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Abstract. 60 

Phytomedicines have played a vital role in traditional medical systems globally, particularly in 61 

providing culturally relevant and accessible healthcare solutions. Piper methysticum, known as 62 

Kava, is a traditional Pacific Island phytomedicine with clinically validated anxiolytic properties, 63 

primarily attributed to its Kavalactones. However, the biogeographically restricted distribution of 64 

Piper methysticum and the ecological and cultural concerns surrounding its widespread adoption 65 

highlight the need to explore alternative sources within the Piper genus. This study investigates 66 

whether other species within the Piper genus, used phytomedically in non-Pacific contexts, 67 

exhibit similar therapeutic efficacy for anxiety, stress, and related disorders including Post-68 

Traumatic Stress Disorder (PTSD). We employed a computational approach utilizing a novel 69 

data platform of non-Western phytomedical pharmacopeias to analyze the secondary 70 

metabolomes of various Piper species. Network analysis and multidimensional data projections 71 

were used to compare the chemical composition and therapeutic indications of these species with 72 

those of Piper methysticum. Our findings suggest that while Kavalactones are predominantly 73 

unique to Piper methysticum, other Piper species also contain bioactive compounds associated 74 

with anxiolytic and stress-relieving effects. These results provide insight into the potential for 75 

culturally and biogeographically contextualized approaches to PTSD treatment, beyond the 76 

exclusive use of Kava, and lay the groundwork for future research into alternative 77 

phytomedicinal therapies within the Piper genus. 78 

 79 

 80 

 81 
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Introduction. 83 

Kava (Piper methysticum G. Fost., Piper methysticum) is a culturally and pharmacologically 84 

significant plant in the Pacific region. Piper methysticum has increasing relevance for addressing 85 

complex neuropsychiatric and pain-related conditions that are underserved by current standards 86 

of care [1–4]. Kava is consumed by Pacific peoples in both ceremonial and less formal settings 87 

[5], and it has therapeutic indications in indigenous medical systems of Moananuiākea [6]. Its 88 

calming and restorative effects are aligned with therapeutically important indications including 89 

anxiety, post-traumatic stress disorder (PTSD), insomnia, pain, and also movement disorders 90 

associated with neurodegenerative diseases [7]. These symptoms frequently co-occur and 91 

exacerbate each other, forming a clinical constellation that is especially difficult to treat. For 92 

example, anxiety is a driver of insomnia [8], and sleep deprivation worsens both pain perception 93 

and emotional reactivity [9]. PTSD is characterized by a chronic hyperarousal state and often 94 

includes both pain and disrupted sleep [10,11]. Chronic pain is often co morbid with anxiety and 95 

PTSD [12]. Both pain and the dyskinesias and rigidity associated with Parkinson’s disease can 96 

lead to anxiety, impaired rest, and treatment complications [13,14]. The potential of Kava to act 97 

across these domains offers an unusual and potentially impactful therapeutic profile.  98 

Standard pharmaceutical interventions remain inadequate across many of these indications. 99 

Benzodiazepines are effective anxiolytics with risks of tolerance, dependence, withdrawal, and 100 

cognitive impairment (and age-related decline in efficacy for elderly patients) [15–17]. 101 

Alternatives such as tricyclic antidepressants or gabapentinoids often have marginal efficacy and 102 

problematic side effects. Sleep aids (e.g.,  zolpidem, melatonin analogs) often fail in cases of 103 

chronic or trauma-related insomnia [18]. Pain management, especially for chronic, neuropathic, 104 

or inflammatory pain, is limited by the addictive nature of opioids [19]. In these contexts, Kava 105 
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offers an attractive alternative or adjunctive strategy. Its clinical utility is supported by 106 

randomized controlled trials showing efficacy in anxiety, and empirical and traditional 107 

knowledge indicate effectiveness in sleep and pain. Importantly, Kava appears to induce a state 108 

of relaxed wakefulness rather than sedation [20,21], distinguishing it from conventional 109 

GABAergic medications and offering modulation of symptoms without impairment [22]. Its 110 

impact on sleep is to promote restorative sleep, which is critically important for PTSD and 111 

chronic pain. Adding to kava’s attraction is its high safety profile. Even when consumed in the 112 

large volumes typical of traditional use, research (e.g., WHO [23]) shows that kava is safe [24]. 113 

It is unlikely to cause balance issues or increase the risk of falls [22], and does not typically lead 114 

to liver toxicity or impair liver function [25]. This level of safety is reflected in how kava is 115 

regulated internationally, including regulation as ‘food’ in the Australia New Zealand Food 116 

Standards Code [26] and recent designation as Generally Regarded As Safe (GRAS) in the state 117 

of Hawai'i [27]. 118 

The entry of Kava into mainstream clinical use faces logistical, ecological, and epistemological 119 

challenges. First, there are supply chain issues: Biogeographically, Piper methysticum is a 120 

cultural keystone species unique to the Pacific where island nations face increasing vulnerability 121 

to climate change and economic instability. Kava production is often reliant on smallholder 122 

agricultural systems with limited scalability [28]. Past surges in international demand have 123 

triggered boom-bust [29,30] cycles, leading to ecological damage, land dispossession, and 124 

concerns over biopiracy and unequal benefit-sharing [31]. This challenge creates the need to 125 

explore alternative supply chain options that will not have negative implications for the Pacific 126 

owners of kava. Second, there are formulation issues: From a regulatory and quality control 127 

standpoint, commercial products containing Piper methysticum are variable, ranging from 128 
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aqueous traditional preparations to solvent-extracted capsules. The latter often fail to replicate 129 

traditional formulations in either composition or effectiveness, and the type of simplification to 130 

one or two constituents that is a pre-requisite for regulatory approval by agencies such as FDA 131 

will likely also face failure to recapitulate full therapeutic effects [32,33]. Outside culturally-132 

informed practice [20,34], Kava remains a nutraceutical in countries like the US, resulting in 133 

essentially unregulated preparation and associated risks to patients. Abstraction from traditional 134 

preparation has also resulted in pharmacovigilance alerts such as hepatotoxicity which is not 135 

associated with traditional usage, but has previously been observed in culturally-136 

decontextualized consumption [20]. These challenges create the need to rationally design Kava-137 

based or -inspired formulations that are reduced in complexity (i.e. Minimal Essential Effective 138 

Formulations, MEEF) that recapitulate effectiveness and can viably navigate drug discovery and 139 

approval pipelines. Third, there are mechanistic questions: The primary pharmacological activity 140 

of Kava is attributed to kavalactones, which are low-affinity positive allosteric modulators of 141 

GABA-A receptors. However, the complexity of the Kava secondary metabolome and the breath 142 

of its impacts on physiology leave open the question of whether kavalactones are necessary, 143 

sufficient, or merely contributory agents to all its therapeutic effects. This issue creates a need to 144 

reliably match secondary metabolites (including but not limited to kavalactones) to specific 145 

therapeutic benefits. 146 

This paper uses computational methods to begin addressing these challenges. It explores the 147 

identification of Piper methysticum alternatives within the broader Piper genus based on 148 

traditional usage in target disorders of interest (anxiety, pain, sleep, movement/seizures), linking 149 

those relationships to chemical composition with a focus on establishing the primacy, or 150 

otherwise, of the kavalactones. A proof-of-concept is provided using a novel phytomedical data 151 
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platform (PhAROS™) that curates ethnomedical, phytochemical, and pharmacological data 152 

across Global Integrative Medical Systems (GIMS). Using chemical composition data from 153 

multiple studies, we constructed an integrated metabolome of P. methysticum and assessed its 154 

extent of overlap with other Piper species was assessed. This revealed that while kavalactones 155 

are relatively unique to Kava, other Piper species are rich in alkaloids, phenylpropanoids, and 156 

terpenes with strong associations to the same therapeutic indications for anxiety, pain, sleep, and 157 

movement/seizures. A zebrafish behavioral model was then used to validate the anxiolytic 158 

potential of select phytochemicals, both from Kava and from other Piper spp. Notably, yangonin, 159 

a non-sedating component of P. methysticum, and piperine, a bioactive from P. nigrum 160 

demonstrated stress-response modulation without inducing motor suppression. This favorable 161 

profile is not achieved by all kavalactones. Druggability analytics in the PhAROSTM, including 162 

Lipinski’s Rule of Five, natural product-likeness scores, and weighted QED indices, were used to 163 

rank compounds suitable for future phytopharmaceutical development. These analyses revealed 164 

that several non-kavalactone candidates not only mimic therapeutic functions but are also 165 

tractable for formulation into standardized, regulatory-compliant products. The combination of 166 

trans-cultural, trans-species, and strategic dereplication into one computational workflow, 167 

combined with a pathway to validated in vivo prescreening, offers a route to MEEF that captures 168 

but simplifies the inherent polypharmacy of phytomedicines such as Kava. 169 

Finally, three strategic pathways are identified for the development of Kava-derived and Kava-170 

inspired medicines. The first maintains maximal fidelity to traditional preparation and use, 171 

preserving Kava’s full chemical and relational architecture (e.g., naturalist Kava use such as that 172 

advanced in the Kava-talanoa framework for PTSD). While this pathway honors cultural 173 

sovereignty and likely delivers the most authentic therapeutic effect, it presents challenges for 174 
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adoption, standardization, reproducibility, and regulatory approval. At the opposite end lies a 175 

reductionist strategy involving the synthesis or purification of single kavalactones or analogs. 176 

This may facilitate pharmacological clarity and scalability but risks the loss of efficacy that is 177 

founded in polypharmacy, and its cultural disconnection is potentially extractive [35,36]. The 178 

third ‘middle-road’ approach explored here aims to define a minimal essential 179 

polypharmaceutical profile that retains synergy and integrative effects, that maintain cultural 180 

fidelity but are more viable for regulatory development. This middle road is rendered feasible by 181 

PhAROSTM as a novel computational space that is biogeographically and culturally agnostic, and 182 

de-siloed from these conventional constraining boundaries. 183 

 184 
Materials and Methods. 185 

Construction of the PhAROS Data Platform. 186 

Data Acquisition. Global Integrative Medical Systems (GIMS) datasets were pulled into a data 187 

warehouse via site download options or web data extraction from Encyclopedia of Traditional 188 

Chinese Medicine (ETCM), Ethnomedicinal Plant Database (ETM-DB), Indian Medicinal 189 

Plants, Phytochemistry And Therapeutics (IMPPAT), South African National Chemical 190 

Database (SANCDB), Kampo Medicine Database (KampoDB), Kyoto Encyclopedia of Genes 191 

and Genomes (KEGG), Northern African Natural Products Database (NANPDB), Taiwanese 192 

Indigenous Plant Database (TIPdb), Northeast Asian Traditional Medicine (TM-MC), 193 

Traditional Chinese Medicine Integrative Database (TCMID), Bioactive Phytochemicals 194 

Molecular Database (BioPhytMol), Medicinal Plant Server (MedPServer), Korean Traditional 195 

Knowledge Portal (KTKP), and Pharmacological Database of Korean Medicinal Plants 196 

(PharmDB-K).  Each traditional medicine system dataset was preprocessed to include most of 197 

the following features: System of origin (TXM), ingredient combination (Formula), ingredient 198 
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organism scientific name (Species), compounds associated with each species (Compound), 199 

compound identifier (CID), and usage (Indications). Data Enrichment. The GIMS datasets were 200 

enriched with plant-phytochemical lists from Dr. Duke’s Phytochemical Database [37,38] and 201 

the compounds were further enriched with Pubchem information to include CID, INCHIKEY, 202 

and Classification.  Missing compound classifications were filled in using Classyfire (Edmonton, 203 

Alberta, Canada) [39].  Country codes were matched to appropriate ISO 3166 Codes for 204 

mapping.  Protein targets were matched to compounds via CHEMBL identifiers and bioassays.  205 

Indication dictionary construction. 206 

The indication dictionary delineates the search terms and truncations used to interrogate 207 

PhAROS with the aim of identifying data fields linked to certain disorders. 208 

Category Terms 

Anxiety/Mood agitat*, anxiety, bipolar, depress*, despair, euphori*, fear, jitter, 

mood, nervousness, panic, phobia, restless, scared, stress, tension, 

uneasiness, worry 

Movement/Seizure chorea, clonus, convulsi*, dyskinesia, dystonia, epilep*, fits, jerk, 

rigidity, seizure, shaking, spasm, stiffness, trembl*, tremor 

Pain *ache, aching, agony, analgesi*, arthriti*, cramp, myalgia, narcotic, 

neuralgia, pain, rheumatism, soreness, throb 

Sleep calm, hypno*, insomnia, pacifier, relax*, sedati*, sleep, soporific, 

sudorific 

 209 

GBIF Plots 210 
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The Global Biodiversity Information Facility (GBIF) database was used to map the global 211 

distribution of Piper species. Occurrence data at the species level was downloaded from the 212 

database [40]. Entries flagged for duplication or quality issues were excluded to ensure data 213 

integrity. A map of species occurrences was generated and downloaded directly from the GBIF 214 

interface. The final map was rendered in R and annotated with species names and counts per 215 

region, providing a global overview of documented Piper diversity as recorded in publicly 216 

accessible biodiversity repositories.  217 

Data Analysis 218 

Exploratory data analysis was conducted via the following python packages: pandas, numpy, 219 

matplotlib, and seaborn.  Plotly, biophyton, networkx and chembl_web_client were additional 220 

Python packages used in the frequency analysis. Circos [41] was used to construct chord 221 

diagrams. The python package wordcloud was used to construct word clouds, utilizing built-in 222 

tools such as STOPWORDS to filter out common words and ImageColorGenerator to apply 223 

color schemes based on input images.   224 

Druggability analyses. 225 

Standard InChIKeys (fixed-length, SHA-256 hashed counterpart of the standard International 226 

Chemical Identifier) and canonical SMILES (Simplified Molecular Line Entry System) strings 227 

for all compounds in the PhAROS data platform were obtained from the PubChem PUG-REST 228 

API [42,43]. These InChIKeys were then used to join compounds in PhAROS™ with the set of 229 

compound properties provided by the ChEMBL v32 database, to obtain NP-likeness scores, 230 

Lipinski’s rule of 5 violations, and weighted QED scores [44]. For those compounds not present 231 

in ChEMBL, the open source RDKit cheminformatics software was used to compute the number 232 

of Lipinski’s rule of 5 violations and weighted QED scores [45]. To impute missing NP-likeness 233 
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scores for compounds without a ChEMBL cross-reference, a statistical imputation technique 234 

leveraging the scikit-learn package’s built-in RandomForestRegressor model [46] was used. The 235 

hyperparameter settings of the model were: max tree depth of 80, and number of trees in the 236 

ensemble of 150. The features used as predictors to train the imputation model were as follows: 237 

2048-bit length ECFP4 2d fingerprint features, molecular weight, number of hydrogen bond 238 

acceptors, number of hydrogen bond donors, polarizable surface area, number of rotatable bonds, 239 

and ALogP. The model was trained and evaluated on the set of 14,961 PhAROS compounds 240 

with known NP-likeness scores obtained from ChEMBL v32, at an 85%/15% train/validation 241 

split. The imputation model achieved an R2 score of 0.9412 and an MSE (mean squared error) 242 

loss of 0.0772 on the validation set. The performance of the imputation model is summarized in 243 

Supplemental Figure A. This trained model was then used to impute the NP-likeness score for 244 

the remaining 34,540 compounds in the PhAROS™ database without a ChEMBL cross-245 

reference. As a result, 69.76% of the compounds in PhAROS™ have imputed NP-likeness 246 

scores. 247 

Having obtained weighted QED, NP-likeness, and Lipinski’s rule of 5 scores for all compounds, 248 

we then visualized the distributions of these metrics for four non-disjoint sets of compounds: (1) 249 

all natural compounds contained in the PhAROS™ data platform, (2) all natural compounds 250 

reported in the Piper methysticum secondary metabolome, (3) all natural compounds found in 251 

other Piper spp. and associated with indications of interest, and (4) the eight natural compounds 252 

tested in our in vivo pilot study. The distributions of the metrics for these four sets of compounds 253 

are presented in Figure 11. 254 

Fish husbandry 255 
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Adult zebrafish (Danio rerio) were maintained according to standard animal care protocols 256 

[47] in accordance with the Canadian Council of Animal Care (CCAC) guidelines. Adult 257 

AB/Tubingen zebrafish were housed on a re-circulating aquatic system at 28.5 ± 1 °C, pH 7.0–258 

7.2 on a 14:10-h light:dark schedule. Age matched fertilized embryos were housed (Pentair 259 

Aquatic Eco-system, Apopka, FL, USA) in nursery baskets (< 200 embryos per basket) in 3-L 260 

tanks (Tecniplast, Buguggiate, VA, Italy), with matching conditions to adults. Larvae were 261 

removed from the re-circulating system using HEPES buffered E3 (HE3) medium (5 mM NaCl, 262 

0.17 mM KCl, 0.33 mM CaCl2-2H2O, 0.33 mM MgSO4-7H2O, 10 mM HEPES, pH 7.2) at 120 263 

h post-fertilization (hpf) to be used in experiments that day. 264 

Assessing anxiolytic potential from acute exposure to individual phytochemicals using a model of 265 

anxiety-like larval behavior [48] 266 

At 120 hours post fertilization (hpf), zebrafish larvae were transferred to a 48 well plate (Thermo 267 

Scientific) with 1 larva per well in 450 μL of HEPES buffered E3 (HE3) medium (5 mM NaCl, 268 

0.17 mM KCl, 0.33 mM CaCl2-2H2O, 0.33 mM MgSO4-7H2O, 10 mM HEPES, pH 7.2) using 269 

a micropipette and acclimated for 2 hours at 28 °C in a light incubator. Pure compounds were 270 

stored as 0.5 mg /mL (Yangonin only) and 1 mg/mL in MeOH stock solution at 4 to -271 

20°C.  Working solutions were prepared fresh each day at a 10x concentration. 50 μl of the 10x 272 

solution was pipetted into each well to reach the final concentration. Each experimental replicate 273 

was comprised of 12 larvae per extract concentration. Following the addition of the 274 

phytochemical solution each plate was placed directly into the automated behavioral tracking 275 

system and exposed to our standardized behavioral assay. The 2-hour standard behavioral assay 276 

consisted of 1.5 hours of consistent light followed by alternating 5-minute periods of light or 277 

dark for 30 minutes. Following the behavioral assessment, larvae were visually scored for any 278 
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abnormalities. Dead, necrotic or visually affected larvae were removed from the behavioral 279 

analysis. The patterns of acute behavior were assessed using the Noldus EthoVision XT16-17 280 

software. The standard measure of activity was the total distance traveled quantified into 60-281 

second bins. The assay was completed a minimum of 2-3 times for each concentration of 282 

phytochemical (n=24-36) and activity levels measured were compared to controls using 2-WAY 283 

ANOVA followed by a Dunnett’s multiple comparison test where p<0.05. Impacts on larval 284 

behavior were assessed by comparing the average distance traveled during the first 90 minutes 285 

and the dark response (calculated by subtracting the preceding 5 minutes of movement in the 286 

light from the first 5 minutes in the dark) to controls using one-way ANOVA followed by a 287 

Dunnett’s multiple comparison test, with significance set at p<0.05. 288 

Assessing anxiolytic potential from exposure to individual and mixtures of phytochemicals using 289 

a thigmotaxis model of larval behavior 290 

Another model of anxiety/stress-like behavior utilized in this project is adapted from previous 291 

studies of zebrafish larval anxiety/stress using thigmotaxis (wall hugging) as the main indicator 292 

of stress [48–51]. At 48 hours post fertilization (hpf), zebrafish embryos were transferred to a 24 293 

well plate with 900 μL of buffered media using a pipettor, sealed with film and placed in a light 294 

cycling incubator (28°C) until 120 hpf. Published controls used were caffeine and diazepam. 295 

Pure compounds for the current project were stored as 0.5 or 1 mg/mL in MeOH stock solution 296 

at 4 to -20°C.  Phytochemical working solutions were prepared fresh each day at a 10x 297 

concentration. 100 μl of the 10x phytochemical or carrier control solution was pipetted into each 298 

well to reach the final concentration. Once dosed the plates were transferred directly into the 299 

automated behavioral tracking system and exposed for either 3, 6 or 10 minutes in the light and 4 300 

mins in the dark. Dead, necrotic or visually affected larvae were removed from the behavioral 301 
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analysis. The patterns of behaviors were assessed using the EthoVision XT16-17 software. Each 302 

experimental replicate was comprised of 12 larvae per extract concentration and the assay was 303 

completed a minimum of 2-3 times for each concentration of phytochemical compound or 304 

mixture (n=24-36).  Behavior was only measured in the 4-minute dark period where fish would 305 

be exhibiting scototaxis (increased movement as a stress response) which would highlight any 306 

larvae that were not moving and could be eliminated from the analysis. Thigmotaxis was 307 

calculated as the % of time spent in the outer zone compared to the total time of the experiment 308 

and was compared to controls using ANOVA and multiple comparison’s test (p<0.05).  309 

Definition of Kava for the purposes of this study 310 

For this study, kava is defined not merely as the beverage produced by mixing the ground roots 311 

of Piper methysticum with water, nor as commercial derivatives such as extracts, capsules, or 312 

beverages containing Piper methysticum. These commercial forms vary in composition and 313 

safety profile and may include additives such as kratom (Mitragyna speciosa) [52]. In alignment 314 

with Pacific traditional knowledge, kava is understood as a holistic cultural construct that 315 

extends beyond physical form to encompass ceremonial and relational contexts in which it is 316 

consumed [53], including the practices of talanoa (a dialogic and relational mode of engagement 317 

that integrates physical, spiritual, ancestral, and communal dimensions [54,55]. The concept of 318 

talanoa-vā further emphasizes the spatial and temporal relationships maintained through trust, 319 

mutual understanding, and ongoing dialogue [56–58]. Accordingly, throughout this research, the 320 

term kava is used in its culturally grounded sense, reflecting its embeddedness in Pacific 321 

epistemologies and relational systems. Use of the term to refer solely to the plant or its isolated 322 

chemical constituents is considered an oversimplification and misrepresentation of its traditional 323 

meaning. 324 
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 325 

Results. 326 

Comparative biogeographical and therapeutic distributions of Piper spp. and Piper 327 

methysticum. 328 

We are interested in exploring whether  other species within the Piper genus, beyond Piper 329 

methysticum (Kava), offer viable therapeutic alternatives for the treatment of PTSD, anxiety, 330 

movement and sleep disorders, potentially providing strategies to mitigate the biogeographic, 331 

cultural, and supply chain limitations associated with a sole focus on Kava. We used the Global 332 

Biodiversity Information Facility (GBIF) database [40] spanning the years 1838 to 2019 to 333 

assess documented occurrences of Piper spp. and Piper methysticum worldwide. Digitized 334 

occurrences in this database include both growing specimens in situ and voucher specimens 335 

transported from their endemic location. Figure 1A illustrates the worldwide distribution of Piper 336 

species, with text boxes highlighting specific Piper species utilized in traditional medicine 337 

systems. Between 1600 and 2022, there were 377,334 occurrences of the various Piper species 338 

recorded in GBIF, 212,858 of which were georeferenced to 169 unique countries/areas. The 339 

number of species associated with traditional medicine in different regions is outlined: Americas 340 

(70 species), Africa (14 species), Europe (3 species), Oceania (15 species), and Asia (76 341 

species). Figure 1B illustrates the distribution of 608 digitized occurrences of Piper methysticum 342 

G. Forst. recorded in GBIF. Of these occurrences, 121 were georeferenced with the majority 343 

concentrated in Oceania.  Specific locations include French Polynesia (24 occurrences), 344 

Micronesia (19), Hawaii (17), Vanuatu (13) [6], Papua New Guinea (5), Fiji (5), Indonesia (4), 345 

Cook Islands (3), Niue (2), Cote d’Ivoire (1), Tonga (1), and Samoa (1).  The occurrences 346 

observed along the west coast of the continental US are documented as preserved specimens held 347 
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by the California Department of Food and Agriculture and do not support claims that Piper 348 

methysticum has cultural keystone species status on Continental USA. Occurrences in Africa are 349 

preserved specimens housed in Les spermaphytes de l'Herbier du Centre National de Floristique 350 

de Côte d'Ivoire. These data support the idea that Piper methysticum is largely endemic to 351 

Oceanic Pacific islands but other species in the family have a far wider global distribution. 352 

We next assessed the medical as opposed to biogeographic distribution of the Piper species using 353 

a novel phytomedicine analytics tool. We constructed a Data Platform (termed PhAROSTM) and 354 

a data analytics workflow termed In Silico Convergence Analysis (ISCA) (see Methods and 355 

Table I) to provide for analysis of the relationships between plant species, indications and 356 

chemical constituents across a range of phytomedicine pharmacopeias in various geographical 357 

and cultural settings. Figure 2A shows a schematic of the data platform assembly and content. 358 

We constructed a Sankey diagram in Figure 2B to visualize the indications treated by Piper 359 

methysticum in GIMS formulations across geographical regions. Piper methysticum is 360 

predominantly used in traditional medicine in Pacific islands and Pacific diasporic communities 361 

in wider Oceania [32,59–61], with additional incorporation into medicinal practices in parts of 362 

Asia (China). Notably, each region uses the plant for calming effects. Reproductive disorders and 363 

respiratory-related diseases are common use cases.  364 

As described above [1–4], Piper methysticum is expanding both in nutraceutical usage, as a 365 

Western allopathic pharmaceutical and in naturalistic usage outside the Pacific. Areas of 366 

emerging interest for Kava therapeutics include Anxiety (including Generalized Anxiety 367 

Disorder, GAD and Social Anxiety Disorder, SAD), PTSD, stress, insomnia and sleep disorders 368 

[20,62,63], as well as pain [64–66]. Within this grouping of potential therapeutic uses there is 369 

interest in possible impact on disorders such as Parkinson's Disease. In PD patients, Kava may be 370 
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a potential therapeutic for anxiety and sleep quality issues, and there is some interest in potential 371 

neuroprotective effects of kava component [67–70]. Kava is also traditionally used as a muscle 372 

relaxant which may provide potential relief in the dyskinesia associated with PD [71], although 373 

this has not been explicitly studied. We note also that many anti-seizure medications work by 374 

enhancing GABAergic activity, suggesting a potential for Kava to have some influence on 375 

seizure activity [72]. Based on these potential use cases for kava, we constructed term 376 

dictionaries (see Methods) that group four main indication categories to try to capture Piper spp. 377 

usage in GIMS that would encompass instances of medical usage in in Western and Pacific 378 

settings. These four selected categories are Mood/Anxiety, Sleep, Pain and Movement/Seizure. 379 

We then used these categories to interrogate PhAROS™ and assess whether Piper spp. other 380 

than Piper methysticum are used to address these indications. 381 

Representation of Mood/Anxiety, Sleep, Pain and Movement/Seizure disorder categories in 382 

indication dataset for use of Piper spp. across GIMS. 383 

We performed a multidimensional data analysis and visualization to assess indications for Piper 384 

spp. across multiple GIMS phytomedical pharmacopeias. We used a Circos plot [41] (Figure 3A) 385 

to visualize relationships between Piper species and the four major indication categories of 386 

interest. The Circos plot visualizes the frequency of usage of Piper species in various formulas 387 

across different countries. The visualization shows that Piper spp. other than Piper methysticum 388 

have significant representation in formulations for each of these major categories. Piper nigrum, 389 

Piper longum, and Piper kadsura are most frequently employed in formulations related to the 390 

categories of interest. Piper borbonense, Piper cubeba, Piper guineense, Piper kadsura, Piper 391 

longum, Piper methysticum, Piper nigrum, and Piper umbellatum are used in formulas 392 

addressing all four major indication categories and an additional nine species show associations 393 
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with two or more indications. By percentage, Piper methysticum, Piper kadsura, and Piper 394 

borbonense are over-represented in formulations that treat these major disorder categories 395 

despite their relatively low frequency of representation in the whole Piper dataset.  Interestingly, 396 

pain emerges as a predominant indication for Piper spp., dominated by Piper nigrum and Piper 397 

longum.  398 

As an alternative visualization, Figure 3B summarizes the geographical distribution of 399 

indications for Piper. spp across GIMS, excluding Piper methysticum. This figure illustrates the 400 

global distribution of Piper species use cases across five major geographical regions: the 401 

Americas, Africa, Europe, Asia, and  Oceania. A word cloud is overlaid on each region of the 402 

world map, depicting the various medical indications treated by a species in the Piper genus in 403 

that specific region. The size of each word corresponds to the number of local formulas used to 404 

treat the given indication, highlighting the most common uses. 405 

Chemical composition and candidate compound analyses for efficacy in Mood/Anxiety, Sleep, 406 

Pain and Movement/Seizure indication categories in Piper methysticum and the wider Piper 407 

genus. 408 

One of the goals of this study is to evaluate, both in Piper methysticum and non KL-containing 409 

Piper spp, the potential for compounds other than KL to play a role in therapeutic efficacy for 410 

the 4 major indication categories of interest. We are interested in two related questions: Are there 411 

compounds other than KL that contribute to efficacy in Piper methysticum, and do they overlap 412 

with compounds that would be candidates for efficacy in Piper spp. that do not contain KL? In a 413 

first step we constructed a summative bioactive metabolome for Piper methysticum, drawing on 414 

multiple published studies that analyze the Piper methysticum phytochemistry, but using 415 

different extraction and characterization methodologies. This virtual metabolome is an important 416 
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step to overcome the relative paucity of chemical data on Piper methysticum in available 417 

databases and the few papers detailing the chemical composition of Piper methysticum outside of 418 

its kavalactones and chalcones. Figure 4A and B shows a survey of bioactive chemical 419 

representation in Piper methysticum where we consolidated multiple data sources along with 420 

current literature on Piper methysticum. Figure 4A assembles a ‘meta-metabolome’ for Piper 421 

methysticum aggregating data form published extraction studies Parmar [73] and Salehi [74] are 422 

the most extensive literature compilations of chemical constituents for each species in the Piper 423 

genus. Xuan [75], Jaiswal [72], and Cheung [76] are the most extensive extraction papers on 424 

Piper methysticum. MESH (2017) [77] was the only traditional medicine database compiled for 425 

this study that listed chemical constituents for Piper methysticum. Pubchem [78] and and Dr. 426 

Duke’s Phytochemicals [37,38] contributed additional compounds and alternative forms of 427 

known Piper methysticum compounds to the list.  Collectively among the presented sources, 428 

there are 269 recorded Piper methysticum compounds, of which are 268 recorded Pm 429 

compounds, of which there are 29 alkaloids, 31 benzenoids, 39 terpenes, 28 cinnamic acids, 10 430 

flavonoids,  35 kavalactones, 17 chalcones, and 79 miscellaneous compounds. Figure 4B 431 

reconciles the chemical constituents with extraction methodology. While a definitive list of 432 

constituents has yet to be determined and this is largely influenced by naming conventions, 433 

extraction procedures, and plant variations, we were able to compile a composite ‘meta-434 

metabolome’ for use as a starting point for linkage analysis with indications and comparisons 435 

with non-Piper methysticum spp. 436 

The bubble heatmap in Figure 5 depicts the strength of association between known Piper 437 

methysticum compounds in the compiled ‘meta-metabolome’ shared with other plant species and 438 

formulations used for pain, seizure/movement, anxiety disorders, and sleep disorders. The size of 439 
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the bubbles represents the number (n) of medicinal formulas containing each compound and the 440 

heatmap colors indicate the percentage of these formulas treating a specific indication. The 441 

analysis reveals that for the majority of non-kavalactone compounds shared between Piper 442 

methysticum and alternative source Piper plants, there is definite association with the studied 443 

indications of anxiety/mood, seizure, sleep, and pain. This finding underscores the potential 444 

central role of kavalactones in inducing the observed medicinal effects. Noteworthy exceptions 445 

include canadine, anisole, camphor, and 1-cinnamoylpyrrolidine, which show associations with 446 

all four indications of interest. Figure 6 presents a network view, based on the assembled ‘meta-447 

metabolome’ projecting the relative sharedness of compound sets between Piper methysticum 448 

and the non-Piper methysticum Piper species in PhAROSTM that are associated with indications 449 

of interest in this study. This projection has some visual biases arising from the quantitative 450 

dominance of Piper nigrum in published metabolic studies, but it makes clear the specificity of 451 

association of canonical kavalactones with Piper methysticum. Figure 6 also highlights the 452 

differences between other Piper spp. in terms of overlapping and discrete metabolomes, and 453 

relative presence of the major compound families (e.g., alkaloids, terpenes, phenylpropanoids). 454 

Medicinal indications analysis of non-Piper methysticum Piper compounds and wider 455 

ingredient organism representation  456 

Looking outside the Piper methysticum-specific kavalactones, we asked how compounds that are 457 

present in non-Piper methysticum Piper spp. associate with indications of interest in this study. 458 

Figure 7 shows a heat map/bubble plot visualization of potential alternatives to kavalactones that 459 

are present in Piper spp. other than Piper methysticum, and that are used in formulations that 460 

treat anxiety/mood, sleep, movement/seizures and pain. This is a first-pass candidate list for 461 

further study as therapeutically-active alternatives to KL. We note that some of these compounds 462 
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are specific to certain non-Piper methysticum species (e.g. Kadsurenin) but that some are found 463 

in Piper methysticum also (e.g. cinnamic acid), suggesting potential therapeutic roles of 464 

compounds outside the canonical KL even when the therapeutic is a Piper methysticum extract. 465 

Figure 8 highlights the potential of exploring non-Piper spp for possible alternatives or 466 

combinatorial approaches to formulations addressing the indication of interest. For alkaloids, 467 

phenylypropanoids and terpenes (8A-8C) we evaluated the number of plant sources (ingredient 468 

organisms) in PhAROS™ as a source associated with that compound (upper panels). The 469 

compounds depicted represent those with the highest cumulative percentage across all four 470 

therapeutic categories of interest in this study (pain, anxiety/mood disorders, sleep disorders, and 471 

movement/seizure-related disorders) based on their use in phytomedicinal formulas. 472 

Figure 9 further underscores the potential of mining PhAROS™ for novel approaches to the 473 

indication of interest. In this visualization, we calculate a ‘compound index’ by identifying the 474 

percentage of all formulas for each indication investigated here (pain, anxiety/mood disorders, 475 

sleep disorders, or movement/seizure disorders) that contain the compound of interest and 476 

averaging the percentages across all four indications. The numbers of formulations with the 477 

compound of interest are then plotted on the x-axis, with the y-axis representing the compound 478 

index. Notably these data reflect only Piper spp. that have no documented association with the 479 

indications of interest based on PubMed searches.  480 

Decision support: further evaluation of Piper methysticum/Piper spp. candidates in in vivo 481 

model and druggability analyses. 482 

As a final stage in this study, we piloted a decision support approach to assist in prioritizing 483 

compounds identified from Piper methysticum and the wider Piper spp. family for potential 484 

further evaluation in the indication of interest. In Figure 10 A-L we used a zebrafish (Danio 485 
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rario) model system which has been validated for assessment of sedative and anti-anxiolytic 486 

properties in a medium throughput format. We used zebrafish larval behavior and thigmotaxis 487 

assays previously validated in anxiety [50]. We evaluated a subset of Piper methysticum 488 

compounds including KL and non-KL, and non-Piper methysticum species compounds that 489 

scores highly in PhaROS for association with anxiety and mood disorders. Notable findings 490 

include that a non-KL component (yangonin) of Piper methysticum is effective in this model as 491 

an anti-anxiolytic, with reduced stress in the absence of sedation which we view as a desirable 492 

effect profile.  The three canonical KL tested perform in the stress and anxiety reduction 493 

parameters but tend towards inducing sedation. Piperine, widely found in Piper spp associated 494 

with the indication of interest, performs similarly to yangonin and dihyrdromethysticin with a 495 

desirable effect profile. These data allow us to demonstrate a decision support layer for 496 

ranking/prioritizing compounds for further study based on in vivo data. 497 

PhAROS also has the capacity to investigate druggability indicators as a component of decision 498 

support workflows for candidate prioritization. Figure 11A, B and C illustrate NP-likeness, 499 

Lipinski Rule of 5 and wQED scores distributions compared to the entire PhAROS dataset for (i) 500 

the entire PhAROS™ data platform, (ii) the Piper methysticum virtual ‘meta-metabolome’ 501 

(Figure 4A), (ii) the non-Piper methysticum Piper spp. compounds associated with indications of 502 

interest (Figure 7) and finally the eight compounds tested in our in vivo pilot study (summarized 503 

in Figure 10L). We note significant enrichment of high-score druggability parameters in the 504 

various Piper compound sets. This provides discrimination potential as a component of the 505 

decision support goal of ranking and prioritizing compounds for inclusion in potential minimal 506 

essential therapeutic formulations (Figure 11). 507 

Discussion 508 
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Sleep disturbances, anxiety disorders, pain, and seizure-related conditions represent ongoing 509 

areas of unmet clinical need, particularly where existing pharmacological treatments carry 510 

limitations related to efficacy, safety, or cultural relevance. This study investigated whether the 511 

therapeutic properties attributed to Piper methysticum, particularly in the treatment of anxiety, 512 

pain, sleep disturbances, and seizure-related disorders, originate exclusively from this species or 513 

extend across the broader Piper genus. Prior studies associate kavalactones with the anxiolytic 514 

effects of Piper methysticum [1–4]. However, we identified multiple non-methysticum Piper 515 

species, including Piper nigrum, Piper longum, and Piper kadsura, used traditionally in various 516 

global contexts for similar indications. These species lack KL but contain diverse classes of 517 

bioactive compounds such as alkaloids, phenylpropanoids, flavonoids, and terpenes, which our 518 

analysis linked to formulations treating anxiety, sleep disorders, pain, and seizures. We 519 

constructed multi-layered network visualizations and compound-association analyses that 520 

highlighted both overlap and divergence in the therapeutic chemistry among these species. These 521 

findings broaden the pharmacological relevance of the Piper genus and underscore the cultural 522 

and chemical plurality behind phytomedicine. 523 

We developed and applied PhAROSTM, a computational platform that integrates chemical, 524 

ethnomedical, and biological data to identify, prioritize, and support decision-making around 525 

candidate compounds and species. Instead of relying on traditional bioassay-guided fractionation 526 

[79,80], which consumes significant time and material, we leveraged PhAROS™ to rapidly 527 

correlate plant-derived compounds with indications of interest using a structured query 528 

framework. This method enabled our team to extract meaningful relationships from across more 529 

than a dozen traditional medicine databases, covering diverse geographical and cultural origins. 530 

We enriched the compound metadata with identifiers, classification schemes, and chemical 531 
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properties to assess not only presence but also relevance. PhAROS™ facilitated the comparison 532 

of canonical kavalactones with a spectrum of structurally and functionally diverse compounds 533 

found in both P. methysticum and other Piper species. These included piperine, canadine, 534 

kadsurenone, and cinnamic acid derivatives which are compounds with demonstrated links to 535 

neurological indications [81–85]. This platform reduces the complexity of traditional medicine 536 

formulations. making it feasible to construct prioritized candidate shortlists based on drug-537 

likeness, formulation compatibility, and fidelity to the ethnomedical knowledge bases. 538 

Our findings challenge the assumption that kavalactones solely mediate the therapeutic efficacy 539 

of kava [86]. Through compound-level analysis and cross-referencing with documented 540 

ethnomedical uses, we demonstrated that several non-kavalactone constituents, within P. 541 

methysticum and in other Piper spp., show high indication-specific association scores. Yangonin, 542 

for example, displayed anxiolytic-like activity without concurrent sedation in zebrafish 543 

behavioral assays, indicating a distinct and desirable pharmacodynamic profile and supporting 544 

prior studies that differentiate its effects from KL in other indications [87]. Piperine, common in 545 

P. nigrum and other widely distributed Piper species, exhibited a similar behavioral signature 546 

[81]. By identifying non-kavalactone candidates with therapeutic potential, we offer a pathway to 547 

reduce dependency on P. methysticum, a species with ecologically constrained cultivation and 548 

high cultural specificity. This redirection may also alleviate pressure on Pacific Island supply 549 

chains and mitigate the cultural and ethical concerns surrounding appropriation and 550 

commodification of culturally significant plants [88,89]. Our findings affirm the existence of 551 

culturally-validated, biogeographically distinct Piper methysticum alternatives that may support 552 

the same therapeutic goals. 553 
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Our work is contextualized in an ongoing debate on a range of Piper methysticum delivery 554 

modalities, from traditional kava usage to commercial (often chemical) extractions of whole 555 

plants or plant parts that are packaged as a nutraceutical. Pacific Island communities traditionally 556 

prepare kava as an aqueous infusion consumed within a relational, communal, and behavioral 557 

framework associated with talanoa [20]. Only within this context do users report the full 558 

spectrum of therapeutic effects, including anxiolysis, emotional catharsis, and restorative sleep. 559 

In contrast, commercially available extracts (which do not meet the cultural definition of kava 560 

but are better termed ‘products containing Piper methysticum’ (often produced using organic 561 

solvents) lack not only the broader phytochemical matrix but also the cultural structure that 562 

contributes to efficacy. These extracts exhibit altered chemical profiles, possibly concentrating 563 

pro-inflammatory compounds like flavokavains and excluding water-soluble protective 564 

components such as glutathione. As a result, products that neither maintain traditional 565 

composition nor achieve evidence-based optimization may pose elevated risks without delivering 566 

commensurate benefits. For practical translation across geographies and health systems, we 567 

propose two viable pathways: (1) recapitulate traditional formulations as closely as possible 568 

using naturalistic kava preparation only with chemical and behavioral components, or (2) 569 

construct new, culturally-informed multi-compound formulations that reflect traditional patterns 570 

of synergy and efficacy. These pathways de-emphasize the chemically aggressive, 571 

decontextualized preparations that distort both pharmacological integrity and cultural intent [52]. 572 

Our work suggest that it will be possible to rationally design ‘minimal essential effective 573 

formulations’ (MEEF) that recapitulate desired effects but reduce the complexity and attendant 574 

regulatory, consistency and supply issues that may attend working only with the whole Piper 575 

methysticum plant in naturalistic settings. We are also positioned to rationally design 576 
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‘transcultural’ MEEF that leverage inclusion of compounds outside Piper methysticum, from 577 

different medical traditions, but which have been identified for the same therapeutic goals. This 578 

‘transcultural’ potential is a strength of PhAROS™ as the platform lets us assemble medicine 579 

that are de-siloed from geographical, cultural, linguistic and biodiversity boundaries. 580 

In this context, PhAROS™ also supports a decision framework for formulation strategy by 581 

enabling the development of minimal essential combinations that preserve the core therapeutic 582 

mechanisms of naturalistic kava while reducing dependency on full-spectrum whole-plant 583 

extracts. By identifying key compounds (e.g., yangonin, piperine, and select phenylpropanoids) 584 

that appear consistently across efficacious preparations, formulators can design synergistic 585 

combinations that remain compatible with cultural/behavioral practices like talanoa. This 586 

strategy reduces stress on vulnerable kava supply chains, circumvents biogeographic limitations 587 

of P. methysticum, and offers a means to mitigate variability introduced by day-to-day or batch-588 

to-batch differences in native plant material. Such formulations could serve as culturally 589 

respectful yet logistically feasible interventions that retain therapeutic authenticity while 590 

expanding accessibility across global health settings. 591 

We encountered several limitations in the present study. Existing phytochemical profiles for 592 

many Piper species remain incomplete or inconsistent. Species like Piper brachystachyum and 593 

Piper sanctum have sparse chemical data, not necessarily because they lack activity, but due to 594 

limited research being performed on them. Variances in botanical nomenclature (vernacular, 595 

taxonomic, and synonymic) create additional challenges. Open source phytopharmacopeias can 596 

apply outdated or region-specific plant names, which complicated cross-dataset species mapping. 597 

Similarly, chemical identifiers varied significantly across sources, with inconsistencies in IUPAC 598 
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names, PubChem CIDs, and structural formats such as SMILES or InChIKeys. These disparities 599 

hinder unambiguous compound matching. Although we mitigated some issues using canonical 600 

IDs and cross-referencing, we could not eliminate all issues related to data quality. We note also 601 

that our in vivo validation experiments covered only a subset of high-priority compounds, 602 

focusing primarily on anxiolytic behavior in zebrafish models. Ongoing and future work in this 603 

system is addressing pain, and seizure-related phenotypes, and starting to evaluate chronic 604 

exposure and multi-compound interactions (Small-Howard, MS in preparation).   605 

Despite these limitations, the study provides a valuable proof-of-concept. It underscores the need 606 

for more exhaustive phytochemical characterization of medicinal plants and for greater 607 

standardization (or at least careful curation) of ethnobotanical data. Moving forward, we envision 608 

PhAROSTM and its growing assets suite of computational tools supporting a new generation of 609 

culturally- and mechanistically-informed phytotherapeutics. In ongoing work, PhAROSTM has 610 

been augmented with target and mechanism API and data layers, as well as CYP metabolism 611 

data. This provides the potential to elucidate the mechanisms (e.g. GABAergic, serotonergic, 612 

cannabinoid, or anti-inflammatory pathways in the case of Piper methysticum and Piper spp) 613 

through which the phytomedical formulations exert their effects and establish critical 614 

pharmacodynamic considerations related to side effects and personalized outcomes. This implies 615 

that we will be able to design rationally simplified interventions that respect the multi-616 

component, multi-target nature of polypharmaceutical phytomedicine, potentially cross extant 617 

cultural and biogeographical boundaries and support accelerated development timelines, 618 

regulatory tractability and improved patient outcomes. 619 

 620 
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 935 

Figure Legends. 936 

Figure 1. Global distribution of Piper species and geographic specificity of Piper 937 

methysticum. A. Map showing the worldwide distribution of Piper spp. documented in the 938 

Global Biodiversity Information Facility (GBIF) from 1600 to 2024. Hexagonal density 939 

overlays indicating frequency of occurrence. Text boxes highlight the number and identity of 940 

species used in traditional medicine within each region. A total of 377,334 occurrences were 941 

recorded, with 212,858 georeferenced across 169 countries. Regional representation of 942 

medicinally used Piper species includes: Americas (70 species), Asia (76 species), Oceania (15 943 

species), Africa (14 species), and Europe (3 species). B. Georeferenced occurrences (n = 121) 944 

of Piper methysticum G. Forst. extracted from the same GBIF dataset. The species is largely 945 

endemic to Oceania, with confirmed occurrences concentrated in regions such as French 946 

Polynesia, Micronesia, Hawaii, Vanuatu, Papua New Guinea, and Fiji. Additional occurrences 947 

likely reflect preserved/voucher specimens rather than in situ populations (e.g.,  California 948 

Department of Food and Agriculture, Les spermaphytes de l'Herbier du Centre National de 949 

Floristique de Côte d'Ivoire).  950 

Figure 2. Computational framework and global indication mapping for Piper methysticum 951 

across traditional medicine systems. A. Schematic overview of the PhAROS Data Platform 952 

architecture and in silico convergence analysis (ISCA) workflow. The system integrates 953 

compound, indication, and ethnomedical data from diverse Global Integrative Medical Systems 954 

(GIMS), alongside chemical and pharmacological enrichment databases. Data undergo 955 

preprocessing for harmonization and deduplication before being integrated into a computational 956 

space enabling association mapping, convergence analysis, target prediction, and discovery of 957 
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indication-chemical relationships. Outputs include chemical-indication networks, bioactivity 958 

predictions, and hypothesis generation for phytomedical efficacy. B. Sankey diagram visualizing 959 

the therapeutic indications of Piper methysticum (Kava) as documented in GIMS pharmacopeias. 960 

Indications span a broad range of physiological systems, including anxiety/mood, sleep, 961 

movement/seizure, respiratory, pain, reproductive, and skin-related conditions. Several regions 962 

employ P. methysticum for calming effects (e.g., sedative, pacifier, relaxant) and reproductive 963 

disorders, with respiratory ailments (e.g., bronchitis, asthma, cough) also frequently treated.  964 

Figure 3. Diversity and global patterns of medicinal use for Piper species. 965 

A. Circos plot of Piper species associations with major therapeutic indication categories 966 

across global traditional medical systems. This visualization illustrates the frequency-based 967 

relationships between individual Piper species and four key therapeutic categories: Pain (blue), 968 

Movement/Seizures (red), Anxiety/Mood (purple), and Sleep (orange). Each connection line 969 

represents a documented instance where a Piper species is used in a traditional medicinal 970 

formula associated with one of these indications. Multiple lines between a species and different 971 

indication categories reflect formulas used to treat more than one disorder. Likewise, when 972 

multiple Piper species appear in the same multi-indication formula, each pairing is represented 973 

individually (e.g., a formula using P. longum and P. nigrum to treat all four categories results in 974 

total linkages). Notably, Piper nigrum, Piper longum, and Piper kadsura are most frequently 975 

associated with formulas targeting these indications. Piper methysticum (Kava) also shows 976 

strong multi-indication representation. Eight species (including P. methysticum, P. borbonense, 977 

P. cubeba, P. guineense, P. kadsura, P. longum, P. nigrum, and P. umbellatum) are documented 978 

in treatments across all four categories, with an additional nine species showing associations with 979 

at least two indication domains. These data support the hypothesis that therapeutic potential 980 
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within the Piper genus extends well beyond P. methysticum, offering a broad foundation for 981 

polypharmaceutical or alternative formulations in neuropsychiatric and pain-related disorders. B. 982 

Regional variation in medicinal indication patterns of Piper species use across global 983 

integrative medical systems. Geospatial summary of Piper genus use cases across five GBIF 984 

regions (Americas, Africa, Europe, Asia, and Oceania) based on aggregated ethnomedical data. 985 

The word cloud is overlaid onto a world map, with each region displaying terms corresponding 986 

to medical indications associated with local Piper species and word size reflecting frequency 987 

with which a given indication appears in regional formulations.  988 

Figure 4. Chemical diversity and extraction methodology of Piper methysticum. 989 

A. Composite heatmap of bioactive chemical constituents identified in Piper methysticum 990 

across data sources and extraction solvents. This heatmap presents a curated summary of 268 991 

secondary metabolites reported in Piper methysticum (Piper methysticum), categorized by major 992 

phytochemical classes: alkaloids, benzenoids, cinnamic acids, flavonoids, terpenes, kavalactones, 993 

chalcones, and miscellaneous compounds. Each row corresponds to a unique compound, while 994 

columns represent literature reviews, chemical databases, and extraction studies grouped by 995 

solvent system (e.g., acetone, ethanol, methanol, water). Green shading indicates the confirmed 996 

presence of a compound (either by successful extraction using the specified solvent in 997 

experimental studies or by inclusion in aggregated chemical databases and literature 998 

compilations). Key sources include Parmar (1997), Salehi (2019), Xuan (2008), Jaiswal (2020), 999 

Cheung (2022), MESH (2017), PubChem, and Duke’s Phytochemical Database. This provides 1000 

an highlights methodological and solvent-dependent variation in compound detection and 1001 

aggregates prior studies examining Piper methysticum constituents. B. Sankey diagram linking 1002 

published studies, extraction methods, solvents, and extracted compounds in Piper 1003 
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methysticum. From left to right, the diagram connects: (1) PubMed IDs (PMIDS) of source 1004 

studies (gray), (2) extraction techniques used (orange), (3) solvents employed (green), and (4) the 1005 

specific compounds extracted (dark blue). The figure synthesizes data from major experimental 1006 

studies utilizing methods such as solid-phase microextraction (SPME), sonication, supercritical 1007 

fluid extraction (SFE), and crude solvent-based extraction. Solvents include water, ethanol, 1008 

methanol, acetone, chloroform, hexane, ethyl acetate, and acetonitrile. 1009 

Figure 5. Bubble heatmap depicting indication-specific associations of Piper methysticum 1010 

compounds shared with other plant species. 1011 

This visualization assesses the strength and breadth of therapeutic associations for known Piper 1012 

methysticum compounds that are also present in other plant species and medicinal formulations. 1013 

Rows correspond to unique compounds, grouped by major chemical classes (e.g., alkaloids, 1014 

terpenoids, cinnamic acids, flavonoids, kavalactones, chalcones). Columns represent four 1015 

therapeutic indication categories of interest: anxiety/mood, sleep, movement/seizures, and pain. 1016 

Bubble size reflects the number of traditional medicinal formulations (n) in which a given 1017 

compound appears. Color intensity corresponds to the percentage of those formulations used to 1018 

treat the specific indication, with darker shades indicating higher relevance. Most non-1019 

kavalactone compounds exhibit relatively limited association with the four therapeutic domains, 1020 

a subset (e.g., anadine, coptisine, anisole, camphor, and 1-cinnamoylpyrrolidine) show cross-1021 

indication presences across all categories, suggesting that certain non-kavalactone constituents 1022 

may contribute broadly to therapeutic outcomes. Some compounds have marked apparent 1023 

specificity within the four indications of interest (e.g., some yangonin species showing 1024 

preference for association with movement and pain). 1025 

Figure 6. Network map of Piper species and shared chemical constituents across the genus. 1026 
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This network visualization displays chemical connectivity across 139 Piper species, based on 1027 

shared secondary metabolites compiled from phytochemical datasets. Green nodes represent 1028 

individual Piper species, while all other nodes represent distinct compound types: kavalactones 1029 

(yellow), alkaloids (red), phenylpropanoids (cyan), terpenes (orange), and other compounds 1030 

(black). Edges represent the presence of a given compound within a particular species. The map 1031 

reveals clustering of chemically dense species such as P. nigrum, P. methysticum, P. longum, and 1032 

P. cubeba, with partially overlapping chemical profiles. Notably, canonical kavalactones cluster 1033 

exclusively with P. methysticum, emphasizing their species-specific presence while other 1034 

pharmacologically relevant compound classes (e.g., alkaloids and terpenes) show broader 1035 

distribution across the genus. 1036 

Figure 7. Medicinal indication analysis of non-Piper methysticum compounds: potential 1037 

alternatives to kavalactones. 1038 

Heatmap visualizes associations between bioactive compounds found in Piper species other than 1039 

P. methysticum and their documented use in treating anxiety/mood disorders, sleep disturbances, 1040 

movement/seizure-related disorders, and pain. Rows represent a compound (grouped by 1041 

chemical class), columns represent indication categories. Bubble size corresponds to the number 1042 

of traditional medicinal formulations in which a compound appears, while color intensity reflects 1043 

the proportion of those formulations used to treat a given indication. Of 1162 Piper compounds 1044 

associated with the indications of interest, 74 (shown here) had a sum of indication-specific 1045 

percentages exceeding 300.Certain non-kavalactone candidates including terpenes (e.g., beta-1046 

elemene, beta-phellandrene), cinnamic acid derivatives, alkaloids (e.g., menisperine chloride), 1047 

and flavonoids (e.g., violanthin) show strong multi-indication associations. These findings 1048 
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suggest chemically diverse alternatives to kavalactones that may underlie the efficacy of Piper 1049 

species used outside the Pacific for these indications.   1050 

Figure 8. Therapeutic indication profiles and distribution of key phytochemicals within 1051 

and beyond the Piper genus. 1052 

A. Piper alkaloids: medicinal indications and cross-species distribution. Lower panel. 1053 

Percentage of formulations containing each alkaloid used to treat pain (blue), anxiety/mood 1054 

disorders (orange), sleep disorders (green), or movement/seizure-related disorders (red). Upper 1055 

panel. Number of plant species that contain each alkaloid (gray = Piper, purple = non-Piper). 1056 

Menisperine chloride, for example, appears in over 200 formulations, with >80% associated with 1057 

one or more of the four indication categories. All alkaloids included in this analysis are present 1058 

in at least one Piper species and one non-Piper species, suggesting pharmacological relevance 1059 

and broad botanical distribution. *Pyrrolidine 1 = 1-[(2E,4E,8E)-9-(3,4-methylenedioxyphenyl)-1060 

2,4,8-nonatrienoyl]pyrrolidine. *Pyrrolidine 2 = 1-[(2E,8E)-9-(3,4-methylenedioxyphenyl)-2,8-1061 

nonadienoyl]pyrrolidine. B, C. Visualization as in A, but for phenylpropanoids (B) and 1062 

Terpenes (C). B. Violanthin, kadsurenone, denudatin A, and xanthyletin exhibit particularly 1063 

high association rates across all four indication domains. Several additional compounds such as 1064 

*benzopyrone, acuminatin, and pinostrobin, also show moderate-to-strong linkage, underscoring 1065 

the potential for broad-spectrum therapeutic utility beyond kavalactones. *Benzopyrone = (s)-1066 

2,3-dihydro-5-hydroxy-methoxy-2-phenyl-4-benzopyrone. *Trimethoxychalcone = 2'-hydroxy-1067 

4,4',6'-trimethoxychalcone. C. *Tetramethylhexadec = (E,7S,11R)-3,7,11,15-1068 

tetramethylhexadec-2-en-1-ol. *Azulene = 1,2,3,4,5,6,7,8-octahydro-1,4-dimethyl-7-(1-1069 

methylethenyl)-, (1S,4S,7R). *Propan-2-yltricyclodecan-4-ol = (4r,10s)-4,10-dimethyl-7-1070 

propan-2-yltricyclo[4.4.0.01,5]decan-4-ol. 1071 
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Figure 9. Chemical compound analysis of Piper Species with no PubMed associations to 1072 

anxiety, pain, sleep or movement/seizure disorders. 1073 

Scatter plot of compounds derived from 25 Piper species that, while GIMS-associated with 1074 

treatment of anxiety, pain, sleep or movement/seizure disorders, have not been reported as 1075 

connected to these indications in PubMed-indexed literature. Plots show number of formulations 1076 

containing each compound by the average percentage of those formulas associated with the four 1077 

therapeutic domains of interest. Dot size corresponds to the number of unique plant sources per 1078 

compound, colored by chemical class: terpene (blue), phenylpropanoid (red), benzenoid (green), 1079 

and alkaloid (purple). Highlighted compounds include Terpenes such as linalool, p-cymene, α-1080 

terpineol, and caryophyllene, each found in over 12,000 formulations and demonstrating 1081 

substantial average association with the target indications, and Alkaloids such as piperine, 1082 

piperolactam A, piperolactam C, and norcepharadione B, which vary widely in prevalence and 1083 

therapeutic linkage. Several compounds (e.g., such as xanthyletin (a phenylpropanoid) and (Z)-β-1084 

ocimene (a terpene)) show high association with indications despite appearing in relatively few 1085 

formulas, indicating strong but underrecognized therapeutic potential while P. attenuatum, P. 1086 

mullesua, P. obliquum, and P. hancei are notable for contributing > 20 relevant compounds. This 1087 

analysis identifies priority compounds and species for future investigation from underexplored 1088 

Piper taxa with culturally validated but scientifically undocumented uses. 1089 

Figure 10: Piper family compounds have both sedative and anxiolytic effects on zebrafish 1090 

larvae. A. Schematic representation of behavioral model and behavioral trace. Larvae are 1091 

deposited into a 24-well plate and allowed to acclimate for 90 minutes in a light environment 1092 

before an alternating light-dark stimulus is presented: 5 minutes of dark followed by 5 minutes of 1093 

light. Increased activity in the dark is interpreted as flight behavior. Mean distance moved is 1094 
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presented in Summary Responses, B-K. Stress Response distance moved is determined by 1095 

subtracting distance moved in 5 minutes light from distance moved in the following dark 5 1096 

minutes, averaged over 3 stimuli. B. Anxiogenic caffeine increases flight response at low 1097 

concentrations but has little or sedating effects at high concentrations. C. Anxiolytic diazepam 1098 

has broadly sedating effects at almost all concentrations. D-G. Summary responses for individual 1099 

compounds derived from Piper methysticum solubilized in 0.5% methanol (top) or 1.0% 1100 

methanol (bottom). H-K. Summary responses for individual compounds derived from medicinal 1101 

plants in the Piper family solubilized in 1.0% methanol. L. Chart summary of figure 10 data. 1102 

Figure 11. Visualization of druggability metrics for candidate compound groups. 1103 

Visualizations of weighted quantitative estimate of drug-likeness (QED), natural product-1104 

likeness (NP-likeness), and the number of Lipinski’s Rule of Five (RO5) violations for four 1105 

distinct sets of compounds: (1) all natural compounds contained in the PhAROS data platform 1106 

(blue; left-most), (2) all natural compounds reported in the Piper methysticum secondary ‘meta-1107 

metabolome’ (orange; second from left), (3) all natural compounds found in other Piper spp. and 1108 

associated with indications of interest (green; second from right), and (4) the eight natural 1109 

compounds tested in our in vivo pilot study (red; right-most). All molecular properties were 1110 

obtained using a combination of ChEMBL v32 database queries and the RDKit cheminformatics 1111 

package (for compounds not found in ChEMBL). Note that these four sets of compounds are not 1112 

mutually exclusive, and some compounds may appear in more than one set. A. Violin plot 1113 

showing the distribution of weighted QED scores in the four sets of natural compounds. Dashed 1114 

grey horizontal lines indicate the desirable range of weighted QED, from 0.4 to 0.7 (range: 0.0 to 1115 

1.0). B. Violin plot showing the distribution of NP-likeness scores in the four sets. Dashed grey 1116 

horizontal lines indicate the desirable range, from 0.5 to 2.5 (range: –5 to +5). C. Grouped bar 1117 
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chart showing the proportion of compounds in each set with no Lipinski’s RO5 violations (left-1118 

most bars) versus those with one or more violations (right-most bars). 1119 

Supplemental Figure A. Assessment of true versus predicted NP-likeness score. 1120 

Supplemental Figure B. List of full terms for truncated compound names in Figure 4A. 1121 

Supplemental Figure C. Abbreviation list 1122 

 1123 
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Figure 10. 

Phytochemical Sedative Stress 
Reduction Anxiolytic Group

Yangonin -1.0 1.0 1.0 P. methysticum

Methysticin 1.0 0.5 0.5 P. methysticum
Kavalactone

Dihydromethysticin -0.5 1.0 1.0 P. methysticum
Kavalactone

Dihydrokavain 0.5 0.5 -1.0 P. methysticum
Kavalactone

Piperlongumine 1.0 1.0 0.5
P. methysticum

Non-Kavalactone
Piper family

Piperine -1.0 1.0 1.0 Piper family

Beta-
Caryophyllene -1.0 0.5 0.5 Piper family

Curcumin -1.0 0.5 0.5 Piper family

H.
Piperlongumine 1.0% MeOH Piperine 1.0% MeOH

Baseline activity Stress response Baseline activity Stress response
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Actual Truncated Figure
17-methoxy-5,7-dioxa-1-
azoniapentacyclo[11.8.0.03,11.04,8.014,19]henicosa-
1(13),2,4(8),9,11,14,16,18-octaen-16-ol

17-methoxy-protoberberine* Figure 4A

3alpha,4alpha-epoxy-5beta-pipermethystine 3α,4α-epoxy-5β-pipermethystine Figure 4A
(1r,13s,21r)-16,17-dimethoxy-13-oxido-5,7-dioxa-13-
azoniapentacyclo[11.8.0.02,10.04,8.015,20]henicosa-
2,4(8),9,15(20),16,18-hexaen-21-ol

dimethoxy-oxido-protoberberine* Figure 4A

(23s)-23-ethoxy-24-methyl-5,7,18,20-tetraoxa-24-
azahexacyclo[11.11.0.02,10.04,8.014,22.017,21]tetracos
a-1(13),2,4(8),9,11,14(22),15,17(21)-octaene

ethoxy-methyl-protoberberine derivative* Figure 4A

1-(4-hydroxy-3,4-dihydro-2h-pyridin-1-yl)-3-
phenylpropan-1-one hydroxypyridinyl phenylpropanone 1* Figure 4A

1-(4-hydroxypiperidin-1-yl)-3-phenylpropan-1-one hydroxypyridinyl phenylpropanone 2* Figure 4A
1-[(4r)-4-hydroxy-3,4-dihydro-2h-pyridin-1-yl]-3-
phenylpropan-1-one hydroxypyridinyl phenylpropanone 3* Figure 4A

[(3s)-6-oxo-1-(3-phenylpropanoyl)-2,3-dihydropyridin-3-
yl] acetate phenylpropanoyl-dihydropyridinyl acetate* Figure 4A

[(1s,5r,6s)-2-oxo-3-(3-phenylpropanoyl)-7-oxa-3-
azabicyclo[4.1.0]heptan-5-yl] acetate phenylpropanoyl-oxazabicyclo acetate* Figure 4A

4,5,17-trimethoxy-11-methyl-2-oxa-11-
azatetracyclo[8.7.1.03,8.014,18]octadeca-
1(17),3(8),4,6,9,14(18),15-heptaene-12,13-dione

trimethoxy-oxa-azatetracyclo dione* Figure 4A

(11bs)-2,3,9-trimethoxy-7,11b,12,13-tetrahydro-6h-
isoquinolino[2,1-a]quinolin-10-ol trimethoxyisoquinolinoquinolinol* Figure 4A

(1,7,7-trimethyl-2-bicyclo[2.2.1]heptanyl) 3-(2-
methoxyphenyl)prop-2-enoate

trimethyl-bicyclo-heptanyl-benzodioxol-
methoxyphenyl-propenoate Figure 4A

(1,7,7-trimethyl-2-bicyclo[2.2.1]heptanyl) 3-(1,3-
benzodioxol-5-yl)prop-2-enoate

trimethyl-bicyclo-heptanyl-benzodioxol-
propenoate 1* Figure 4A

[(1r,2s,4r)-1,7,7-trimethyl-2-bicyclo[2.2.1]heptanyl] (e)-3-
(1,3-benzodioxol-5-yl)prop-2-enoate

trimethyl-bicyclo-heptanyl-benzodioxol-
propenoate 2* Figure 4A

(s)-2,3-dihydro-5-hydroxy-7-methoxy-2-phenyl-4-
benzopyrone

dihydro-hydroxy-methoxy-phenyl-
benzopyrone* Figure 4A

2-[2-(1,3-benzodioxol-5-yl)ethenyl]-4-methoxy-2,3-
dihydropyran-6-one

benzodioxolyl-ethenyl-methoxy-
dihydropyranone* Figure 4A

2-[(e)-2-(3,4-dimethoxyphenyl)ethenyl]-4-methoxy-2,3-
dihydropyran-6-one

dimethoxyphenyl-ethenyl-methoxy-
dihydropyranone* Figure 4A

(2s)-4-methoxy-2-[2-(4-methoxyphenyl)ethyl]-2,3-
dihydropyran-6-one

methoxy-methoxyphenyl-ethyl-
dihydropyranone* Figure 4A

4-methoxy-6-[(2s,3r)-3-(4-methoxyphenyl)oxiran-2-
yl]pyran-2-one

methoxy-methoxyphenyl-oxiranyl-
pyranone* Figure 4A

4-methoxy-2-(2-phenylethenyl)-2,3-dihydropyran-6-one methoxy-phenylethenyl-dihydropyranone* Figure 4A
2,2'-dihydroxy-4',6'-dimethoxychalcone dihydroxy-dimethoxychalcone* Figure 4A
(e)-3-(2,4-dihydroxyphenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one

dihydroxyphenyl-dimethoxyphenyl-
propenone* Figure 4A

(e)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(3-
hydroxyphenyl)prop-2-en-1-one

dimethoxyphenyl-hydroxyphenyl-
propenone* Figure 4A

(e)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(3-
methoxyphenyl)prop-2-en-1-one

dimethoxyphenyl-methoxyphenyl-
propenone* Figure 4A

(e)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(2-
methylphenyl)prop-2-en-1-one

dimethoxyphenyl-methylphenyl-
propenone* Figure 4A

(e)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(2-propan-2-
ylphenyl)prop-2-en-1-one

dimethoxyphenyl-propanylphenyl-
propenone* Figure 4A

2',4'-dimethylchalconaringenin dimethylchalconaringenin* Figure 4A
(e)-3-(2,6-dimethylphenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one

dimethylphenyl-dimethoxyphenyl-
propenone* Figure 4A

(e)-3-(2-ethylphenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one ethylphenyl-dimethoxyphenyl-propenone* Figure 4A

6'-hydroxy-2',4'-dimethoxychalcone hydroxy-dimethoxychalcone* Figure 4A
2'-hydroxy-2,4',6'-trimethoxychalcone hydroxy-trimethoxychalcone* Figure 4A
2',3,4-trihydroxy-4',6'-dimethoxychalcone trihydroxy-dimethoxychalcone* Figure 4A
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Actual Truncated Figure
[1-(3,4-dimethoxyphenyl)-2-(2,6-dimethoxy-3-prop-2-
enylphenoxy)propyl] acetate

dimethoxy-propenylphenoxy-propyl 
acetate* Figure 7

(2beta,4beta,5alpha,5abeta)-4-(1,3-benzodioxol-5-yl)-
2,3,4,5-tetrahydro-7-methoxy-5-methyl-8h-2,5a-
methano-1-benzoxepin-8-one

benzodioxolyl-hydro-methoxy-
benzoxepinone* Figure 7

(2e,4e,11e)-12-(benzo[1,3]dioxol-5-yl)-n-(3-
methylbutyl)dodeca-2,4,11-trien-amide

benzodioxolyl-methylbutyl-dodeca-trien-
amide* Figure 7

(2e,4e,6e)-7-(1,3-benzodioxol-5-yl)-1-pyrrolidin-1-
ylhepta-2,4,6-trien-1-one benzodioxolyl-pyrrolidinylhepta-trienone* Figure 7

(2e,6e)-7-(1,3-benzodioxol-5-yl)-1-(1-pyrrolidinyl)-2,6-
heptadien-1-one benzodioxolyl-pyrrolidinyl-heptadienone* Figure 7

1-[(2e,4e,8e)-9-(3,4-methylenedioxyphenyl)-2,4,8-
nonatrienoyl]pyrrolidine

methylenedioxyphenyl-nonatrienoyl-
pyrrolidine* Figure 7

1-[(2z,4e)-5-(1,3-benzodioxole-5-yl)-1-oxo-2,4-
pentadienyl]pyrrolidine

benzodioxoleyl-oxo-pentadienyl-
pyrrolidine* Figure 7

1-[(2e,4s,5r)-4,5-dihydroxy-1-oxo-2-decenyl]piperidine dihydroxy-oxo-decenyl-piperidine* Figure 7
1-(3-phenylpropanoyl)-5,6-dihydropyridin-2(1h)-one phenylpropanoyl-dihydropyridinone* Figure 7

(e,7s,11r)-3,7,11,15-tetramethylhexadec-2-en-1-ol tetramethylhexadecenol* Figure 7

2-(4-ethenyl-4-methyl-3-prop-1-en-2-
ylcyclohexyl)propan-2-ol

ethenyl-methyl-propenylcyclohexyl-
propanol* Figure 7

azulene, 1,2,3,4,5,6,7,8-octahydro-1,4-dimethyl-7-(1-
methylethenyl)-, (1s,4s,7r)- azulene* Figure 7

bicyclo(3.1.1)hept-2-ene-2-carboxaldehyde, 6,6-
dimethyl-, (1s)- dimethyl-bicyclo-heptene-carboxaldehyde* Figure 7

[(1r,2s)-2-(3,4-dimethoxy-6-oxo-1-prop-2-enylcyclohexa-
2,4-dien-1-yl)-1-(3,4-dimethoxyphenyl)propyl] acetate

cyclohexadienyl-dimethoxyphenylpropyl 
acetate* Figure 7

1-[(2e,4e,8e)-9-(3,4-methylenedioxyphenyl)-2,4,8-
nonatrienoyl]pyrrolidine *pyrrolidine 1 Figure 8A

1-[(2e,8e)-9-(3,4-methylenedioxyphenyl)-2,8-
nonadienoyl]pyrrolidine *pyrrolidine 2 Figure 8A

(s)-2,3-dihydro-5-hydroxy-7-methoxy-2-phenyl-4-
benzopyrone (10) *benzopyrone Figure 8B

2'-hydroxy-4,4',6'-trimethoxychalcone *trimethoxychalcone Figure 8B
(7s,8r)-4-hydroxy-4',7-epoxy-8,3'-neolignan-(7e)-ene *neolignan-3 Figure 8B
(7s,8r)-4-hydroxy-8',9'-dinor-4',7-epoxy-8,3'-neolignan-7'-
aldehyde *neolignan-2 Figure 8B

1-[1-oxo-3(3,4-methylenedioxy-5-methoxyphenyl)-
2zpropenyl] piperidine *piperidine-2 Figure 8B

(7r,8r)-3,4-methylenedioxy-4',7-epoxy-8,3'-neolignan-7'e-
ene *neolignan-4 Figure 8B

methyl-(7r,8r)-4-hydroxy-8',9'-dinor-4',7-epoxy-8,3'-
neolignan-7'-ate *neolignan-1 Figure 8B

1-(1-oxo-3-phenyl-2e-propenyl)piperidine *piperidine-3 Figure 8B
(e,7s,11r)-3,7,11,15-tetramethylhexadec-2-en-1-ol *tetramethylhexadec Figure 8B
azulene, 1,2,3,4,5,6,7,8-octahydro-1,4-dimethyl-7-(1-
methylethenyl)-, (1s,4s,7r)- *azulene Figure 8C

bicyclo(3.1.1)hept-2-ene-2-carboxaldehyde, 6,6-
dimethyl-, (1s)- *bicyclo-carboxaldehyde Figure 8C

2-(4-ethenyl-4-methyl-3-prop-1-en-2-
ylcyclohexyl)propan-2-ol *propan-2-ol Figure 8C

(4r,10s)-4,10-dimethyl-7-propan-2-
yltricyclo[4.4.0.01,5]decan-4-ol *propan-2-yltricyclo*decan-4-ol Figure 8C

Supplemental Figure B. .CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 4, 2025. ; https://doi.org/10.1101/2025.08.29.673131doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.29.673131
http://creativecommons.org/licenses/by/4.0/


Abbreviation Full Term
ALogP Atom-based log partition coefficient
ANOVA Analysis of Variance
BioPhytMol Bioactive Phytochemicals Molecular Database
ChEMBL Chemical Database of Bioactive Molecules with Drug-like Properties
CID Compound Identifier
ECFP4 Extended-Connectivity Fingerprints (type 4)
ETCM Encyclopedia of Traditional Chinese Medicine
FDA U.S. Food and Drug Administration
GABA Gamma-Aminobutyric Acid
GBIF Global Biodiversity Information Facility
GIMS Global Integrative Medical Systems
hpf Hours Post-Fertilization
IMPPAT Indian Medicinal Plants, Phytochemistry And Therapeutics
InChIKey International Chemical Identifier (hashed)
ISCA In Silico Convergence Analysis
KEGG Kyoto Encyclopedia of Genes and Genomes
KL Kavalactones
KTKP Korean Traditional Knowledge Portal
MedPServer Medicinal Plant Server
MEEF Minimal Essential Effective Formulations
NANPDB Northern African Natural Products Database
Noldus Behavioral tracking software (EthoVision XT)
NP-likeness Natural Product-likeness
PharmDB-K Pharmacological Database of Korean Medicinal Plants
PhAROS™ Phytomedicine Analytics for Research Optimization at Scale
PTSD Post-Traumatic Stress Disorder
PubChem Public Chemical Molecule Database
QED Quantitative Estimate of Drug-likeness
RDKit Open-source cheminformatics software
RO5 Lipinski's Rule of Five
SANCDB South African Natural Compounds Database
SFE Supercritical Fluid Extraction
SMILES Simplified Molecular Input Line Entry System
SPME Solid Phase Micro Extraction
spp. Species (plural)
TCMID Traditional Chinese Medicine Integrated Database
TIPdb Taiwanese Indigenous Plant Database
TM-MC Northeast Asian Traditional Medicine Database
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