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Summary  
Semantic methods fulfill dynamic integration requirements and provide the framework for rich semantic queries 

(SPARQL) to answer complex biological questions. While it has been known for years, that semantic methods 

make it possible for domain experts, ontologists and informaticians, to quickly build, modify and extend integrated 

knowledge bases, such methods have become broadly available today. The fact, that semantic W3C standards 

like RDF assure coherence, harmonized synonyms and terminologies, and provide an extensible data integration 

framework and interactive knowledgebase for reasoning and network analysis is driving their increased use in 

industry and academia..  

A use case of toxicology studies performed on different experimental platforms (gene expression and metabolic 

profiling) is demonstrated. Building integrated knowledge - harmonized and enriched with data from Drugbank, 

Diseasome, SIDER, UniProt, Reactome, NCBI Gene and Biosystems Ṹ helps with toxic assessment in drug 

development, classification of toxicity types (hepatotoxicity, nephrotoxiciy, drug residue-based categorization) and 

provides better a-priori determination of adverse effects of drug combinations. With the ever growing number of 

quality resources joining the Linked Open Data cloud, more data become publicly available to extend 

understanding of experimental data through enrichment with their biological systems-induced mechanism in ways 

never anticipated before. Their effective use exemplifies the success of semantic approaches to integrate all 

experimental, internal, external, clinical and public data sources. The resulting visual exploration of such an 

integrated graph environment and the construction of characteristic marker patterns or molecular signatures are 

applicable to predictive biology-based decision support for complex translational research and precision medicine. 

Contextualized experiments allow assessing drug targets, interactions, adverse effects or disease impact through 

public resource-enriched biological qualification. Standards-based semantic integration pays off, paving the way to 

develop next generation drugs with understood toxicity, efficacy and minimal side effects. 
 

Methodology  
Experimental  

Å  Hepatotoxicity Studies: Panel of hepatotoxicants, single oral dose (placebo, low, mid, high) in groups of 4 rats, 

   at 6, 24 and 48 hrs. 

Å  Metabolomic analysis of liver, serum and urine (1603 metabolic components; Bruker LC/MS-MS); microarray 

   analysis of liver and whole blood (31096 transcript probes; Affymetrix); statistical biomarker pre-selection at 

   p<0.005, abs fc>10 (genes) and p<0.005, abs fc>2.5 (metabolites) 

Å  Alcohol Studies: High doses t.i.d. for four days, with and without 24h withdrawal. Metabolic analysis of plasma, 

   liver and brain; microarray analysis of liver and brain (31096 transcript probes) statistical biomarker pre-selection 

   at p<0.005, abs fc>5 (genes) and p<0.005, abs fc>2.5 (metabolites) 

Public resources  

Å  UniProt (selected human and rat datasets); Reactome (rat dataset); selective parts (imported from SPARQL  

   endpoint query results) from Drugbank; Diseasome; SIDER; GO; NCBI Biosystems; NCBI Gene; Bio2RDF10  

   mashup concept resolution. 

Å  NCBO2 BioPortal3: partial ontology import from Translational Medicine Ontology (TMO)5; Vocabulary of 

   Interlinked Datasets (VoID)6; PROV-O7. 

RDF mapping, harmonization and ontology alignment  

Å  Sentient Knowledge Explorer (IO Informatics, Inc.) was used for import to RDF, harmonization, visualization and 

   visual SPARQL queries. Virtuoso (OpenLink) was used as triples store backend. 
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Results  
   A method to qualify statistical pharmacogenomic findings with mechanistic systems biological events establishing 

sets of combinatorial biomarkers was developed. Using linked data to enrich internal multi-modal experimental data 

from different studies with public resources has proven viable to correlate similarities in metabolic and genetic 

response with their relationships to common pathway enzymes. Such relationships are the key to better decoding of 

complex biological functions involved in toxicity.  

  Generating biomarker pattern capable to distinguish distinct categories of toxicity (Benzene-, Halogenated-, 

Alcohol-like) and to qualify their biological viability via public knowledge resources in common semantic networks 

enables their use for toxicity screening. 

  In Alcohol toxicity, we were able to interpret One-Carbon metabolism9 changes and to ascertain signaling 

pathways involved in long-term memory storage in brain. Changes are more conserved in brain than in liver and 

plasma with no major effects in urea cycle or purine pathway. Ketoacidosis in liver and depletion of biogenic amine 

precursors seem related to alcohol dependency. Major changes in purine metabolism suggest inhibition of xanthine 

oxidase through oxidative stress, while in plasma changes in biogenic amine precursors rebounding during 

withdrawal were associated with selective depletion of cytosine and cytidine. 

  Enriching experimental observations with pathway enzymes allows interpreting toxicity impact on Purine 

metabolism, Krebs cycle and Tryptophan pathway as indicator of chronic, long-term toxic effects. 

Fig.1: Workflow of semantic data integration: from experimental results to LOD-enriched knowledgebases  

Discussion  
  Being able to use public resources together with experimental findings to interpret their biological context is a 

testimonial to the advances in quality of Linked Open Data. Multi-modal experimental observations from the same 

perturbation can represent very different biological processes. Pharmacodynamic correlations are not necessarily 

functionally linked within the biological network, and changes may occur at lower doses and prior to pathological 

observations. As such, enrichment with quality LOD resources offers new clues for biomarker relevancy and 

incorporates the state of global research. Time and money saved through use of LODs has enormous socio-

economic implications for business in life sciences and healthcare.   

  Resources used in this study are some of best practices and leading approaches in providing semantically 

accessible assets to the scientific community. It needs to be acknowledged, however, that there are still many 

open discussions on how to improve interoperability in-between many of the LOD resources (PURL, link 

resolution), how best to assert provenance, versioning and how to arrive at a sound approach to harmonize 

entities across different concepts to make them widely applicable across domains. 

  To extend to broad applicability in the future, it will be imminently important that society acknowledges the 

value in organizations providing LOD resources and ontologies to the scientific community.  Establishing 

business models through cooperation between industry and academic institutions supporting maintenance and 

extension of public LOD resources will drive their ultimate success. 
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 Fig. 2:  Semantic mapping of experimental data: transforms, thesaurus harmonization, visual preview of RDF mapping 

Fig. 3: Import of formal ontologies via web services (BioPortal): PROV-O, TMO, UniProt Core - partial merging towards KB ontology  

Fig. 4: Visual SPARQL Query: Testing putative gene marker patterns as Biological Signatures for toxicants 

BM Type  Instance  UniProt AC  Pathway Gene  Protein  Biology  

gene CYP2C40 P11510 cp2cc Cytochrome P450 2C40 heme binding, iron ion binding, aromatase activity 

gene AKR7A3 P38918 akr7a3 Aflatoxin B1 aldehyde reductase member 3 detoxification 

gene GPX2 P83645 gpx2 Glutathione peroxidase 2 response to oxidative stress, negative regulation of inflammatory response 

gene MYC P09416 myc Myc proto-oncogene protein (Transcription factor p64) regulation of gene transcription, non-specific DNA binding, activates transcription of growth-related genes 

gene MT1A P02803, Q91ZP8 mt1a Metallothionein-1 metal ion binding 

gene HMOX1 P06762 hmox1 Heme oxigenase 1 heme catabolic process, negative regulation of DNA binding 

gene FGF21 Q8VI80 fgf21 Fibroblast growth factor 21 (Protein Fgf21) positive regulation of ERK1 and ERK2 cascade, MAPKKK cascade and cell proliferation 

gene AKR1B8 Q91W30 akr1b8 Aldose reductase-like protein  oxidoreductase activity 

gene TRIB3 Q9WTQ6 trib3 Tribbles homolog 3 disrupts insulin signaling by binding directly to Akt kinases, expression induced during programmed cell death  

gene YC2 P46418 gsta5 Glutathione S-transferase alpha-5 (EC 2.5.1.18)  response to drug, xenobiotic catabolic process 

gene ABCB1, RGD:619951 P43245 abcb1 Multidrug resistance protein 1 (EC=3.6.3.44) response to organic cyclic compound,  tumor necrosis factor, arsenic-containing substance or ionizing radiation 

gene RGD:1310991 Q5U2P3 Zfand2a AN1-type zinc finger protein 2A zinc ion binding 

gene GSTP1, GSTP2 P04906 gstp1 Glutathione S-transferase P (EC 2.5.1.18) response to toxin, xenobiotic metabolic process, response to reactive oxygen species, response to ethanol 

gene RGD:708417 Q62789 ugt2p7 UDP-glucuronosyltransferase 2B7 (UDPGT 2B7) (EC 2.4.1.17)  major importance in conjugation and subsequent elimination of  toxic xenobiotics and endogenous compounds 

gene GCLC P19468 gclc Glutamate--cysteine ligase catalytic subunit (EC=6.3.2.2) response to oxidative stress 

gene TXNRD1 O89049 txnrd1 Thioredoxin reductase 1, cytoplasmic (EC=1.8.1.9) benzene-containing compound metabolic process, cell redox homeostasis, response to drug 

gene NQO1 P05982 nqo1 NAD(P)H dehydrogenase [quinone] 1 (EC 1.6.5.2)  response to oxidative stress, response to ethanol, superoxide dismutase activity 

gene DDIT4L Q8VD50 ddit4l DNA damage-inducible transcript 4-like protein  negative regulation of signal transduction, Inhibits cell growth by regulating TOR signaling pathway 

metabolite Pyroglutamic acid Q9ER34 aco2 Aconitate hydratase, mitochondrial citrate metabolism, isocitrate metabolism, tricarboxylic acid cycle 

metabolite Choline Q64057 aldh7a1 Alpha-aminoadipic semialdehyde dehydrogenase (EC 1.2.1.31) betaine biosynthesis via choline pathway, response to DNA damage stimulus 

Fig. 5: Simplifying knowledge via Applied Semantic Knowledgebase (ASKἡ): Web-based toxicity screening of compounds 

Table 1: Example of 20 biologically qualified toxicity biomarker for a defined toxicity type (Benzene-like toxicity) 
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