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30  Summary

31  Obesity is a chronic, multifactorial disease in which genetics plays a major role.
32  Genome-wide association studies (GWAS) have identified thousands of loci associated
33  with obesity and related traits, however, translating these findings into mechanistic
34  understanding and clinical application remains challenging. Here we present an open-
35 access and Al-powered web platform, Obesity Knowledge Portal (OKP,
36  https://obesityknowledge.org), which covers 166,582 curated variant-trait associations
37  mapped to 11,298 unique genes from published GWAS and UK Biobank summary
38  statistics, a manually curated database of 49 clinical-stage obesity therapeutics with
39  gene-level GWAS evidence annotation, and a domain-specific Al assistant built on
40  Retrieval-Augmented Generation (RAG) of 10,198 peer-reviewed publications. The
41  portal provides three core analytical capabilities: interactive exploration of gene- and
42  variant-level associations across multiple datasets with cross-linking to clinical-stage
43  drug targets; a genomic target prioritisation algorithm that combines statistical
44  significance and variant density to prioritise novel candidates from genes not targeted
45 Dby existing therapeutics, and literature-grounded interpretation of genetic and
46  pharmacological queries through a scope-restricted LLM-driven contextualisation
47  system. We demonstrate the portal’s utility through case studies at the F70O locus and
48  an integrated pharmacogenomic analysis of the GLP-1/incretin axis. The OKP is freely
49  available and aims to support the translation of genetic discoveries into therapeutic

50  hypotheses for obesity.
51

52  Keywords: obesity, knowledge portal, Al, large language model, GWAS, precision

53 medicine
54
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55 Introduction

56  Obesity affects over 890 million adults worldwide and contributes to the global burden
57  of type 2 diabetes, cardiovascular disease, and certain cancers!?, Twin and family
58  studies have consistently demonstrated that genetic factors account for 40-70% of the
59  variation in obesity>, establishing human genetics as a foundation for discovering
60 novel therapeutic targets and enabling precision medicine strategies. Since the
61  landmark identification of the FTO locus variant rs9939609 in 2007, large-scale
62  genome-wide association studies (GWAS), including the GIANT consortium and Pan-
63 UK Biobank, have identified thousands of independent loci associated with body mass
64 index (BMI) and obesity-related traits’-'2, While these findings have suggested the
65 central role of hypothalamic and neuronal pathways in appetite regulation in
66  obesity’!3!4, other studies have emphasized the broad tissue expression of these target
67  genes'>!7, and the majority of GWAS loci have not been linked to specific biological
68  mechanisms. Very few have been translated into therapeutic targets, and these have
69  been restricted to treatments for monogenic obesities such as mutations of the POMC
70  gene, PCSKI gene and leptin receptor gene that interfere with signalling to the MC4
71 receptor. Patients with these mutations can be treated with setmelanotide which is a

72 direct agonist of the MC4R'®,
73

74 This translational gap is particularly striking given the recent clinical success of drug
75  targets subsequently shown to have genetic support. Semaglutide, a GLP-1 receptor
76  agonist, achieves approximately 16% body weight reduction in randomised controlled
77  trials'?°, Tirzepatide, a dual GLP-1/GIP receptor agonist, approximately 23%?! and
78  the triple agonist Retatrutide demonstrated weight loss exceeding 29% in phase 3
79  studies?®?. The incretin-based therapies targeting GLPIR, GIPR and GCGR were not
80 initially identified as genes associated with obesity through human genetics. They
81  emerged from use as treatment for T2D, where weight loss was noted as a side effect.
82  Genetic evidence later showed that variations in or near these genes have since been
83  identified in GWAS of BMI and metabolic traits’!%2423 and recent pharmacogenomic
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84  analyses have linked such variation to interindividual differences in weight-loss
85  response?*2627, Although retrospective, this genetic corroboration nonetheless supports
86 the principle that human genetic evidence can validate and prioritise therapeutic targets.
87  This suggests that systematic mining of GWAS data for druggable genes may accelerate
88  the next generation of obesity therapeutics, however, there is no existing resource

89  providing the computational infrastructure for this purpose.
90

91  While several resources contribute to the interpretation of obesity GWAS data, none
92  provides a unified framework spanning genetic association, functional context and
93  therapeutic translation. The NHGRI-EBI GWAS Catalog®® provides a comprehensive
94  repository of published associations but does not link them to drug targets or therapeutic
95  pipelines. The Type 2 Diabetes Knowledge Portal?® demonstrates the value of disease-
96 focused genetic resources but does not cover the obesity pharmacological landscape.
97  Open Targets® integrates broadly across multiple diseases but lacks the mechanism of
98  action, clinical efficacy, and GWAS evidence strength per compound that are essential
99  for obesity-focused target assessment. Meanwhile, research publications on obesity
100  genetics and pharmacotherapy have grown at an extraordinary rate, with thousands of
101  papers published annually on GWAS findings, incretin pharmacology, adipose biology,
102  and mechanistic studies on obesity-associated genes, making manual synthesis by
103  individual researchers increasingly difficult. The recent emergence of large language
104  models (LLMs) as scientific tools presents an unprecedented opportunity to address this
105 challenge, enabling the transformation of static genomic annotations into dynamic,
106  context-aware interpretive summaries’!, provided that such models can be grounded in

107  curated, domain-specific evidence rather than generic training data.
108

109 To address these challenges, we developed the Obesity Knowledge Portal (OKP,
110  https://obesityknowledge.org), a freely available open-access and monthly updated web
111 platform that provides an integrated environment for obesity genetics exploration and

112  drug target discovery powered by Al. The portal consolidates genome-wide association
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113  data from multiple sources into a unified browser with cross-dataset comparison,
114  regional association plotting, and protein interaction network visualisation. It
115  incorporates a curated pharmacological layer linking genetic evidence to the current
116  obesity therapeutic pipeline, supported by a scoring framework for systematic target
117  prioritisation. To enable scalable evidence synthesis across the rapidly expanding
118  obesity literature, the platform deploys a Retrieval-Augmented Generation (RAG)
119  system that grounds LLM outputs in over 10,000 domain-specific publications,
120  delivering context-aware interpretation on demand. Together, these capabilities
121  establish the OKP as a unified resource for navigating from genetic association to

122  therapeutic hypothesis in obesity genetics and precision pharmacology.
123
124

125 Results

126  Overview of the Obesity Knowledge Portal

127  The Obesity Knowledge Portal integrates three complementary data layers within a
128  unified web interface (Fig. 1A). The genetic layer covers obesity-related variant-trait
129  associations from three primary sources. From the NHGRI-EBI GWAS Catalog, we
130  extracted all associations for obesity-related traits using keyword-based filtering across
131  the mapped traits (Methods), retaining variants with valid gene annotations and
132  yielding 63,960 variant-trait associations mapped to 11,298 genes across 661 distinct
133 traits, drawn from 1,145 studies reported in 366 publications. These traits span primary
134  obesity-related phenotypes, including BMI, BMI-adjusted waist-hip ratio (WHR),
135  BMI-adjusted hip circumference, BMI-adjusted waist circumference, body weight as
136  well as adiposity-associated traits including body fat percentage, visceral adipose tissue
137  mass, lean body mass, birth weight, and obesity-related metabolic traits (Supplemental
138 Table 1). The second resource comprised UK Biobank summary statistics from the
139  Neale Lab Round 2 analysis, contributing 51,998 genome-wide significant variants for

140 BMI (Field 21001) and 50,624 for BMI by bioelectrical impedance (Field 23104)32. In
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141  total, the portal indexes 166,582 variant-trait associations across the three contributing

142  datasets.
143

144  The pharmacological layer comprises a manually curated database of 49 clinical-stage
145  obesity therapeutics (Table 1). These include six FDA-approved agents (Semaglutide,
146  Tirzepatide, Orforglipron, Liraglutide, Setmelanotide and Metreleptin), three
147  regionally approved agents in China (Mazdutide, Ecnoglutide and Beinaglutide), one
148  compound under FDA review (CagriSema), thirteen phase 1, thirteen phase 2, eleven
149  phase 3 candidates, and two withdrawn drugs (Rimonabant and Lorcaserin). The
150  pipeline spans multiple therapeutic modalities including GLP-1 receptor mono-agonists,
151 dual GLP-1/GIP agonists (Tirzepatide, MariTide, Enicepatide, VK2735, Olatorepatide,
152  THDBH120), dual GLP-1/glucagon agonists (Survodutide, Mazdutide, Pemvidutide),
153  the triple GLP-1/GIP/glucagon agonist Retatrutide, amylin-based therapies
154  (Zenagamtide, Eloralintide, Cagrilintide, Petrelintide), oral non-peptide GLP-1
155  agonists (Orforglipron, Aleniglipron), myostatin/activin pathway inhibitors
156  (Taldefgrobep alfa, Bimagrumab), a peripherally restricted CB1 inverse agonist
157  (Monlunabant) and a centrally acting CB1 inverse agonist (Rimonabant; withdrawn).
158  Each entry is annotated with the molecular target, mechanism of action, route of
159  administration, development stage, pivotal trial identifier, maximum reported weight-
160 loss efficacy, and strength of supporting GWAS evidence, with external links to
161  DrugBank?? and ChEMBL3* where available.

162

163  The knowledge layer consists of a Retrieval-Augmented Generation (RAG) system
164  built from 10,198 peer-reviewed publications relevant to obesity genetics, incretin
165 pharmacology, adipose biology, and pharmacogenomics, segmented into 150,943 text
166  segments and embedded as 384-dimensional vectors using the all-MiniLM-L6-v233
167  sentence transformer, indexed with FAISS for sub-second similarity search. This
168  architecture enables the portal’s Al query system to ground its outputs in peer-reviewed,
169  domain-specific evidence rather than relying on the general training data of LLMs
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170  which have a high hallucination rate.
171

172  The portal provides three primary functional modules: (i) an interactive GWAS browser
173  supporting gene and variant search, regional visualisation, and Al-powered report
174  generation; (ii)) a pharmacogenomic drug discovery module integrating a curated
175  therapeutic pipeline with genomic target prioritisation and a filtered GPCR target list;
176  and (iii)) an Al research assistant providing literature-grounded, scope-restricted

177  interpretation of genetic and pharmacological queries through RAG (Fig. 1B).
178

179  Gene/Variant level Browser for genetic association exploration

180  The Gene/Variant Browser provides an interactive interface for exploring genetic
181  associations across three datasets. Users can select from GWAS (default), UK Biobank
182  BMI, UK Biobank BMI Impedance and further apply trait-level filters to focus on

183  specific obesity-related phenotypes.
184

185  Searching by gene name or variant rsID provides access to multiple complementary
186  analytical views (Supplemental Fig. 1A): a sortable, filterable association table with
187  downloadable CSV export and direct links to PubMed records and GWAS Catalog
188  study accessions; Manhattan plot and LocusZoom regional association plots displaying
189  variant distribution across the chromosome and enabling fine-resolution inspection of
190  local linkage disequilibrium (LD) architecture®®; protein-protein interaction networks
191  from STRING?®’ with external links to Reactome®®, KEGG*°, and GeneCards*’ for
192  pathway-level contextualisation; the Al Insight tab generates a literature-grounded
193  summary for any selected gene, synthesising biological function, therapeutic relevance
194  and key findings from the indexed corpus. The Publication Report tab compiles the
195  gene’s variants, Al summary, and external resource links into a formatted PDF

196  document for offline use or sharing.
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197

198  We illustrate the browser using the 70 gene, one of the most extensively characterised
199  obesity susceptibility genes (Fig. 2A). Querying F70 under the default GWAS returns
200 500 unique genome-wide significant variants on chromosome 16, spanning positions
201 53,750,466 - 54,117,066 and encompassing multiple distinct obesity-related traits. The
202  association table enables sorting by P value, chromosomal position, or effect size and
203  the full result set is downloadable for downstream analysis. The LocusZoom regional
204  plot provides fine-resolution LD colouring for the F70 locus, enabling researchers to
205  distinguish independent signals from those attributable to LD structure (Fig. 2B). The
206  STRING interaction network contextualises /70 within its functional neighbourhood,
207  revealing its central role in the m°A RNA methylation complex*! through interactions
208  with writers (METTL3, METTL14)*, erasers (ALKBHS5), and readers (YTHDFI,
209 YTHDF2, IGF2BP2)*, as well as connections to the established obesity-associated
210  genes MC4R and TMEM1S (Fig. 2C). When a queried gene is a known drug target, a
211 cross-linking banner appears below the gene header, displaying all clinical-stage
212 compounds targeting that gene. For example, selecting GLPIR reveals 30 clinical-stage
213  compounds in the curated database that act on this target, including Semaglutide,
214  Tirzepatide, Orforglipron, and Retatrutide, providing immediate pharmacological
215  context alongside the genetic evidence (Fig. 2D). This bidirectional link between
216  genetic and pharmacological evidence allows researchers to move directly from a
217  GWAS signal to the corresponding therapeutic landscape. Querying F70 in the Al
218 Insight tab produces a literature-grounded summary covering its role as a 2-
219  oxoglutarate-dependent nucleic acid demethylase, GWAS association profile across
220  multiple adiposity traits, molecular mechanisms linking /70 to appetite regulation and
221  energy homeostasis and therapeutic potential including the identification of entacapone
222  as a chemical inhibitor acting through FOXO1 pathways, based on retrieved source

223  publications with PubMed links (Supplemental Fig. 1B).
224

225 Drug target database and pharmacogenomic analysis
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226  The Drug Discovery module provides a comprehensive analytical interface for the
227  obesity therapeutic pipeline. The Pipeline Overview ranks reported compounds by
228 maximum reported weight-loss efficacy, coloured by development stage (Fig. 3A). The
229  Drug Profiles tab provides a filterable database with detailed compound information
230 including mechanism of action, administration route, pivotal trial results and external
231  links to DrugBank®* and ChEMBL3* entries, alongside expandable profiles

232  summarising key clinical evidence for each compound (Supplemental Fig. 2A).
233

234  To demonstrate the portal’s pharmacogenomic capabilities, we examined the GLP-
235  l/incretin therapeutic axis, which currently dominates the obesity drug market***°, The
236  majority of the 49 curated compounds target the GLP-1 receptor, either alone
237  (Semaglutide, Liraglutide, Orforglipron) or in combination with the GIP receptor
238  (Tirzepatide, MariTide) or the glucagon receptor (Retatrutide, Survodutide, Mazdutide).
239  Querying these targets reveals a convergence of genetic and pharmacological evidence:
240  GIPR harbours multiple genome-wide significant variants representing one of the
241  strongest genetic signals among current drug targets (Supplemental Fig. 2B), while
242  GLPIR carries 10 genome-wide significant variants and both show consistent
243  association signals across multiple adiposity traits (Fig. 2D). The Mechanisms & Al
244  tab further demonstrates these findings through an interactive Sankey diagram mapping
245  the flow from drug to target receptor to target tissue to physiological effect, illustrating
246  how incretin-based compounds converge on hypothalamic and hindbrain circuits to
247  suppress appetite and slow gastric emptying through partially overlapping but
248  pharmacologically distinct receptor pathways (Fig. 3B). This integrated genetic,
249  pharmacological, and mechanistic view enables researchers to assess the depth of

250  evidence supporting each therapeutic modality within the incretin axis.
251
252  Genomic target prioritisation engine

253  Beyond exploring individual genes, the portal provides a systematic framework for
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254  novel target discovery through the genomic target prioritisation (GTP) method
255  (Supplemental Fig. 3A). The GTP score combines two orthogonal components: a
256  statistical significance score S(g) derived from the strongest association observed
257  across all variants mapped to gene (g) and a variant enrichment score V(g) reflecting
258  the total number of genome-wide significant variants annotated to that gene into a single
259  composite metric scaled from 0 to 100 (Methods). To focus discovery on candidates
260  without existing pharmacological tools, the algorithm excludes 12 genes that are
261  already targets of clinical-stage obesity therapeutics in our curated database and filters
262  out multi-gene blocks and intergenic variants to ensure single-gene specificity

263  (Methods).
264

265  The resulting target landscape (Supplemental Fig. 3B) plots all scored novel candidate
266  genes by variant density against maximum statistical significance, with bubble size and
267  colour proportional to the GTP score. FTO ranks top overall, followed by RFLNA and
268 COBLLI. Several genes with established biological relevance to obesity and
269  metabolism appear within the top-ranked candidates. 7CF7L2, encoding a transcription
270 factor central to pancreatic B-cell function, is one of the strongest type 2 diabetes
271  susceptibility genes***. ADCY3, encoding adenylyl cyclase 3, harbours both common-
272  variant GWAS signals and rare loss-of-function variants linked to monogenic
273  obesity**". TBX15 is a transcription factor regulating adipose tissue development and
274  depot-specific fat distribution®'. FAIM? is a neural gene previously implicated in
275  appetite regulation through GWAS of childhood obesity>>*3. The recovery of these
276  biologically validated genes demonstrates the algorithm’s capacity to prioritise
277  meaningful therapeutic candidates from genetic evidence alone. For any prioritised
278  gene, the portal generates an Al viability report summarising biological function,
279  druggability assessment, tissue expression, existing tool compounds and key challenges
280 for drug development, grounded in evidence retrieved from the indexed literature

281  (Supplemental Fig. 3C).

282
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283  Given that GPCRs represent the most druggable and therapeutically successful protein
284  class in obesity pharmacology, a dedicated GWAS GPCRs tab cross-references
285  obesity-associated genes against the International Union of Basic and Clinical
286  Pharmacology (IUPHAR) Guide to Pharmacology curated list of 357 human GPCRs,
287  identifying those reaching genome-wide significance for obesity traits>*. This analysis
288 reveals 55 GPCRs with genome-wide significant associations and a further 8 at
289  suggestive significance (P < 5 x 107°). These genes include established drug targets
290  suchas GIPR, MC4R, and CALCR alongside orphan receptors such as GPR61, GPR139,
291 and GHSR (Supplemental Table 2). Among the GPCRs reaching genome-wide
292  significance, GPR61 (P =2 x 107%) and GPR139 (P = 3 x 107%¢) stand out as orphan
293  receptors with emerging evidence of impacts on energy homeostasis but currently

294  lacking clinical-stage compounds®->7.

295
296  Al-powered research assistant

297  The portal incorporates a Retrieval-Augmented Generation (RAG) system to provide
298 literature-grounded interpretation of obesity genetics and pharmacology questions (Fig.
299  4A). When users submit queries through any of the portal’s Al interfaces, including the
300 gene insight tab in the Gene/Variant Browser, the drug analysis module in Drug
301  Discovery, the viability report function in the Novel Target Engine and the dedicated
302 Al Assistant page, the system encodes the query using the all-MiniLM-L6-v2 sentence
303 transformer, retrieves the most relevant text segments from a FAISS index built from
304 150,943 segments across 10,198 publications, and provides these passages alongside
305 any structured portal data as context to a large language model (Claude Sonnet 4.6,
306  Anthropic), which generates a response grounded in the retrieved evidence. For
307 example, beyond genetic associations identified at the FTO locus, users can further
308 investigate how these effects are mediated through downstream genes, such as /RX3
309 and /RX5, using the Al assistant. This enables deeper mechanistic insights into gene

310  regulation and disease pathogenesis (Supplemental Fig. 4A).

311
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312  Each response is accompanied by a list of source publications retrieved from the
313  indexed corpus, with direct links to PubMed Central, allowing users to trace claims

314  back to the underlying literature.
315

316 A key feature of the Al-powered assistant is its domain-aware query understanding.
317  Before any retrieval is performed, incoming questions are evaluated against the portal’s
318  scientific scope using a two-stage filter. A keyword-based classifier first screens for
319  obesity-relevant terminology such as gene symbols, drug names, metabolic phenotypes,
320 and genetic concepts, unrecognised queries are then indexed against the RAG corpus
321  with a high similarity threshold to detect in-scope questions. Queries that are outside
322  the portal’s scope, such as requests about weather, travel, general coding, or unrelated
323  medical conditions, are declined with a redirection message rather than forced through
324  the retrieval pipeline (Fig. 4B). This design prevents the language model from
325  fabricating answers grounded in spurious context, a known failure mode of general-
326  purpose chatbots when confronted with out-of-domain prompts. For in-scope queries,
327  the system applies adaptive retrieval strategies to handle short or ambiguous inputs.
328  When a query is too brief to provide sufficient semantic context, for example, a simple
329 gene symbol such as FTO, the system automatically generates several expanded
330  variants by appending domain terms such as ‘F7O obesity genetics’ or ‘F70O BMI
331  GWAS’, retrieves passages for each variant, and returns results from the highest-
332  scoring version. Together, these mechanisms yield an Al research assistant that behaves
333 as a focused domain expert, restricted in scope, grounded in retrieved evidence and

334  transparent about its sources rather than an unconstrained conversational agent.
335
336  Discussion

337  Human genetics has transformed our understanding of obesity, however, the translation
338  of'this evidence into therapeutic discovery has been restricted to specific drugs targeting

339  monogenic issues — for example, Setmelanotide, an MC4R agonist used to treat patients
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340  with rare biallelic mutations in POMC>3. Since the identification of F7TO in 2007°,
341 GWAS have reported thousands of loci associated with BMI and related obesity traits.
342  In parallel, the clinical success of incretin-based drugs has demonstrated that targets
343  supported by human genetic evidence can achieve substantial weight loss>®. Despite the
344  link between genetic discovery and pharmacological outcome, methods to bridge these
345 remain limited. GWAS catalogues provide variant-level summaries but lack
346  pharmacological context, drug target databases such as DrugBank** and Open
347  Targets’®® contain extensive pharmacological annotations but are not ideal for the
348  genetic architecture of obesity, and clinical trial registries capture development stage
349  without linking to the underlying human genetics. The Obesity Knowledge Portal
350  addresses this clear gap providing integrated access to 166,582 variant-trait associations
351  with a manually curated database of 49 clinical-stage obesity compounds, a genomic
352  target prioritisation method, and a literature-based Al assistant indexed 10,198

353  publications.
354

355  Notably, of the 49 clinical-stage compounds curated in the portal, the majority act on
356 the GLP-l/incretin axis, either as monotherapies directed at the GLP-1 receptor
357  (Semaglutide, Liraglutide, Orforglipron), as dual agonists co-targeting the GIP receptor
358  (Tirzepatide, MariTide) or the glucagon receptor (Survodutide, Mazdutide), or as a
359 triple GLP-1/GIP/glucagon agonist (Retatrutide). The remaining compounds are
360  distributed across MC4R, leptin, endocannabinoid, amylin, myostatin and GPRI19
361  pathways®. Incretin-based therapies have shown strong efficacy in clinical trials, with
362 semaglutide achieving approximately 16% mean weight reduction'®??, Tirzepatide
363  23%?! and Retatrutide 29%?2. However, it is well-known that human genetic evidence
364  base is considerably broader than this incretin axis reflects and our gene prioritisation
365  algorithms also identify multiple high-scoring genes with established roles in energy
366  homeostasis which are not currently targeted by any clinical-stage compound. This
367  contrast between the breadth of genetic evidence and the narrowness of current

368  therapeutic development highlights the value of integrative resources that can
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369  systematically connect GWAS findings to pharmacological opportunities beyond the

370 incretin axis.
371

372  The genomic target prioritisation analysis in the portal further provides a framework
373  for examining how current therapeutic development aligns with the broader landscape
374  of human genetic evidence for obesity. Several of the highest-scoring candidates are
375  well-characterised genes associated with metabolic traits for which no reported clinical-
376  stage obesity therapeutic is currently in development. TCF7L2, the strongest locus for

377  T2D and a central regulator of pancreatic B-cell function#6-48

, 1s not currently under an
378  obesity-directed development programme despite its strong and reproducible GWAS
379  signal. ADCY3 is of particular interest, as it harbours both common-variant GWAS

380  signals and rare loss-of-function alleles linked to monogenic obesity**-°

, indicating a
381 convergence of evidence that supports hypothalamic cAMP signalling®’ as a
382  mechanistically potential axis for therapeutic exploration. The high ranking of TBX15,
383 a transcription factor regulating adipocyte development and depot-specific fat
384  distribution®!, suggests adipose tissue requires more pharmacological attention apart
385 from the predominantly central nervous system-focused therapeutic development.
386 FAIM?2, implicated in appetite regulation through GWAS of early-onset obesity,
387  suggests the involvement of neural circuits distinct from the hypothalamic melanocortin
388  and incretin pathways>?. 34% of the FDA-approved drugs target GPCRs®:%2, applying
389  the GPCR filter prioritised GPR61 and GPR139, two orphan receptors with genome-
390 wide significant associations, which exhibits a strong genome-wide significant
391  association signal are not being evaluated currently in clinical-stage obesity trials. More
392  recently, multi-target combinations also suggest the success of ‘incretin +°, genes with
393  strong genetic contribution may also facilitate this multiple targets combination®?.
394  Taken together, these results suggest that the portal can help researchers to evaluate the

395  strength of investigation, and guide the translation of these findings towards

396  pharmacological evaluation and drug development.
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398 At a broader level, the Al assistant integrated into the portal exemplifies how large
399 language models can be adapted responsibly to support the understanding of obesity
400  genetics and pathology. By constraining generation to a curated corpus of obesity
401  literature, applying a domain-specific scope filter, and returning every retrieved source
402  alongside its response, the assistant provides a form of literature synthesis that is
403 transparent, traceable, and grounded in evidence that users can easily independently
404  verify. This architecture offers a template for similar domain-focused scientific
405  assistants in other disease areas®*>. Positioning such an assistant within an integrated
406  genetic and pharmacological environment, rather than as a standalone conversational
407  interface, further enhances its utility by allowing researchers to move fluidly between

408  structured data analysis and narrative literature interpretation.
409

410 By bringing together human genetic evidence, pharmacological context, and literature-
411  grounded analysis within a single integrated environment, the Obesity Knowledge
412  Portal is intended to serve as a shared human genetics and pharmacotherapy resource
413  for the research community working on metabolism and obesity. This portal will
414  support hypothesis generation, accelerate target evaluation, and facilitate
415 communication between the genetics, pharmacology, and clinical research
416  communities, thereby contributing to the broader translational effort of converting
417  genetic discovery into effective therapeutic intervention for obesity and its associated

418  metabolic diseases.

419

420

421  Methods

422  Data sources and integration

423  The portal integrates three primary genetic datasets covering obesity and adiposity traits.
424  GWAS Catalog full association data (version 1.2, April 2026) were downloaded from

425  the NHGRI-EBI GWAS Catalog and filtered to retain variant-trait associations relevant
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426  to obesity, BMI, body fat distribution, and related adiposity phenotypes. Variants
427  without valid gene annotations were removed, yielding 63,960 variant-trait associations
428 mapped to 11,298 genes across 661 traits and 1,145 studies. UK Biobank summary
429  statistics were obtained from the Neale Lab Round 2 release for Field 21001 (body mass
430 index; 51,998 genome-wide significant variants) and Field 23104 (BMI by impedance;

431 50,624 variants)*. The combined dataset comprises 166,582 variant-trait associations.
432
433 Drug target database

434 The drug target database was manually curated from primary literature,
435  ClinicalTrials.gov and U.S. Food and Drug Administration (FDA) records, comprising
436 49 clinical-stage compounds on 11 unique molecular targets. Each entry includes drug
437  name, molecular target, mechanism of action, pharmacological class, administration
438 route, development stage, sponsoring company, pivotal clinical trial, maximum
439 reported weight loss efficacy, and external database identifiers (DrugBank®® and
440  ChEMBL?*) if available. Clinical efficacy values correspond to the maximum reported
441  mean percentage body weight reduction at the highest evaluated dose from the
442  referenced clinical trial for each compound. For compounds in earlier development
443  stages, values reflect the best available published data and may derive from shorter-
444  duration or dose-finding studies. Compounds approved for non-obesity indications
445  (metreleptin) or without reported weight-loss endpoints (taldefgrobep alfa, macupatide)
446  are not listed in the barchart, but kept in the drug profile database. Entries are manually

447  updated as new clinical data become available.
448
449  Genomic target prioritisation (GTP) score

450 The GTP score integrates two normalised components of human genetic evidence:
451  statistical significance and variant density. For each candidate gene g, Ppin(9)
452  denotes the smallest P value observed across all variants mapped to g, and N(g)

453  denotes the total number of variants mapped to g that reach genome-wide significance.
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454 A capped log-transformed significance score is computed as
455 5(g) = min(—log,, Prin(g), 100)/max, {min (—log, , Pmin(g), 100) }

456  where the cap of 100 limits the influence of extreme outliers.

457 A log-transformed variant density score is computed as
458 V(g) =log,(N(g) + 1) /max, {log,(N(g) + 1) }

459  Both components are normalised to [0, 1] using the maximum value across all scored
460  candidate genes. The composite GTP score is the equally weighted average scaled to a

461  0-100 range:

[Sw + Vig] |

100
2

462 GTPy, =

463  We exclude 12 genes that are already targets of clinical-stage obesity therapeutics in
464  the curated drug database (GLPIR, GIPR, GCGR, MC4R, ACVR2B, CNRI, HTR2C,
465 LEP, LEPR, CALCR, MSTN and IGFIR) to focus on novel candidates. Multi-gene
466  blocks entries and intergenic variants are filtered prior to scoring to ensure single-gene

467  specificity. Equal weighting of the two components is used.
468
469  Literature corpus and RAG index

470  The portal incorporates a retrieval-augmented generation system indexed over 10,198
471  obesity-relevant peer-reviewed publications (465 full-text PDFs and 9,733 text-
472  extracted articles) obtained via PubMed Central. Documents were chunked into
473  overlapping text segments and embedded using the all-MiniLM-L6-v2 sentence
474  transformer (384-dimensional embeddings), producing a FAISS index of 150,943
475  vectors. At query time, the system encodes the user question using the same embedding
476  model and retrieves the top-ranked segments by cosine similarity. The top segments are
477  passed as context to the generative model (Claude Sonnet 4.6, Anthropic) along with
478  any structured portal data relevant to the query, and the model generates a response

479  grounded in the retrieved passages. All unique source documents corresponding to the
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480 retrieved chunks are returned to the user interface and displayed as a references list with

481  clickable links to PubMed Central.
482
483 Domain-aware query in the AI assistant

484  To confine the Al assistant to obesity-relevant topics, incoming queries are evaluated
485 by a two-stage filter before retrieval is performed. A keyword-based classifier first
486  screens the query against a curated list of obesity, genetics, and pharmacology terms,
487  as well as a second list of out-of-scope phrases such as requests about weather, travel,
488  or unrelated medical conditions. Queries that fail keyword matching are then probed
489  against the RAG corpus at a high similarity threshold (cosine similarity > 0.55) to detect
490 in-scope questions and queries that still fail this flow are declined with a redirection
491  message. For in-scope queries, the system applies adaptive retrieval strategies to handle
492  short and ambiguous inputs. When the original query scores below a confidence
493  threshold or consists of only a few tokens (for example, a single gene symbol) or
494  retrieves passages below a confidence threshold (cosine similarity < 0.60), the system
495  generates several expanded query variants by appending domain terms such as ‘obesity
496  genetics’, ‘BMI GWAS’, or ‘adipose metabolism’ runs each variant against the index

497  and returns the results from the highest-scoring variant.
498
499  Portal implementation

500 The portal is implemented as a Streamlit web application (Python 3.12.3) and deployed
501  on a DigitalOcean virtual machine running Ubuntu 24.04.4 LTS behind an nginx
502  reverse proxy with Let's Encrypt TLS termination. Interactive visualisations use Plotly
503 for Manhattan plots, bubble charts, and Sankey diagrams; LocusZoom plots are
504 rendered via the University of Michigan LocusZoom.js API®. Protein-protein
505 interaction networks are retrieved from STRING®’. The GPCR target filter cross-
506 references obesity-associated genes against the [UPHAR/BPS Guide to Pharmacology
507 curated list of 357 human GPCRs>. The portal is freely accessible at
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508  https://obesityknowledge.org.

509
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807

808  Fig. 1 Overview of the Obesity Knowledge Portal.

809 (A) Structure of the Obesity Knowledge Portal (OKP). The platform integrates three
810 complementary data layers: a genetic layer built on GWAS Catalog data and UK
811  Biobank data; a pharmacological layer comprising a manually curated database of 49
812  clinical-stage obesity therapeutics targeting 11 unique molecular targets; and a
813  knowledge layer built from 10,198 domain-specific publications segmented into
814 150,943 text chunks and indexed using FAISS for retrieval-augmented generation

815 (RAG). These data layers feed into three functional modules: an interactive
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816  Gene/Variant Browser, a Drug Discovery module, and an Al Research Assistant
817  delivering literature-grounded, source-cited responses to genetic and pharmacological

818  queries.

819  (B) Home page of the OKP web interface (https://obesityknowledge.org), showing the

820 three functional modules.

821
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823  Fig. 2 Gene/Variant Browser illustrated with two examples: F70 (A-C) and
824  GLPIR (D).

825 (A) Association table for FTO under the default GWAS dataset, returning 500 unique
826  genome-wide significant variants on chromosome 16 (positions 53,750,466—

827  54,117,066) across multiple obesity-related traits. Results are downloadable as CSV.
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828 (B) LocusZoom regional association plot for the F7TO locus (GRCh37), displaying
829  —logio(P) values with linkage disequilibrium colouring derived from reference
830  populations and recombination rate overlay. Gene tracks for #70 and RPGRIPIL are

831 shown below.

832 (C) STRING protein—protein interaction network for the FTO protein, revealing
833  functional interaction partners including m*A RNA methylation complex members
834 (METTL3, METTL14, ALKBHS5, YTHDF1/2) and obesity-associated proteins (MC4R,
835 TMEMIS).

836 (D) Cross-linking of genetic and pharmacological evidence for GLPIR. The gene page
837  displays 10 genome-wide significant variants alongside a banner listing 30 clinical-

838  stage compounds targeting this receptor.

839
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841  Fig. 3 Drug Discovery module.

842  (A) Pipeline Overview ranking all 49 clinical-stage obesity compounds by maximum

843  reported weight-loss efficacy (%), colour-coded by development stage.

844  (B) Mechanisms & Al tab showing an interactive Sankey diagram mapping the flow
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845  from drug compounds (left) through target receptors (GLPIR, GIPR, CALCR/RAMP,
846  GCGR, CBIR, ActRIIB, MC4R) to target tissues (hypothalamus, hindbrain/NTS,
847  pancreas, adipose tissue, liver, skeletal muscle) and physiological effects. Mechanistic
848  descriptions of four therapeutic paradigms including central appetite suppression,
849  energy expenditure, body composition preservation, and peripheral metabolic

850  modulation are provided below the diagram.
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852  Fig. 4 Al-powered research assistant.

853  (A) Architecture of the Retrieval-Augmented Generation (RAG) system. User queries
854  are encoded using the all-MiniLM-L6-v2 sentence transformer and matched against a

855  FAISS index of 150,943 text chunks from 10,198 publications. Retrieved passages,
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856  together with structured portal data (GWAS associations and drug database), are
857  provided as context to a large language model (Claude Sonnet 4.6, Anthropic), which
858  generates a literature-grounded response accompanied by cited source publications

859  with links to PubMed Central.

860 (B) Query filtering and adaptive retrieval. A two-stage filter (keyword classifier and
861  RAG corpus similarity check) identifies obesity-relevant queries and declines out-of-
862  scope requests with a redirection message. Short or ambiguous inputs undergo

863  automatic query expansion to improve retrieval quality.

864
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Supplemental Fig. 1 Gene/Variant Browser extended views.

(A) Overview of the browser interface. The Configuration panel allows dataset

selection (GWAS, UK Biobank BMI [Field 21001], or UK Biobank BMI Impedance
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869  [Field 23104]), and the Filter panel supports gene-, variant-, and trait-level filtering
870 across obesity-related phenotypes. Six analytical tabs are available: (1) Association
871  Table, (2) Manhattan Plot, (3) LocusZoom Plot, (4) Interaction Network, (5) Al Insight,
872  and (6) Publication Report. The association table is sortable and filterable, with direct

873  links to PubMed records and GWAS Catalog study accessions.

874  (B) Al Insight tab for the F7O, generating a literature-grounded summary covering
875  Dbiological function, GWAS associations, molecular mechanisms, and therapeutic
876  potential, with cited source publications and PubMed links shown in the References

877  panel.

878
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Semagiutide —Market Novo Nordisk .
Target: cirir | Class: Incretin mimetic | Type: GPCR Agonist Weight Loss.

Route: SC (weekly) | Year: 2021 15.80/0

Mechanism: P-1Rin (POMC/CART neurons) i gastric afferents; enh: { dent insulin secretion. GWAS: High

SELECT trial: 20% MACE reduction. Now approved for CKD (FLOW trial)

DrugBank: DB13928 | ChEMBL: CHEMBL2108724
Key Clinical Evidence: STEP 1: 15.8% WL at 68wk | SELECT: 20% MACE reduction | FLOW: CKD benefit

Gene: GIPR -

Q GIPRis a target of 13 clinical-stag i i ide, MariTide, Eni ide, VK2735 (SC), VK2735 (oral), Olatorepatide, THDBH120 and 5 more — View details in Drug Discovery

Association Table  ManhattanPlot  LocusZoom Plot  Interaction Network  Allnsight  Publication Report

Showing 109 variants from GWAS Studies

Sortby: Order: Rows:

P-Value v Ascending v 100 v

Variant Gene chr Position PValue OR/Beta Trait PubMed ID Study
rs35560038 GIPR 19 45671788 4.00e-111 00384 body mass index 40436827 GCST90662912
152238691 GIPR 1 45675785 8.00e-102 00761 body mass index 39024449 GCST90475153
152238691 GIPR 1 45675785 2.00e-98 00740  body mass index 39024449 GCST90475156
152238691 GIPR 19 45675785 4.00e-98 0.0734  body weight 39024449 GCST90476460
152238691 GIPR 1 45675785 4.00e-95 00717 body weight 39024449 GCST90476463
151800437 GIPR 19 45678134 5.00e-90 00330  body mass index 36581621 GCST90255621
152238691 GIPR 19 45675785 2.00e-72 0.0603  body weight 39024449 GCST90476466
1535560038 GIPR 19 45671788 1.00e-69 00213 body weight 40436827 GCST90662910
1535560038 GIPR 19 45671788 4.00e-61 00382 body mass index 34594039 GCST90018947
1511672660 GIPR 19 45676926 7.00e-60 00338 body mass index 30239722 GCST009003
1511672660 GIPR 19 45676926 7.00e-60 00338 body mass index 30239722 GCST009004
151800437 GIPR 19 45678134 3.00e-59 0.0339  body mass index 30239722 GCST009001
1511672660 GIPR 19 45676926 1.00e-58 00337 body mass index 36376304 GCST90179150

Download GIPR (109 rows) as CSV Download Displayed (100 rows)

879

880  Supplemental Fig. 2 Drug Discovery module and genetic evidence for the GIPR

881 incretin target.

882  (A) Drug Profiles tab, showing the Complete Drug Database—a filterable table of the
883  curated obesity therapeutics with status- and class-based filters, together with the
884  Detailed Drug Profiles panel, which expands to summarise the key clinical evidence

885 for each compound (Semaglutide shown as an example), with external links to
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886  DrugBank and ChEMBL.

887 (B) Gene/Variant Browser view of GIPR under the GWAS dataset, returning 109
888  variants. A cross-linking banner indicates that GIPR is targeted by 13 clinical-stage
889  compounds. The association table is sortable by P value, chromosomal position, or
890 effect size, with direct links to PubMed records and GWAS Catalog study accessions,

891  and is exportable as CSV.

892
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Select a high-scoring novel target for Al viability report:

FTO v Generate Viability Report

Al Viability Report:
FTO (Fat Mass and Obesity-Associated protein) h d as one of the most ing and

studied genetic loci in human obesity research, making it highly relevant candidate for therapeutic targeting. Understanding
its biological role, druggability, expression landscape, and the current state of pharmacological intervention is essential for evaluating its potential as a novel anti-obesity target.
Biological Function and Pathway

FTO encodes a 2 -dependent nucleic acid

placing it within the RNA modification machinery rather than the classical appetite-signaling cascades. Specifically, the protein catalyzes the oxidative demethylation
of N6-methyladenosine (m6A) residues in RNA, a pos wiith broad regulatory for mRNA stability, splicing, and Through this FTO influences pathways

governing energy intake and adipocyte differentiation. Portal data from the Obesity Knowledge Portal identifies FTO as a gene with a minimum association p-value of 1e-323 and 126 significant variants at genome-wide significance
thresholds (P <5x10°%), h inary strength and

of its genetic signal in obesity GWAS. Beyond its primary role in energy homeostasis, research has linked FTO to a broader set of metabolic phenotypes
including type 2 diabetes (T2D), non-alcoholic fatty liver disease (NAFLD), and hypertension. Genome-wide analyses have further identified pleiotropic effects of the FTO locus on both obesity and osteoporosis, suggesting that its
regulatory influence extends across multipl bolic and ti

programs. Intriguingly, variation in FTO has also been implicated in pathways connecting obesity with depression, potentially through gene-environment
interactions that modulate neurobiological circuits governing mood and energy balance simultaneously.

GPCR Status and Druggability

Portal annotations confirm that FTO is not a G-protein coupled receptor (GPCR). Instead, it belongs to the AIkB family of non-heme iron- and dependent di Th ti isactually favorable
from a drug discovery perspective, as the active site harbors a well-defined catalytic pocket that coordinates iron and 2-oxoglutarate, providing a structurally tractable binding site for small-molecule inhibitors. Enzyme active sites of this
class are in principl ble itive or allosteric inhibition with drug-like molecules, and the availability of structural data on the FTO protein has facilitated rational drug design efforts. While itis not a GPCR and therefore
cannot be targeted via the well-trodden receptor

modalities used for targets such as GLP-1R or MC4R, its enzymatic nature offers a distinct and pharmacologically exploitable mechanism of action.

Tissue Expression

FTO exhibits broad tissue expression, and its functional relevance varies considerably across compartments. In adipose tissue, FTO has been i b
aligning with s mbl-shea role i regulating adipocyte differentiation and lipid accumulation. lnica studies h that obese FTO at baseline, and that therapeutic interventions capable of

late with i in metabolic suggesting that adipose tissue represents a particularly important site of action. In the brain, FTO is expressed in hypothalamic nuclei involved in
appetite regulation, and central FTO activity is thought to contribute to the neurological control of food intake and energy expenditure. This dual expression in brain and adipose tissue positions FTO at the intersection of central appetite
signaling and peripheral metabolic regulation. Expmsslon in liver and skeletal muscle has been noted in the context of broader metabolic disease associations such as T2D and NAFLD, though these tissues are considered secondary sites

relative to the brain-adipose axis for thy

d in obese individuals prior to

ity

Existing Compounds and Tool Molecules

Pharmacological targeting of FTO has progressed meaningfully at the preclinical level. Research has identified —a catechol inhibitor previously approved for Parkinson's disease — as a chemical
inhibitor of FTO that mediates metabolic regulation through the transcription factor FOXOL. This ing findingis significant because it thata linically validated, orally bioavailable small molecule can engage the
FTO active site and produce downstream metabolic effects in vivo. Beyond a growing suite of tool

893

894  Supplemental Fig. 3 Genomic target prioritisation engine.

895 (A) Overview of the Novel Target Discovery Engine, introducing the Genomic Target
896  Prioritisation (GTP) Score.
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897 (B) Novel Target Landscape scatter plot displaying all scored candidate genes by
898  variant density (x-axis, log scale) against maximum statistical significance (—logioP, y-

899  axis), with bubble colour encoding GTP score.

900 (C) Al Viability Report generated for 70, providing a literature-grounded assessment
901  ofbiological function, druggability, tissue expression, existing tool molecules, and drug
902  development challenges. Retrieved source references with relevance scores are

903 displayed below the report for qualification.
904
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Fig S4

A
Al Assistant

How does FTO influence obesity through downstream regulatory genes?

The FTO gene represents one of the most extensively studied loci in human obesity genetics, ighton how it i h downsts rather than direct protein function.
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programs, thereby promoting fat accumulation.

d level, studies in g BMIis primarily food satiety, rather than by a marked reduction in energy expenditure per se. This
poi PP P circuits that goven hunger signaling.
Evidence from animal models further substantiates the downstream regulatory role of £T0. Loss of FTO function in mice resulted in reduced body weight and lower fat mass, whil phenotype, confirming that FTO dosage has
ful iposity throug] gulatory ol
Beyond energy balance, h has als 8 s —p y take — to gulatory FTO are not static but are shaped
by gene-environment interactions. Additionally, FTO variants have h as depression, further llustrating the breadth of downstream reg: ' pl
systems.
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923  Supplemental Fig. 4. Example output from the OKP Al assistant.

924  (A) The AI Assistant panel responding to the user query "How does FTO influence
925  obesity through downstream regulatory genes?". The response describes FTO's
926 function as an m°A RNA demethylase regulating the stability and translation of
927  metabolic transcripts, its action on appetite-regulating genes in the hypothalamus, and
928 its long-range enhancer-mediated regulation of downstream genes such as IRX3 and

929  IRXS, which govern thermogenesis and adipocyte differentiation.
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Table 1. Comprehensive obesity therapeutic pipeline integrated into the Obesity Knowledge Portal.

Drug Target Mechanism Stage Trial ID(s) WL% GWAS Ev. Company Route

FDA-Approved
Semaglutide GLP-1R GLP-1 receptor agonist Approved STEP 1 (NCT03548935) 158 High Novo Nordisk SC QW
Tirzepatide GIPR/GLP-IR Dual GIP/GLP-1 RA Approved SURMOUNT-1 (NCT04184622) 225 High Eli Lilly SC QW
Orforglipron GLP-1R Oral non-peptide GLP-1 RA Approved (Apr 2026) ATTAIN-1 (NCT05051579) 12.4 High Eli Lilly PO QD
Liraglutide GLP-1R GLP-1 receptor agonist Approved SCALE (NCT01272219) 8.0 High Novo Nordisk SC QD
Setmelanotide MC4R MCH4R agonist Approved (monogenic) NCT02896192 25.6 Very High Rhythm Pharma SC QD
Metreleptin LEPR Recombinant leptin Approved (lipodystrophy) | NIH trials N/A High Amryt Pharma SC QD
Regionally Approved
Mazdutide GCGR/GLP-IR Dual glucagon/GLP-1 RA China NMPA (Jun 2025) | GLORY-1 (NCT05607680) 14.4 Moderate Innovent Biologics SC QW
Ecnoglutide (XW003) GLP-IR cAMP-biased GLP-1 RA China NMPA (Mar 2026) | SLIMMER (NCT05813795) 15.1 High Sciwind Biosciences SC QW
Beinaglutide GLP-1R GLP-1 receptor agonist China NMPA-approved NCT03829891 6.0 High Shanghai Renhui SC TID

(T2D, 2016); Phase 3 ChiCTR1900023428

completed (obesity) |

ChiCTR1900023428
Under FDA Review
CagriSema AMY-R/GLP-1R Amylin + GLP-1 RA combo NDA filed (Dec 2025) REDEFINE 1 (NCT05567796) 22.7 Moderate Novo Nordisk SC QW
Phase 3
Retatrutide GIPR/GLP-1R/GCGR Triple agonist Phase 3 TRIUMPH-4 (NCT05931367) 28.7 Moderate Eli Lilly SC QW
Survodutide GCGR/GLP-IR Dual glucagon/GLP-1 RA Phase 3 SYNCHRONIZE-1 (NCT06066528) 18.7 Moderate BI / Zealand SC QW
MariTide GIPR(ant)/GLP-1R GIP antagonist + GLP-1 ag. Phase 3 MARITIME-1 (NCT06858839) 20.0 Moderate Amgen SCQM
Enicepatide (CT-388) GIPR/GLP-IR Biased dual GLP-1/GIP RA Phase 3 Enithl (NCT07351045) 22.5 High Roche / Carmot SC QW
VK2735 (SC) GIPR/GLP-IR Dual GLP-1/GIP RA Phase 3 VANQUISH-1 (NCT06616870) 14.7 (13wk) Moderate Viking Therapeutics SC QW
Zenagamtide (amycretin) AMY-R/GLP-1R Unimolecular GLP-1/amylin Phase 3 AMAZE 1 (NCT07339423) 243 Moderate Novo Nordisk SC QW
Eloralintide AMY-R Selective amylin RA Phase 3 NCT07321886 20.1 Moderate Eli Lilly SC QW
Cagrilintide (mono) AMY-R Long-acting amylin analogue Phase 3 RENEW 1 (NCT07220642) 11.8 Moderate Novo Nordisk SC QW
Zovaglutide (ZT002) GLP-1R Long-acting GLP-1 RA (monthly) Phase 3 HORIZON-1 (NCT07230119) 13.8 High QL Biopharm SC QM
Olatorepatide GIPR/GLP-IR Dual GLP-1/GIP RA Phase 3 (CN done) NCT07431086 19.0 Moderate Hansoh / Regeneron SC QW
Berobenatide GLP-1R GLP-1 receptor agonist Phase 3 VESPER-6 (NCT07595549) 159 High Pfizer / Metsera SC QW/QM
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Efsubaglutide alfa GLP-1R GLP-1 RA Phase 2b/3 NCT06921486 72 High Innogen SC QW
Bofanglutide (GZR18) GLP-IR GLP-1 RA (biweekly) Phase 2/3 NCT06737042 (phase 2 US); NCT06728124 17.3 High Gan & Lee SC Q2W/QM
(phase 3 China)
Phase 2
Aleniglipron GLP-1R Oral small-molecule GLP-1 RA Phase 2 ACCESS II (NCT06693843) 16.3 High Structure Therapeutics PO QD
'VK2735 (oral) GIPR/GLP-IR Oral dual GLP-1/GIP RA Phase 2 VENTURE-Oral (NCT06828055) 12.2 (13wk) Moderate Viking Therapeutics PO QD
Bimagrumab ActRIIA/B Anti-activin receptor mAb Phase 2 NCT03005288 6.5 (BW) Low Versanis / Lilly v
Monlunabant CBIR Peripheral CB1 inverse agonist Phase 2 NCT05891834 6.4 High Novo Nordisk PO
Petrelintide AMY-R Long-acting amylin analogue Phase 2 ZUPREME-1 (NCT06662539) 10.7 Moderate Zealand / Roche SC QW
Pemvidutide GCGR/GLP-IR Dual glucagon/GLP-1 RA Phase 2 MOMENTUM (NCT05295875) 15.6 Moderate Altimmune SC QW
Taldefgrobep alfa Myostatin Anti-myostatin mAb Phase 2b NCT07281495 TBD Low Biohaven SC
THDBH120 GIPR/GLP-IR Dual GIP/GLP-1 receptor agonist (ultra-long- | Phase 2 NCT07036601 9.36 High Tonghua Dongbao SC QW/Q2wW
acting)
HDM1005 GIPR/GLP-1R Dual GIP/GLP-1 receptor agonist Phase 2 NCT07279194 (CN); NCT06886126 (US) 13.28 — Huadong Medicine SC QW
Macupatide GIPR GIP receptor agonist Phase 2 NCT07589608 — High Eli Lilly SC
Bioglutide (NA-931) IGF-1R/GLP- First-in-class oral quadruple receptor agonist | Phase 2 NCT06732245 13.8 High (GLPIR, Biomed Industries PO QD
IR/GIPR/GCGR GIPR, GCGR)
Phase 1
Brenipatide (LY3537031) GIPR/GLP-IR Dual GIP/GLP-1 RA (ultra-long-acting, Phase 1 NCT06606106 — High Eli Lilly SC
monthly)
LY4167586 Undisclosed Undisclosed Phase 1 NCT07225556 — — Eli Lilly SC
CT996 / RO7795081 GLP-1R Oral GLP-1 RA Phase 1 NCT07081958 — High Roche / Carmot PO
SCO-094 GIPR/GLP-IR Dual GLP-1/GIP RA Phase 1 — — Moderate Scohia Pharma SC
NNC0174-1213 Undisclosed Undisclosed Phase 1 NCT06719011 — — Novo Nordisk —
NNC6989-0001 Undisclosed Undisclosed Phase 1 NCT07437079 — — Novo Nordisk —
NNC0662-0419 Undisclosed Undisclosed Phase 1 NCT07525791 — — Novo Nordisk —
HM15275 GIPR/GLP-1R/GCGR Next-gen triple agonist Phase 1 NCT07205900 — Moderate Hanmi Pharma SC
Naperiglipron GLP-1R Oral small-molecule GLP-1 RA Phase 1 NCT07232732 — High AstraZeneca PO
MDR-001 Undisclosed Undisclosed Phase 1 NCT06606483 8.9 — Mediar Therapeutics —
UBT251 Undisclosed Undisclosed Phase 1 NCT07177469 19.7 — — —
HDM1002 Undisclosed Undisclosed Phase 1/2 NCT06500299 — — Harbour BioMed —
SYH2082 Undisclosed Undisclosed Phase 1 NCT07532655 — — — —
Withdrawn
Rimonabant CBIR CBI1 inverse agonist Withdrawn (2008) RIO-Europe 6.5 High Sanofi PO
Lorcaserin 5-HT2C-R 5-HT2C agonist Withdrawn (2020) BLOOM (NCT00395135) 58 High Eisai / Arena PO

WL% = maximum reported weight loss (%); GWAS Ev. = strength of supporting GWAS evidence; SC = subcutaneous; PO = oral; QW = once weekly; QD = once daily; TID = three times daily; QM = once monthly; Q2W = every 2 weeks;
IV = intravenous. Data current as of June2026.

45



