Use Case 1: Analyzing the toxic effects of particular drugs

In the following, we will investigate the effects of five different drugs. Three of those with known hepatotoxicity: acetaminophen, azathioprine and rifampin; and two with known cardiotoxicity: cyclophosphamide and doxorubicin. The starting point for an investigation of drugs in the ToxDB is either the search functionality on the main page or the table of available drugs under the menu item “Browse Drugs”.

Acetaminophen
ToxDB
The first piece of information on any drug is a table with useful cross-references to other databases. Additionally, we included toxicity ratings from two studies (Chen et al., 2011; Greene et al., 2010). That information is shown where available. Acetaminophen is classified as “human hepatotoxic” (HH) according to Greene et al. (2010)).
Next to that the desired treatment parameters can be chosen from multiple options. The study, cell type, dosage and measurement time points offer particular possible combinations and can be selected in addition to the pathway source database. Currently, ToxDB includes microarray data from the Open TG-GATEs[footnoteRef:1] and DrugMatrix[footnoteRef:2] studies. [1: 			http://toxico.nibio.go.jp]  [2: 			https://ntp.niehs.nih.gov/drugmatrix/index.html] 

Depending on the treatment and source selection, the bar chart shows the twenty pathways with the highest response scores according to the specified treatment duration and dose. The complete set of response scores for a particular treatment can be downloaded in a number of different formats. This is useful for a systematic analysis of the pathway responses.
Via a pathway’s tooltip in the bar chart (“View differential expression”), the pathway’s actual gene expression changes can be accessed. Alternatively, the response of that pathway to all treatments in the database can be seen.
Mechanism of Action
In order to verify the plausibility of the data shown, we can refer to the other databases. KEGG[footnoteRef:3], DrugBank[footnoteRef:4] and ChEMBL[footnoteRef:5] should all contain relevant information. For KEGG the “Activity”, “Structure map” and “Brite” fields are most important; for Drugbank the “Pharmacology”, “ADMET” and “References” and for ChEMBL the “Mechanism of Action” and “Compound Target Summary”. [3: 			http://www.genome.jp/kegg/]  [4: 			http://www.drugbank.ca/]  [5: 			https://www.ebi.ac.uk/chembl/] 

· KEGG lists the acetaminophen activity as analgesic and antipyretic. It also appears in the “antimigraines” and “cyclooxygenase inhibitors” structure maps.
· As reported by DrugBank, acetaminophen’s targets are prostaglandin G/H synthase 1–3. It is metabolized by the following enzymes: numerous cytochrome P450 proteins, UDP-glucuronosyltransferases, multiple sulfotransferases. Acetaminophen inhibits arylamine N-acetyltransferase 2 and both inhibits and induces cytochrome P450 3A4. Additionally, it inhibits the multidrug resistance protein 1 and solute carrier family 22 member 6 transporters.
· According to ChEMBL there is evidence for three types of functions of acetaminophen: (1) anandamide amidohydrolase inhibitor (Högestätt et al., 2005), (2) cyclooxygenase inhibitor (Graham and Scott, 2005; Hinz et al., 2008; Högestätt et al., 2005; Mallet et al., 2010; Schwab et al., 2003) and (3) vanilloid receptor opener (Högestätt et al., 2005; Mallet et al., 2010).

Results
Using the ChEMBL mechanism of action as a starting point, we investigate the involvement of the target genes with pathways defined within CPDB and ToxDB. Genes can be searched by their name and various identifiers (Ensembl, HGNC Symbol, Entrez) from the ToxDB front page. (1) The gene coding for Fatty-acid amide hydrolase 1 is FAAH. Searching for this gene reveals involvement in two pathways: metabolism of anandamide an endogenous cannabinoid and retrograde endocannabinoid signaling. The pathway view of metabolism of anandamide, filtered by acetaminophen shows that human hepatocytes have a pathway response at a dosage of 200 μM after 8 h that is above the 95% quantile. Retrograde endocannabinoid signaling shows no significant response to acetaminophen. (2) The target cyclooxygenase is composed of the proteins prostaglandin G/H synthase 1 and 2 with corresponding genes PTGS1 and PTGS2. They appear in various signaling and metabolic pathways.
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Figure 1.1: “Drug View” of acetaminophen for data from the Open TG-GATEs and DrugMatrix data sets. (top) A table with cross-references and toxicity information. Next to that is the treatment parameter selection. Active choices (liver cell types) are shown in white. (bottom) A bar chart of the most responsive pathways across the chosen treatment parameters.

Conclusion
The metabolic involvement of acetaminophen with several CYPs of the cytochrome P450 family is well reflected in ToxDB. Several related biosynthesis pathways have response scores above the 95% quantile across all treatments. The actual expression within those pathways reveals that most of them are down regulated. The response of other pathways, in particular the ones in the top 20, are less clear at the moment but include many synthesis pathways.

Azathioprine
ToxDB
As stated by Greene et al. (2010), azathioprine is “human hepatotoxic” (HH). It is of “less DILI concern” with a severity level of 3 out of 8 according to Chen et al. (2011).
Mechanism of Action
· As reported in KEGG, azathioprine is an immunosuppressive agent, antirheumatic and appears in drug metabolism.
· DrugBank states that azathioprine’s target is hypoxanthine-guanine phosphoribosyl-transferase. It is metabolized by xanthine dehydrogenase/oxidase, thiopurine S-methyl-transferase and three kinds of glutathione S-tranferases.
· Azathioprine’s functions according to ChEMBL are: (1) amidophosphoribosyltransferase inhibitor and (2) DNA inhibitor (Sahasranaman et al., 2008).
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Figure 1.2:  “Drug View” of azathioprine for data from the Open TG-GATEs and DrugMatrix data sets. (top) A table with cross-references and toxicity information. Next to that is the treatment parameter selection. Active choices (liver cell types) are shown in white. (bottom) A bar chart of the most responsive pathways across the chosen treatment parameters.

Conclusion
The most responsive pathways in all liver cell types are a number of biosynthesis pathways which fits azathioprine’s ascribed role as amidophosphoribosyltransferase inhibitor.


Rifampin
ToxDB
As stated by Greene et al. (2010), for rifampin, or rifampicin, there is only weak evidence for human hepatotoxicity (WE) but it is of “most DILI concern” with a severity level of 8 out of 8 according to Chen et al. (2011).
Mechanism of Action
· KEGG states that rifampicin has antibacterial functions and also shows its involvement in Cytochrome P450.
· DrugBank contains three rifampicin targets: two subunits beta of the DNA-directed RNA polymerase complex and the nuclear receptor subfamily 1 group I member 2. Rifampicin interacts with numerous cytochrome P450 enzymes, as a substrate, inhibitor and inducer. It also induces UDP-glucuronosyltransferase 1-1. It also interacts with multiple transporters of the solute carrier organic anion transporter family, multidrug resistance and associated proteins, the bile salt export pump and canalicular multispecific organic anion transporters 1 and 2.
· ChEMBL lists one known function of rifampicin: bacterial DNA-directed RNA polymerase inhibitor Campbell et al. (2001); Tupin et al. (2010); White et al. (1971).
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Figure 1.3: “Drug View” of rifampin for data from the Open TG-GATEs and DrugMatrix data sets. (top) TA table with cross-references and toxicity information. Next to that is the treatment parameter selection. Active choices are shown in white. (bottom) A bar chart of the most responsive pathways acro[image: A description...]ss the chosen treatment parameters.
Conclusion
The pathway responses of liver cells to treatment with rifampin are very high. Besides a high response of the xenobiotics pathway, no clear overlap between the known mechanism of action and the top responses is apparent, however.

Cyclophosphamide
ToxDB
As stated by Greene et al. (2010), cyclophosphamide is “human hepatotoxic” (HH). It is of “less DILI concern” with a severity level of 5 out of 8 according to Chen et al. (2011).
Mechanism of Action
· KEGG describes cyclophosphamide’s activity as antineoplastic and alkylating. Additionally, multiple cytochrome P450 interactions are listed.
· According to DrugBank, cyclophosphamide alkylates DNA. It also is a substrate for ten different cytochrome P450s and inhibits or induces many of them. In addition, it inhibits the multidrug resistance protein 1.
· The mechanism as reported by ChEMBL is DNA inhibition[footnoteRef:6]. [6: 		No academic reference present, evidence based on: http://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=367b47d7-c4de-4b39-bd3a-69c29d80396f] 
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Figure 1.4: “Drug View” of cyclophosphamide for data from the Open TG-GATEs and DrugMatrix data sets. (top) A table with cross-references and toxicity information. Next to that is the treatment parameter selection. Active choices (heart cell types) are shown in white. (bottom) A bar chart of the most responsive pathways across the chosen treatment parameters.

Conclusion
DrugMatrix contains heart tissue results (from rats) that do not appear to be very specific. As before responsive pathways are: heme biosynthesis, DNA damage checkpoint and xenobiotics.

Doxorubicin
ToxDB
Doxorubicin does not appear in the study of Greene et al. (2010) but is of “less DILI concern” with a severity level of 3 out of 8 according to Chen et al. (2011).
Mechanism of Action
· Doxorubicin is also antineoplastic and interacts with cytochrome P450 according to KEGG.
· DrugBank reports two targets of doxorubicin: human DNA, which it intercalates, and DNA toposiomerase 2-alpha. It inhibits four cytochrome P450 members and is metabolized by different carbonyl reductases, various dehydrogenases and nitric oxide synthases. It is transported by or inhibits the multidrug resistance protein 1 and associates, canalicular multispecific organic anion transporters, several members of the ATP-binding cassette and solute carrier families, the bile salt export pump and RalA-binding protein 1.
· According to ChEMBL, doxorubicin is a DNA inhibitor and in particular a DNA topoisomerase II alpha inhibitor[footnoteRef:7]. [7: 		The given DailyMed URL: http://dailymed.nlm.nih.gov/dailymed/lookup.cfm?setid=5594d16e-72bf-4354-925e-c7591737ff1c does not exist.] 
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Figure 1.5: “Drug View” of doxorubicin for data from the Open TG-GATEs and DrugMatrix data sets. (top) TA table with cross-references and toxicity information. Next to that is the treatment parameter selection. Active choices(heart cell types)  are shown in white. (bottom) A bar chart of the most responsive pathways across the chosen treatment parameters.

Conclusion
Similar to cyclophosphamide, responsive pathways are: heme biosynthesis, DNA damage related pathways. In addition, ketogenesis is affected by doxorubicin.
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Use Case 2: Collecting drug data for specific pathways

a) With the ToxDB being a database focused on toxicogenomics, we first looked at pathways that play a role in the metabolism of foreign substances, so called xenobiotics.
One prominent pathway in dealing with those xenobiotics is the cytochrome P450 pathway, which is known to account for the metabolism of more than 50% of all prescribed drugs (Smith et al., 2014). The CYP3A4 protein is the most common and most versatile member of the cytochrome P450 protein family.
When using the ToxDB to browse for the cytochrome P450 pathway one can find, for example the KEGG representation of that pathway named “Drug metabolism – cytochrome P450 – Homo sapiens (human)”. Clicking on it reveals the drug treatments that have the greatest effect on that pathway, i.e. those treatments that cause the highest expression changes in the genes involved in the pathway (Figure 2.1). The top treatment (the left most bar in the chart) involves the drug rifampin applied to human in vitro liver cells at a dose of 2.8 μM measured after 1 day. Study and treatment details can be viewed by hovering over the respective bar. The pathway response score of 4.3 is highly significant as indicated by far exceeding the three horizontal dashed lines. Those denote the 90%, 95%, and 99% quantiles, respectively, of the distribution of all pathway scores in the database. Furthermore, the treatments ranked 2nd and 12th also feature the drug rifampin at different dosages (14 μM and 70 μM, respectively).
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Figure 2.1: Pathway View of the KEGG representation of the cytochrome P450 pathway showing the most effective drug treatments.
[bookmark: _GoBack]
Rifampin is used as a potent and broad spectrum antibiotic drug (Campbell et al., 2001) that is known to induce the xenobiotic cytochrome P450 pathway by increasing CYP3A4 activity (Hamilton et al., 2014). This particular effect is confirmed by the data in ToxDB, as can be seen when switching to the gene expression view of rifampin with respect to the pathway (click on “View differential gene expression” in the respective bar's tooltip, which leads to the view in Figure 2.2). This view lists all genes involved in that pathway with their respective responses upon drug treatment. Here, clearly the most affected gene is CYP3A4 with a log2 fold change of 6.8 and a p-value of 1e-4, followed by other members of the cytochrome P450 family (CYP2B6, CYP3A5, CYP2C8, CYP2C9, CYP2C19, and CYP2A6). Most of those have been shown to be induced by rifampin as well (Raucy et al., 2002, and Chang et al., 1997).


[bookmark: __DdeLink__76_1922410908][image: ]
Figure 2.2: Gene Expression View of the KEGG representation of the cytochrome P450 pathway showing the most affected genes after upon treatment with the drug rifampin.

Rifampin is also believed to be hepatotoxic, i.e. promoting liver disease. When going to the DrugView of rifampin (Figure 2.3) and setting the treatment parameters from above (study: TG-GATEs, celltype: InVitroHumanLiver, dose: 2.8 μM, time: 1d), many liver-related pathways show up among the most affected (e.g. fatty acid-related pathways as well as pathways dealing with drug metabolism and toxicity in the liver). The increased disturbance of those pathways indicates a somewhat hepatotoxic effect of the described treatment. This goes hand in hand with the hepatotoxicity classification done by Greene et al. (2010), who assign rifampin a “weak evidence for human hepatotoxicity”. Selecting other rifampin treatments reveal similar results.
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Figure 2.3: Drug View of rifampin listing the most responsive pathways under the described treatment conditions.

b) Coming from the other direction, we can look at hepatotoxicity and analyze drugs that have an effect on related pathways. Non-alcoholic fatty liver disease (NAFLD) is described as being the most frequent cause of liver disease in the Western world (Machado et al., 2014). The KEGG representation of that pathway can be found in ToxDB and reveals drug treatments that have the highest impact on it (Figure 2.4). The top-scoring treatment features the drug acarbose applied to rat hepatocytes (response score = 2.3,). Acarbose is commonly used to treat cardiovascular disease (CVD) in patients with type 2 diabetes (Chen et al., 2014).
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Figure 2.4: Pathway View of the KEGG representation of the NAFLD pathway showing the most effective drug treatments.

Chen et al. (2011 and 2013) have classified hundreds of drugs with respect to their potential to cause drug-induced liver injury. Acarbose was considered as “most-DILI-concern” and given the highest severity class 8. This effect is reflected in the high pathway response in Figure 2.4. Switching to the gene expression view allows for analysis of the pathway genes' individual responses (Figure 2.5). Here, it can be seen that the interleukins IL1B, IL1A, and IL6 as well as tumor necrosis factor (TNF) show the greatest response. All four of them have been described as mediators of the inflammatory response (Opal et al., 2000).
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Figure 2.5: Gene Expression View of the KEGG representation of the non-alcoholic fatty liver disease (NAFLD) pathway showing the most affected genes after upon treatment with the drug acarbose.

With these use cases we demonstrated how ToxDB can be used to analyze specific, for example disease-related, pathways with respect to their susceptibility to a wide array of different drug treatments. On the one hand, this approach can help to identify drug treatments that enable certain pathways in order to deliberately combat malfunctions or diseases (exemplified in use case 2a). On the other hand, it may identify drugs that promote or facilitate a particular disease of interest, in which case it may be advisable to switch to an alternative treatment (drug and/or dose) with a lesser effect on the corresponding pathway (exemplified in use case 2b).
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Supplementary Table 1

	Current contents of ToxDB – Release 0.9 (Dec. 2015)
	
	
	
	

	
	
	
	
	
	
	
	

	# pathway source databases
	12
	# studies
	2
	
	
	
	

	# pathways
	4,593
	# cell types
	11
	
	
	
	

	           of which have scores
	2,694
	# drugs
	437
	
	
	
	

	# human genes with scores
	18,374
	# treatments*
	7,464
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	* a single treatment consists of a study, a cell type, the applied drug, its dosage, and
 the time point of measurement
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