthologous cannabinoid receptors (CB1 and CB2) (Luchtenburg et al. 2019),
which are critical for evaluating cannabinoid and cannflavin-based therapeutics. Additionally,



zebrafish embryos develop rapidly, are optically transparent, and are amenable to
high-throughput screening, enabling efficient assessment of neurobehavioral phenotypes and
drug efficacy. This approach leverages the genetic, physiological, and pharmacological
similarities between zebrafish and humans, providing a robust platform for the preclinical
assessment of ALS therapeutics targeting cannabinoid pathways.

CNR-401: A Novel Cannabis-Derived Formulation

CNR-401 represents a strategically assembled combination of bioactive compounds selected
for their established neuroprotective and anti-inflammatory properties. This approach
leverages the therapeutic potential of phytochemicals derived from Cannabis sativa to
address pathological changes associated with neurodegenerative conditions. Among other
primary cannabinoids, cannabidiol (CBD) serves as the primary active component in this
formulation, demonstrating extensive neuroprotective properties through anti-inflammatory
and antioxidant effects (Fernandez-Ruiz et al. 2013). CBD has generated significant interest
in its therapeutic potential against secondary injury cascades in traumatic brain injuries,
which share key pathological characteristics of ALS such as glial cell dysregulation,
excitotoxicity, and neuroinflammation (Aychman et al. 2023). The inclusion of cannabinoid
acid precursors further broadens the therapeutic spectrum of CNR-401, as these molecules
are known to offer distinct benefits compared to their decarboxylated counterparts (Kim et al.
2023). The formulation is also enhanced by select terpene ingredients, which contribute
additional anti-inflammatory and neuroprotective actions (Del Prado-Audelo et al. 2021).
Cannflavin A, a unique prenylated flavonoid, is incorporated due to its exceptional
anti-inflammatory properties achieved through dual inhibition of microsomal prostaglandin
E2 synthase-1 (mPGES-1) and 5-lipoxygenase (5-LOX) (Erridge et al. 2020), having been
found to be ~30 times more effective than aspirin in reducing inflammation (Barrett et al.
1985). The strategic design of CNR-401 leverages the entourage effect (André et al. 2024;
Russo 2011) in which cannabinoids, terpenes, and flavonoids interact synergistically to
amplify overall therapeutic effectiveness. To comprehensively assess its neuroprotective
potential in ALS, this study directly compared CNR-401’s transcriptomic effects with those
of a clinically approved positive control and pure Cannflavin A within the zebrafish model.

Materials and Methods

Solvent Toxicity Assessment

Solubilizers were necessary to make cannabinoids and terpenes in the test formulations
miscible in water, as these compounds are inherently not water-soluble, creating challenges
for aquatic organism testing. Two cyclodextrin solubilizers were evaluated:
hydroxypropyl-B-cyclodextrin (HPC) and hydroxyethyl-B-cyclodextrin (HEC). Cyclodextrins
are cyclic oligosaccharides that act as solubilizing agents and are utilized in many
commercially available drugs.



For each cyclodextrin, 100 mM stock solutions in water were prepared. Toxicity assays for
both cyclodextrins were completed at 6 days post-treatment and performed at concentrations
of 0, 0.5, 1, 5, 10, and 20 mM. Following positive results with HEC, extended toxicity testing
was conducted with concentrations of 0, 15, 20, 30, 40, and 50 mM using a freshly prepared
stock solution. Based on these results, all subsequent experiments were performed using 10
mM HEC as the final concentration to maintain safety margins while accounting for potential
additive toxicity from test compounds.

Product Toxicity Assessment

Toxicity assessments were performed on CNR-401 and Cannflavin A at final concentrations
0f0,0.5, 1,2, 5, and 10 uM. CNR-401 concentrations were expressed in terms of the highest
concentration principal active component (cannabidiol, CBD) of the complex botanical
mixture. Cannflavin A was used as a reference standard. All toxicity assays were completed
at 6 days post-treatment with HEC maintained at 10 mM final concentration in all conditions.
Diluted solutions were prepared in HEC 5-10 minutes before addition to multi-well plates.

Product Efficacy Assessment and Phenotypic Analysis

At 8 hours post-fertilization, zebrafish embryos were distributed into 48-well plates (1 per
well) and exposed to BMAA at optimized concentrations to induce ALS-like
neurodegeneration. Test compounds (CNR-401 and Cannflavin A) were administered
simultaneously at their respective NOTEC concentrations. Each experimental plate contained
non-treated controls, BMAA-treated controls, and BMAA + compound-treated wells (8 wells
per condition). Edaravone, the currently available ALS medication, was included as a
positive control. Plates were incubated at 28°C throughout the experimental period.

Behavioral assessments were conducted using the DanioVision automated behavioral
tracking system (Noldus Information Technology 2023) equipped with a GigE camera. At 6
days post-fertilization, zebrafish larvae were placed in the DanioVision system and exposed
to white light (15-16 uM/s/m) for 1 minute, followed by tracking for 20 minutes under light
conditions. Locomotion patterns were recorded and analyzed using EthoVision XT17
software (Noldus Information Technology 2023) to generate comprehensive behavioral
profiles. Following behavioral recording, larvae were visually examined to assess phenotypic
responses and remove any dead, necrotic, or morphologically affected specimens from the
analysis. Visual assessments included evaluation of cardiac edema, abnormal heart rate, body
deformation, and overall morphological integrity. Only larvae displaying normal morphology
and survival were included in the final behavioral analysis to ensure data quality and
experimental validity. Distance moved (mm) served as the primary behavioral endpoint, with
BMAA treatment expected to significantly reduce locomotion compared to untreated
controls. Effective neuroprotective compounds were anticipated to demonstrate rescue effects
by restoring locomotor activity toward control levels.

Experimental Conditions and Replication



To investigate transcriptomic responses to neuroprotective therapies in a zebrafish model of
ALS, we designed a multi-condition experiment utilizing six biological replicates per group.
Zebrafish embryos were randomly assigned to one of five experimental conditions:

e Control: Untreated zebrafish embryos, serving as the baseline reference

e BMAA: Embryos exposed to B-N-methylamino-L-alanine to induce
neurodegenerative phenotypes characteristic of ALS

e (CNR-401: BMAA-exposed embryos subsequently treated with Canurta’s drug
candidate CNR-401

e Edaravone: BMAA-exposed embryos subsequently treated with edaravone, a
clinically approved ALS therapy

e Cannflavin A: BMAA-exposed embryos subsequently treated with cannflavin A

Sample Preparation and RNA Sequencing

Non-control zebrafish embryos were exposed to BMAA to induce neurodegeneration, with
additional groups receiving candidate neuroprotective agents, including edaravone and
CNR-401. RNA was extracted using the Qiagen RNeasy kit and libraries were prepared with
the Illumina TruSeq Stranded RNA kit. Sequencing was performed on an Illumina NovaSeq
6000 platform, yielding an average of 36.3 million read pairs per sample.

Data Processing and Visualization

Raw reads were trimmed with cutadapt (Martin 2011) and mapped to the Danio rerio
reference genome using STAR (Dobin et al. 2013; Dobin and Gingeras 2015). Fastqc
(Andrews 2010) was used to analyze the quality of the reads before and after trimming.
Gene-level counts were subsequently imported into DESeq2 (Love et al. 2014) for
normalization and pairwise differential expression analysis. Lastly, the Canurta DEG Pipeline
Assistant (Banwait and Deol 2025) was employed for downstream analysis:

e Automated metadata construction and quality control (boxplots, correlation heatmap,
PCA)

e Differential expression filtering with log2 fold change > 1 and adjusted p-value < 0.05
e Visualization (MA plots, volcano plots, heatmaps)

e Ortholog mapping to human genes



e (GO and KEGG functional enrichment analysis with adjusted p-value < 0.05

Results

Solvent Toxicity Assessment

HPC demonstrated significant toxicity at 5 mM concentration, resulting in 75% larval
mortality with observable toxicity in surviving larvae including cardiac edema, abnormal
heart rate, and body deformation. Complete mortality was observed at 10 mM and 20 mM
concentrations. In contrast, HEC showed no toxicity up to 20 mM, with all larvae surviving
and displaying no morphological changes or significant decrease in movement.

Product Toxicity Assessment

Both CNR-401 and Cannflavin A demonstrated no toxicity up to 2 uM concentration.
CNR-401 showed 62.5% larval survival at 5 pM and complete mortality at 10 uM, yielding
an LC50 of 4.827 uM. Cannflavin A exhibited 37.5% survival at 5 uM and complete
mortality at 10 uM, with an LC50 of 4.694 uM. Teratotoxicity assessments closely followed
acute toxicity trends for both compounds.

Given that both products were safe up to a final concentration of 2 pM, the assays were
repeated (three biological experiments) in order to explore the toxicity between 2 and 5 uM
to find the maximum safe concentrations.

Product Efficacy Assessment

BMAA treatment significantly reduced locomotion in zebrafish larvae (p < 0.0001),
confirming the validity of the neurodegeneration model. Edaravone, the current ALS
medication, demonstrated significant rescue effects (p = 0.0002) on BMAA-treated larvae
mobility. Both CNR-401 and Cannflavin A showed significant rescue effects with p-values of
p <0.0001 and p = 0.0054, respectively (figure). All treatments were administered at 2 uM
concentration with nine biological replicates per condition.

Product Dose-Response Analysis

CNR-401 demonstrated dose-dependent efficacy with the lowest effective dose of 0.5 uM in
the BMAA-induced neurotoxicity model (figure). Cannflavin A required a higher
concentration, showing efficacy beginning at 1 pM (figure). This difference indicates
superior potency for CNR-401 at lower concentrations. Seven biological replicates were
completed for each condition in the dose-response studies.

Data Quality



Quality control assessment through boxplot visualization confirmed excellent data
consistency across the biological replicates within each condition group. The normalized
gene expression counts displayed remarkably uniform distribution patterns, with median
expression levels precisely aligned across all six replicates for each condition, indicating
successful normalization and comparable library sizes. The characteristic compression of
interquartile ranges near zero reflects the expected transcriptomic landscape where the
majority of genes exhibit low to moderate expression levels. Consistent outlier patterns
extending to approximately 500,000 normalized counts were observed across all samples,
representing highly expressed genes such as housekeeping proteins that were reproducibly
detected. This uniform distribution profile, combined with the absence of sample-specific
technical artifacts or batch effects, demonstrates robust experimental reproducibility and
validates the dataset’s suitability for downstream differential expression analysis. The boxplot
patterns align with established quality standards for normalized RNA-seq data, confirming
that technical variation has been effectively minimized while preserving genuine biological
signals.

The sample correlation analysis (figure) demonstrated high reproducibility within
experimental groups, with control samples showing strong internal correlations (r > 0.90).
Treatment groups exhibited distinct expression profiles compared to controls, as evidenced
by the hierarchical clustering pattern that segregated samples by treatment condition. The
overall correlation structure supports the validity of the experimental design and suggests that
the observed gene expression changes are treatment-specific rather than due to technical
variability.

The principal component analysis revealed substantial variability in gene expression profiles
across experimental conditions. Notably, control samples showed considerable dispersion
across the PCA space, with replicates distributed from the bottom region (PC1 >= 150, PC2
~—150) to the upper right quadrant (PC1 =150, PC2 =50), indicating significant baseline
heterogeneity in untreated samples. BMAA treatment and therapeutic interventions
(CNR401, Edaravone, and Cannflavin A) showed similarly dispersed patterns across both
principal components, which together explain 38.04% of the total variance. The observed
variability in RNA-seq data aligns with established norms (Son et al., 2018).

Differentially Expressed Genes

Differential gene expression analysis between BMAA-affected and treated conditions
revealed distinct therapeutic responses across the three neuroprotective compounds (figures).
CNR-401 treatment resulted in 1,576 significantly differentially expressed genes, while
Edaravone treatment showed 359 differentially expressed genes, and Cannflavin A treatment
demonstrated 130 differentially expressed genes. These findings indicate varying degrees of
transcriptomic modulation, with CNR-401 exhibiting the most extensive gene expression
changes relative to BMAA-affected conditions.



Table
Ortholog Mapping

Mapping the significantly expressed DEGs from the BMAA-affected vs CNR-401-treated
comparison revealed that the top 19 genes belonged to the UGT Gene Family and were all
downregulated. It is important to note that these 19 human UGT genes mapped from the same
underlying zebrafish gene transcripts, explaining the identical or nearly identical expression
values. This ortholog mapping thus indicates a coordinated downregulation of the UGT
family rather than independent measurements. In the BMAA vs control comparison, this
family of orthologs showed only approximately a -0.5 log2foldchange (supplemental data),
demonstrating the significant impact of CNR-401 on these pathways.

Table
Functional Enrichments

Gene ontology (GO) biological process enrichment analysis revealed that, in the BMAA
versus BMAA-+CNR401 comparison (figure), the most significantly enriched terms included
extracellular matrix organization, external encapsulating structure organization, cellular
response to cytokine stimulus, extracellular structure organization, cytokine-mediated
signaling pathway, steroid metabolic process, estrogen metabolic process, calcium-mediated
signaling, inflammatory response, and regulation of angiogenesis. For the BMAA versus
control comparison (figure), enriched GO biological processes included cellular response to
cytokine stimulus, cellular response to growth hormone stimulus, growth hormone receptor
signaling pathway, cytokine-mediated signaling pathway, extracellular matrix organization,
sulfation, ethanol catabolic process, positive regulation of receptor signaling pathway via
STAT, ethanol metabolic process, and external encapsulating structure organization.

KEGG pathway enrichment analysis showed that, in the BMAA versus BMAA+CNR401
comparison (figure), the top enriched pathways were cytokine-cytokine receptor interaction,
steroid hormone biosynthesis, ascorbate and aldarate metabolism, porphyrin and chlorophyll
metabolism, pentose and glucuronate interconversions, bile secretion, PI3K-Akt signaling
pathway, metabolism of xenobiotics by cytochrome P450, ovarian steroidogenesis, and
retinol metabolism. In the BMAA versus control comparison (figure), enriched KEGG
pathways included JAK-STAT signaling pathway, PI3K-Akt signaling pathway, pathways in
cancer, cytokine-cytokine receptor interaction, ovarian steroidogenesis, ECM-receptor
interaction, Th17 cell differentiation, choline metabolism in cancer, human papillomavirus
infection, and small cell lung cancer.

Discussion



CNR-401 Induces Broad Transcriptomic Changes in BMAA-Exposed Zebrafish

Our analysis revealed that CNR-401 treatment produces a strikingly extensive alteration in
gene expression profiles compared to BMAA-alone exposure or subsequent treatment with
other therapies. In the BMAA vs. BMAA + CNR-401 comparison, 1,576 genes were
significantly differentially expressed, far exceeding the 359 DEGs observed with Edaravone
and 130 with Cannflavin A. This indicates that CNR-401 elicits a broad transcriptomic
response in the ALS model. Notably, the vast majority of CNR-401-modulated genes (1427
genes) were downregulated relative to BMAA-alone, with only 149 upregulated. This pattern
suggests that CNR-401 largely counteracts or normalizes many of the gene expression
changes induced by BMAA. In other words, genes pathologically elevated in the BMAA
condition tend to be suppressed by CNR-401, pointing to a robust mitigation of
BMAA-driven molecular perturbations. Such a widespread reversal of BMAA effects implies
that CNR-401 engages multiple biological pathways, consistent with a multi-target
mechanism of neuroprotection. In contrast, Edaravone and Cannflavin A triggered
comparatively modest transcriptomic shifts, highlighting that CNR-401’s impact is both
broader and more potent in this model. The fact that CNR-401 rescued diseased zebrafish in
the functional mobility analysis at least confirms that this breadth of gene regulation is not
harmful and instead may translate into a more comprehensive therapeutic effect, as ALS
pathology involves myriad dysregulated processes. However, this large amount of genetic
changes does warrant careful interpretation.

Top Differentially Expressed Genes Reveal CNR-401’s Multi-Target Neuroprotective
Mechanisms

Several of the most dysregulated genes in the CNR-401 treatment group have clear links to
ALS pathophysiology. UDP-glucuronosyltransferase (UGT) family members dominated the
top-ranked DEGs. UGTs are Phase II detoxification enzymes responsible for glucuronidation
of endogenous toxins and xenobiotics (Rowland et al. 2013). One explanation of their
coordinated suppression suggests that CNR-401 reduced the need for BMAA detoxification
via glucuronidation. In this interpretation, CNR-401 aids in neutralizing or clearing BMAA
(or its toxic metabolites) by other means, thereby reducing reliance on endogenous
UGT-mediated glucuronidation. In essence, if BMAA exposure alone induces UGT
expression as a compensatory detox response, the addition of CNR-401 appears to alleviate
that stress, resulting in lower UGT levels. A second interpretation supported by the functional
enrichments is that the suppression of UGT genes reduces their known conjugation and
elimination of steroids, thereby increasing levels of endogenous neuroprotective steroids,
discussed later in this subsection.

Several other ALS-relevant genes were significantly downregulated by CNR-401, aligning
with beneficial modulation of neuroinflammatory and neurodegenerative pathways. URGCP
(Upregulator of Cell Proliferation) was one such gene. URGCP is a cell-cycle regulator that
drives proliferation via Wnt/B-catenin signaling (Liu et al. 2020), and its reduction in the
CNR-401 group is particularly noteworthy. In ALS, excessive proliferation of glial cells



(astrocytes and microglia) contributes to neuroinflammation and scarring (Singh 2022);
therefore URGCP downregulation may help curb this pathological gliosis. Indeed,
suppression of URGCP/Wnt signaling has been shown to dampen microglial activation and
neuroinflammation in the spinal cord (Li et al. 2024), suggesting that CNR-401 creates a
more quiescent glial environment.

Another key gene, DAO (D-amino acid oxidase), was also markedly downregulated,
consistent with neuroprotective mechanisms observed in ALS models. It has been
demonstrated that DAO inactivation in astrocytes reduces D-serine-mediated excitotoxicity,
protecting motor neurons (Sasabe et al. 2011). However, DAO loss-of-function mutations in
neurons have been linked to elevated D-serine and neurodegeneration (Kondori et al. 2018),
highlighting context-dependent effects. CNR-401-induced DAO suppression may reflect
astrocyte-specific modulation, a complex feedback mechanism, or a time-dependent effect —
for example, if BMAA exposure had suppressed D-serine availability, lowering DAO could
be a compensatory attempt to restore normal neurotransmission. Additionally, CNR-401’s
other actions (e.g. anti-glutamatergic or antioxidant effects) might buffer the impact of
increased D-serine in neurons. These findings underscore the intricacy of excitotoxic
pathways in ALS and suggest that while CNR-401 broadly mitigates BMAA toxicity, certain
aspects like D-serine metabolism require further investigation. Despite this complexity, the
functional mobility data showed that CNR-401 treatment rescues BMAA-induced motor
deficits, suggesting that any potential risks associated with altered D-serine metabolism are
indeed outweighed by the compound’s overall neuroprotective effects in vivo.

MXRAS (Matrix Remodeling Associated 5) was already slightly downregulated in
BMAA-exposed zebrafish compared to control (Supplemental Data), but treatment with
CNR-401 caused a much greater suppression. MXRAS is involved in extracellular matrix
(ECM) remodeling and can facilitate MMP-9 activation, contributing to breakdown of the
blood-spinal cord barrier and tissue damage (Youn Lee et al. 2014). The pronounced
suppression of this gene therefore suggests that CNR-401 enhances a protective response.
This suppression likely reflects modulation of the well-established TGF-f1 pathway, which
controls MXRAS expression and ECM homeostasis (Poveda et al. 2017). Our GO enrichment
analysis strongly supports this hypothesis by identifying extracellular matrix organization
processes among the most significantly enriched terms in the CNR-401 group, indicating that
therapeutic effects are largely mediated by the restoration of ECM stability. Reduced
MXRAS expression is part of this larger protective modulation of the ECM, leading to
reduced extracellular proteolysis and a more intact neurovascular unit, thereby protecting
motor neurons from inflammatory infiltration and toxic exposure (discussed further in this
subsection).

Both HLA-DQA1 and HLA-DQAZ2, major histocompatibility complex (MHC) class II
immune genes, were also among the top downregulated transcripts. Both proteins modulate
immune responses with the HLA-DQAT1 protein forming a functional complex with
HLA-DQBI to create an antigen-binding heterodimer that displays foreign peptides derived
from extracellular proteins to the immune system (MedlinePlus Genetics 2023), and



HLA-DQA2 modulating immune responses through non-classical pathways (Rudy and Lew
1997). In the central nervous system, MHC class II molecules like HLA-DQ are typically
absent under healthy conditions but become upregulated on microglia during
neuroinflammatory processes, making them key markers of activated immune cells in the
brain (Neumann et al. 1998). Lower HLA-DQ expression therefore suggests suppression of
neuroimmune activation in treated zebrafish. This aligns with CNR-401’s general
anti-inflammatory signature, as reduced MHC II expression limits the activation of CD4+ T
cells and the transition of microglia from a resting to a reactive, pro-inflammatory state in the
CNS. Along with URGCP and MXRAS, the downregulation of HLA-DQA1 and
HLA-DQAZ2 reinforces the notion that CNR-401 dampens processes that contribute to
neuroinflammation and the neurodegenerative environment.

In contrast to the many downregulated genes, UNG (Uracil-DNA glycosylase) stood out as
one of the few upregulated genes. UNG is a DNA repair enzyme involved base-excision
repair that removes uracil from DNA, thereby correcting cytosine deamination and other
oxidative DNA damage (Schormann et al. 2014). Its upregulation by CNR-401 suggests an
enhanced capacity for genomic maintenance in response to BMAA toxicity and associated
oxidative stress, which inflicts DNA damage in neurons (Chiu et al. 2012). Given that
accumulated DNA damage in motor neurons is a known contributor to ALS progression (Kok
et al. 2021), this pro-repair response would be neuroprotective.

Collectively, the top DEGs indicate that CNR-401 treatment modulates key players in
detoxification and steroid metabolism (UGT genes), cell proliferation/inflammation (URGCP,
HLA-DQA1, HLA-DQAZ2), excitotoxic signaling (DAQO), matrix integrity (MXRAS), and
genomic stability (UNG). Such changes are broadly consistent with a therapeutic shift toward
neuroprotection — reducing toxic exposures, calming injurious immune activity, preserving
structural support, and bolstering repair mechanisms.

Enriched Biological Processes: ECM Organization and Inflammation

The differential expression patterns translate into clear enrichment of biological processes
and pathways relevant to ALS. The Gene Ontology enrichment analysis reveals a compelling
convergence of two fundamental pathological processes that serve as immediate contributors
to motor neuron degeneration in ALS: inflammatory response and extracellular matrix
(ECM) organization. These processes represent the most direct mechanisms by which BMAA
initiates motor neuron injury and how CNR-401 subsequently counteracts these damaging
processes.

The enrichment of ECM organization terms “extracellular matrix organization”, “external
encapsulating structure organization”, and “extracellular structure organization” in our
analysis directly reflects the mechanistic foundation of ALS pathology described in the
literature. Research of the related neurodegenerative disease multiple sclerosis (MS) has
demonstrated that many ECM components elevated during tissue damage are inherently



pro-inflammatory and enhance inflammatory processes (Ghorbani and Yong 2021). Within
the context of ALS, breakdown of the extracellular matrix represents a critical initiating event
that triggers a cascade of inflammatory responses leading to motor neuron degeneration
(Maguire 2017). In healthy neural tissue, stable ECM and basement membranes provide
structural support that maintains microglia in a ramified, quiescent state. However, when
ECM breakdown occurs, microglia become mobile and reactive, further degrading the
already compromised extracellular matrix and establishing a chronic para-inflammatory state
in the motor tracts (Maguire 2017). This creates a self-perpetuating cycle where ECM
damage promotes inflammation, which in turn exacerbates ECM degradation.

This prominent enrichment of inflammatory response processes was captured in our Gene
Ontology analysis, which showed "inflammatory response", "cytokine-mediated signaling
pathway", and "cellular response to cytokine stimulus" among the most significant terms.
This provides compelling evidence for neuroinflammation’s central role in ALS
pathogenesis. The convergence of inflammatory processes aligns with extensive research that
demonstrates neuroinflammation as a fundamental mechanism that drives motor neuron
injury rather than merely a secondary consequence of neurodegeneration. Motor neuron
degeneration in ALS operates through non-cell autonomous mechanisms, where motor
neuron death results not solely from intrinsic cellular defects but from active contributions of
surrounding glial cells. This concept has been definitively established through chimeric
mouse studies demonstrating that wild-type neurons acquire ALS phenotypes when
surrounded by glial cells expressing mutant proteins, confirming that the cellular environment
directly determines motor neuron survival (Komine and Yamanaka 2015).
Neuroinflammation in ALS is characterized by coordinated activation of multiple immune
and glial populations that directly contribute to motor neuron degeneration. This
inflammatory milieu includes infiltration of peripheral lymphocytes and macrophages,
widespread activation of resident microglia and reactive astrocytes, and engagement of
complement cascades that collectively contribute to motor neuron death through the
coordinated release of pro-inflammatory cytokines, reactive oxygen species, and other
neurotoxic factors (Liu and Wang 2017). The neuroinflammatory response transforms the
normally supportive glial environment into one that actively promotes motor neuron
degeneration, establishing neuroinflammation as a primary therapeutic target for
disease-modifying interventions in ALS (Liu and Wang 2017).

The observation that inflammatory response and ECM organization are enriched processes in
both BMAA toxicity and CNR-401 treatment provides compelling evidence for a coherent
pathological and therapeutic narrative. This shared enrichment demonstrates that these
biological processes constitute the core molecular battleground where neurodegeneration
occurs and where therapeutic intervention must be focused. The initial exposure to BMAA
triggers ECM degradation and neuroinflammation that directly damages motor neurons.
Then, subsequent CNR-401 treatment appears to target these same fundamental pathways,
suggesting that this therapeutic specifically addresses the root mechanisms of
BMAA-induced motor neuron injury. While BMAA disrupts these systems through toxic
mechanisms, CNR-401’s multi-target botanical approach modulates the same pathways



through protective mechanisms. The therapeutic enrichment of these pathways likely
represents CNR-401’s dual capacity to stabilize ECM integrity while simultaneously
modulating inflammatory responses to create a more permissive environment for motor
neuron survival and potential regeneration. This convergence of pathological initiation and
therapeutic intervention on identical biological processes underscores the mechanistic
precision of CNR-401’s therapeutic approach and validates the fundamental importance of
ECM organization and inflammatory response as direct contributors to motor neuron injury in
ALS.

Enriched Biological Processes: Calcium Signaling and Steroid Metabolism

The Gene Ontology enrichment of calcium-mediated signaling and steroid metabolic
processes represents a secondary tier of regulatory mechanisms that modulate cellular stress
responses and provide neuroprotective functions in ALS pathogenesis. These pathways
operate as crucial modulators of cellular homeostasis, influencing both the susceptibility to
neurodegeneration and the capacity for neuroprotective responses following initial ECM and
inflammatory damage.

Motor neurons in ALS exhibit fundamental vulnerabilities in calcium homeostasis that
predispose them to calcium-mediated toxicity. These neurons express high levels of
calcium-permeable AMPA receptors while maintaining low calcium buffering capacity,
creating susceptibility to intracellular calcium overload (Leal and Gomes 2015). This calcium
dysregulation operates through a "toxic shift" (Grosskreutz et al. 2010) within the
endoplasmic reticulum-mitochondria calcium cycle, representing a key mechanism in motor
neuron degeneration. The chronic excitotoxicity mediated by AMPA receptors initiates a
self-perpetuating process of intracellular calcium dysregulation with consecutive endoplasmic
reticulum calcium depletion and mitochondrial calcium overload, ultimately spiraling toward
catastrophic levels of cytosolic calcium (Grosskreutz et al. 2010; Guatteo et al. 2007). The
enrichment of "calcium-mediated signaling" in the CNR-401 versus BMAA comparison
provides molecular evidence for CNR-401’s potential therapeutic effects through modulation
of these fundamental cellular stress response mechanisms that are compromised in ALS
pathology.

The emergence of steroid metabolic process and specifically estrogen metabolic process in
GO enrichment correlates with the downregulation of UGT (UDP-glucuronosyltransferase)
enzymes that conjugate steroid hormones, and reflects CNR-401’s anti-catabolic influence on
critical endogenous neuroprotective mechanisms. The central nervous system possesses
capacity for local steroid synthesis, producing progesterone, testosterone, and estradiol that
provide neuroprotective effects independent of peripheral hormonal sources (Garcia-Segura
and Balthazart 2009; Borowicz et al. 2011). For example, one such neurosteroid is
allopregnanolone, a progesterone metabolite that demonstrates neuroprotective properties
through mechanisms including GABA-A receptor modulation, anti-apoptotic signaling, and
neuroinflammation regulation (Borowicz et al. 2011; Puig-Bosch et al. 2023). Estrogen



metabolism pathways are particularly relevant to ALS, demonstrating anti-apoptotic
mechanisms, calcium homeostasis regulation, microglial modulation, anti-inflammation, and
antioxidant activities (Brann et al. 2007; Bustamante-Barrientos et al. 2021). Specific
examples include 17B-estradiol which demonstrates direct protective effects on spinal motor
neurons through anti-apoptotic and anti-inflammatory actions on glial cells
(Cardona-Rossinyol et al. 2013), and estrogen signaling mediated by G-protein-coupled
receptor 30 (GPR30) which demonstrates similar anti-apoptotic effects on motor neurons
(Chen et al. 2015). The downregulation of steroid-conjugating enzymes by CNR-401
suggests a sophisticated therapeutic strategy that enhances the bioavailability and duration of
action of endogenous neuroprotective steroids. This mechanism provides a molecular
explanation for how botanical therapeutics can enhance natural neuroprotective responses
without requiring exogenous hormone supplementation.

The enrichment of both calcium and steroid processes suggests that CNR-401 targets these
interconnected regulatory systems to provide comprehensive neuroprotective effects. By
modulating calcium homeostasis while potentially enhancing neurosteroid bioavailability,
CNR-401 appears to restore cellular capacity for adaptive responses to pathological stimuli
while enhancing endogenous neuroprotective mechanisms that are compromised in ALS
progression. These enriched terms represent sophisticated therapeutic targets that address
multiple levels of cellular dysfunction, explaining how botanical therapeutics can
simultaneously target excitotoxicity, neuroinflammation, and cellular stress responses.

KEGG Pathway Enrichment Reinforces GO Biological Process and Gene Expression
Findings

KEGG pathway enrichment analysis reinforces these GO biological process findings. After
CNR-401 treatment, “cytokine—cytokine receptor interaction” was the top pathway, directly
supporting the GO enrichment of inflammatory response processes and confirming that
CNR-401’s therapeutic mechanism involves comprehensive modulation of immune signaling
networks that drive neuroinflammation in ALS pathogenesis. This pathway enrichment
indicates that CNR-401 affects not only individual cytokine expression but the broader
intercellular communication systems that perpetuate chronic neuroinflammatory states.

Furthermore, the enrichment of the "steroid hormone biosynthesis" and "ovarian
steroidogenesis" pathways directly reinforces the previous interpretation that CNR-401
enhances the bioavailability and persistence of endogenous neuroprotective steroids
(Enriched Biological Processes: Steroid Metabolism). These KEGG pathways capture the
broader metabolic context in which UGT downregulation operates, highlighting that the
transcriptomic impact of CNR-401 extends beyond isolated gene effects to coordinated
modulation of entire steroidogenic networks. This systemic enrichment supports the
conclusion that CNR-401 not only reduces steroid catabolism via UGT suppression but also
potentially upregulates or stabilizes upstream biosynthetic processes, thereby amplifying the
pool of neuroactive steroids available to exert anti-inflammatory, anti-apoptotic, and
neuroprotective functions relevant to ALS pathophysiology.



Appearance of "ascorbate and aldarate metabolism" and "retinol metabolism" among
enriched pathways provides mechanistic insight into CNR-401’s antioxidant capabilities,
complementing the GO enrichment of calcium signaling and steroid metabolic processes, and
the marked downregulation of DAO. Ascorbate (vitamin C) is a major direct antioxidant and
free radical scavenger in the central nervous system (Munteanu et al. 2024; Rice 2000),
playing a critical role in neutralizing reactive oxygen species and protecting neurons from the
oxidative stress in ALS pathogenesis. Similarly, retinol metabolism enrichment indicates
modulation of vitamin A, an indirect antioxidant (Plascencia-Villa and Perry 2023). Both
vitamins A and C have been highlighted as natural antioxidants with the potential to suppress
neural oxidative damage and slow neurodegeneration in ALS (Petrovic et al. 2020).

Two metabolic pathways—"pentose and glucuronate interconversions" and "metabolism of
xenobiotics by cytochrome P450"—directly relate to the detoxification effect and the
coordinated downregulation of UGT enzymes discussed previously. The pentose and
glucuronate interconversions pathway represents a fundamental phase II detoxification
mechanism (Yan et al. 2017) and the central biochemical process within this pathway,
glucuronidation, is primarily catalyzed by UDP-glucuronosyltransferase (UGT) enzymes
(Sun et al. 2018). This evidence thus demonstrates that CNR-401 fundamentally alters
cellular detoxification capacity by targeting both the enzymatic machinery (UGT
downregulation) and the broader metabolic framework (pathway enrichment) of Phase 11
conjugation processes. Transcriptomic analyses across multiple species have consistently
identified metabolism of xenobiotics by cytochrome P450 as a major Phase I pathway
intersecting with the broader detoxification processes (Snyder 2000; Liu et al. 2022). The
enrichments of these two pathways thus provide systems-level evidence that CNR-401
reduces the metabolic burden of toxin processing, with cytochrome P450 enzymes catalyzing
Phase I oxidative metabolism and glucuronidation serving as a critical Phase II conjugation
step that enhances the water solubility and excretion of metabolites (Liu et al. 2022).

Novel Pathway Identified by KEGG and Comparison to Control

Beyond validating GO enrichment findings, KEGG analysis revealed additional therapeutic
mechanisms not captured in biological process enrichment. The enrichment of the PI3K-Akt
signaling pathway represents a critical finding, as this pathway serves as a central regulator of
neuronal survival and has been extensively implicated in neuroprotective mechanisms across
numerous neurodegenerative diseases (Rai et al. 2019). The PI3K-Akt pathway plays a
pivotal role in neuroprotection by promoting cell survival through stimulation of cell
proliferation and inhibition of apoptosis, and modulation of cellular stress responses
including oxidative stress and inflammatory signaling (Chen et al. 2023). In ALS
pathogenesis specifically, studies using SOD1-G93A ALS mouse models have shown that
treatments enhancing PI3K-Akt signaling reduce disease progression by improving motor
function and reducing pathological changes (Qi et al. 2022). This enrichment therefore
suggests that CNR-401’s neuroprotective effects partially operate through activation of



survival signaling cascades that counteract BMAA-induced oxidative stress, inflammatory
responses, and apoptotic cell death.

For contextual comparison, the BMAA versus control enrichment included terms such as
JAK-STAT signaling pathway, P13K-AKT signaling pathway, cytokine-cytokine repceptor
interaction, and ECM-receptor interaction, confirming that BMAA exposure induces
inflammatory and destructive responses characteristic of neurodegenerative injury. The
therapeutic enrichment patterns in CNR-401 treatment directly counteract these pathological
processes, demonstrating mechanistic specificity in addressing BMAA-induced molecular
perturbations.

The convergence of KEGG pathway and GO enrichment analyses establishes that CNR-401’s
neuroprotective mechanism operates through coordinated modulation of inflammation
(cytokine signaling), steroid bioavailability (steroid biosynthesis), antioxidant defense
(vitamin metabolism), detoxification (glucuronate and xenobiotic metabolism), and cellular
survival (PI3K-Akt)—precisely targeting pathological processes that drive ALS progression.

Comparing to Edaravone and Cannflavin A: Distinct Mechanistic Signatures

The differences between CNR-401’s transcriptomic effects and those of Edaravone or
Cannflavin A shed light on their divergent mechanisms of action. Edaravone, an
FDA-approved ALS drug, is a well-known free radical scavenger that provides
neuroprotection by reducing oxidative stress and delaying motor neuron deterioration (Singh
et al. 2024; Xu et al. 2021). Its mechanism operates through direct chemical neutralization of
reactive oxygen species, making it fundamentally a non-genomic intervention rather than a
transcriptional modulator. In our study, Edaravone treatment after BMAA exposure led to
relatively few DEGs (only 359, with the vast majority being downregulations). However, this
limited transcriptomic footprint does not align with precise targeting of oxidative stress
pathways as the literature claims. Our pathway enrichment analysis revealed no significant
enrichment of oxidative stress-related pathways and instead revealed metabolic pathways
including steroid biosynthesis, lipid metabolism, and alcohol metabolism, alongside cell
signaling pathways such as PI3K-Akt, VEGF, and JAK-STAT signaling (Supplemental Data).
This limited yet scattered transcriptomic footprint may explain why Edaravone provides only
modest clinical benefits despite FDA approval (Xu et al. 2021); The scattered pattern
suggests that edaravone lacks the focused potency needed for robust therapeutic intervention.
CNR-401, by contrast, alters hundreds of genes across diverse pathways in a more
coordinated fashion, suggesting a more comprehensive and effective therapeutic mechanism
that addresses multiple aspects of neurodegeneration simultaneously rather than superficially
touching many pathways.

Cannflavin A, a flavonoid from Cannabis sativa, was included as another comparator. In our
zebrafish ALS model, pure Cannflavin A treatment at 2 uM after BMAA exposure resulted in
130 differentially expressed genes (DEGs), with a predominant upregulation pattern (91 up
vs 39 down, Supplemental Data). Remarkably, the enrichment analysis revealed that



Cannflavin A did not significantly enrich inflammatory response pathways, despite its
well-established anti-inflammatory properties (Erridge et al. 2020; Barrett et al. 1985). Our
enrichments showed that it instead activated metabolic, antioxidant, and steroidogenic
pathways (Supplemental Data). This apparent discrepancy can be explained by critical
pharmacological and mechanistic factors that highlight the complexity of natural product
bioactivity translation from in vitro to in vivo systems. While our 2 pM concentration
theoretically exceeds the reported cell-free (in-vitro) IC50 values for these enzymes
(mPGES-1 inhibition at 1.8 uM and 5-LOX inhibition at 0.9 uM) (Erridge et al. 2020), in
vivo bioavailability factors, which are known to significantly reduce effective tissue
concentrations (Stielow et al. 2023), may have prevented proper inhibition. Critically,
Cannflavin A treatment still improved locomotor function in BMAA-exposed zebrafish,
demonstrating functional neuroprotective efficacy despite the absence of classical
inflammatory pathway modulation. Regardless of through which mechanisms, the scope of
changes with Cannflavin A was still limited compared to CNR-401. Notably, Cannflavin A
did not trigger the concerted downregulation of UGT enzymes that CNR-401 did, nor did it
upregulate DNA repair enzymes or modulate the P13K/Akt pathway, suggesting that these
effects are unique to CNR-401. These distinct transcriptomic signatures allow us to directly
compare how CNR-401’s mechanism differs from these known therapies. Edaravone’s
signature is one of a scattered modulator with limited effects across diverse pathways and
Cannflavin A’s signature (at this concentration) was that of a focused modulator of metabolic
and steroidogenic functions. CNR-401, however, produced a hybrid signature by combining
these elements plus anti-inflammation, regulation of calcium overload, cellular survival
through PI3K-Akt signaling, and even DNA-reparative effects.

CNR-401 Has Superior Anti-inflammatory Activity

When CNR-401 was tested at a concentration of 2 uM, the compound demonstrated robust
anti-inflammatory gene expression signatures, including significant downregulation of
cytokine signaling pathways and MHC-II genes (HLA-DQA1/DQA?2). This anti-inflammatory
transcriptomic response is particularly noteworthy given that pure Cannflavin A, when tested
at the same 2 pM concentration, failed to enrich canonical inflammatory-response pathways
despite its well-established anti-inflammatory properties. The complex botanical composition
of CNR-401 may contribute to its broader and more pronounced modulation of inflammatory
gene networks through the additive effects of its various components, and potentially through
synergistic interactions between them. Although the current study is not designed to assess
synergy, such effects have been proposed between cannabinoids and terpenes in various other
therapeutic areas (Russo 2011). What can be said about these results is that CNR-401
achieves therapeutic anti-inflammatory effects at total concentrations where Cannflavin A
would be insufficient, supporting a sophisticated combinatorial strategy that maximizes
therapeutic benefit while potentially minimizing the concentration requirements of any single
active ingredient.



Summary of CNR-401’s Neuroprotective Mechanisms

Our transcriptomic analysis reveals that CNR-401 addresses multiple pathological processes
underlying ALS through a coordinated molecular response. The compound demonstrates
multi-targeted neuroprotection by simultaneously modulating eight key mechanisms:

Neuroinflammation Suppression and ECM Stabilization: CNR-401 downregulates key
inflammatory mediators including URGCP and HLA-DQA1/DQAZ2, while matrix remodeling
gene MXRAS shows pronounced suppression. GO enrichment reveals terms related to
extracellular matrix organization and inflammatory/immune response, while KEGG pathway
analysis identifies "cytokine-cytokine receptor interaction" and "ECM-receptor interaction"
as significantly enriched, confirming comprehensive modulation of immune signaling
networks and ECM stabilization.

Detoxification Pathway Modulation: Coordinated downregulation of 19 human UGT
orthologs represents the most striking transcriptomic signature and KEGG pathways "pentose
and glucuronate interconversions" and "metabolism of xenobiotics by cytochrome P450" are
significantly enriched, indicating fundamental alterations in Phase I and Phase 11
detoxification processes.

Neurosteroid Biosynthesis Enhancement: The coordinated UGT downregulation directly
impacts neurosteroid bioavailability through reduced conjugation, supported by GO and
KEGG enrichments of steroid and estrogen metabolic processes. This enhances production
and persistence of neuroactive steroids with anti-inflammatory and neuroprotective
properties.

Excitotoxicity Modulation: CNR-401’s downregulation of DAO likely reflects
astrocyte-specific effects or compensatory mechanisms that contribute to CNR-401’s
comprehensive approach to addressing excitotoxic stress in ALS pathogenesis.

Antioxidant Defense Enhancement: KEGG pathway enrichment reveals "ascorbate and
aldarate metabolism" and "retinol metabolism" as significantly enriched pathways, indicating
enhanced antioxidant capacity through vitamin C and vitamin A metabolism.

- Regulation of Calcium Overload: GO enrichment of "calcium-mediated signaling" indicates
that CNR-401 modulates calcium buffering to prevent calcium overload. This regulation
addresses the fundamental "toxic shift" in calcium homeostasis that characterizes motor
neuron death.

DNA Repair Enhancement: UNG (Uracil-DNA glycosylase) upregulation indicates
enhanced base-excision repair capacity, representing a mechanism not addressed by current
ALS therapies. This suggests improved genomic maintenance capacity against oxidative
DNA damage.

Cellular Survival Through PI3K-Akt Signaling: KEGG enrichment of "PI3K-Akt
signaling pathway" represents a critical finding, as this pathway serves as a central regulator
of neuronal survival and neuroprotective mechanisms across neurodegenerative diseases.
This suggests CNR-401’s effects operate through activation of survival signaling cascades
that counteract oxidative stress and apoptotic cell death.



This comprehensive molecular analysis demonstrates that CNR-401’s neuroprotective
efficacy stems from coordinated multi-pathway modulation rather than single-target effects.
Critically, these transcriptomic changes translate into functional neuroprotection, as
demonstrated by significant rescue of locomotor deficits in BMAA-exposed zebrafish,
confirming that molecular modulation preserves motor outcomes in this ALS model.

Future Research Directions

Interpretation of transcriptomic data requires careful consideration as a more extensive
change in gene expression (as seen with CNR-401) does not automatically equate to superior
clinical efficacy; some changes could be neutral or even maladaptive. The observed DAO
downregulation in CNR-401-treated subjects exemplifies this complexity. While functional
mobility assessments demonstrated that CNR-401 treatment rescues rather than exacerbates
BMAA-induced motor deficits, examples like DAI emphasize the critical importance of
integrating transcriptomic and functional analyses to accurately evaluate the net therapeutic
impact of candidate interventions on disease-relevant outcomes. Although CNR-401
demonstrated a positive net therapeutic effect in this study, the extensive genetic
modifications warrant detailed mechanistic investigation to establish clinical relevance for
each significant genetic change.

Edaravone’s limited transcriptomic signature yet comparable functional outcome seems to
suggest that focused molecular interventions can achieve meaningful therapeutic outcomes
with minimal transcriptomic disruption. Despite inducing far fewer differentially expressed
genes than CNR-401 (359 versus 1,576 DEGs), Edaravone produced comparable functional
rescue in our mobility assessments. This indicates that strategic modulation of key pathways
may be as effective as broad transcriptomic reprogramming. However, this pattern may
simply reflect the limitations of our BMAA-induced ALS model in revealing the full
therapeutic potential of CNR-401’s multi-pathway modulation. To determine whether
CNR-401’s extensive genetic changes confer additional therapeutic advantages compared to
Edaravone, both compounds should be tested across diverse experimental conditions that
challenge different aspects of ALS pathophysiology, such as chronic neurodegenerative
models and genetic ALS variants. The potential value of CNR-401’s extensive transcriptomic
modulation may only become apparent under these specific disease conditions or patient
contexts not captured by our current model, emphasizing the critical importance of
comprehensive preclinical testing to fully evaluate its therapeutic potential.

Given that the transcript-level changes observed with CNR-401 are now matched by robust
functional neuroprotection (the significant rescue of locomotor activity in BMAA-exposed
zebrafish), CNR-401 emerges as a promising next-generation multi-target therapeutic
candidate for ALS. The convergence of molecular and behavioral efficacy strengthens the
rationale for further preclinical development and positions CNR-401 as a lead compound
capable of addressing the complex, multifactorial pathology of ALS. Future studies should
validate these multi-target genetic interpretations by measuring corresponding biochemical
changes, such as neurosteroid levels or oxidative damage markers, in CNR-401-treated



subjects. Additionally, comparing CNR-401’s transcriptomic signature to those from other
ALS models or patient-derived cells could further clarify how this compound fits into the
landscape of ALS therapeutics. Nonetheless, the current results are encouraging: they suggest
that CNR-401 intervenes in multiple downstream consequences of ALS pathology,
potentially offering a broader therapeutic benefit than existing single-mechanism drugs.
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