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Involvement of Pazopanib and Sunitinib Aldehyde Reactive Metabolites in Toxicity and Drug-Drug Interactions in Vitro and in Patient Samples

Tyrosine kinase inhibitors (TKI) are small molecular weight anticancer drugs targeting membrane-bound (receptors) and cytoplasmic tyrosine kinases that have emerged as important targets in oncology, due to their key role in cellular signaling and their frequent dysregulation in various cancers. Over the past two decades, many compounds have been successfully developed since the first-in-class drug, imatinib, was approved in 2001 [START_REF] Wu | FDA-Approved Small-Molecule Kinase Inhibitors[END_REF] . However, several studies have shown that TKI, including pazopanib and sunitinib, which are oral drugs prescribed over a long period of time to patients with co-medications and are also P450 inhibitors, can cause Drug-Drug Interactions (DDI) [START_REF] Filppula | In Vitro Screening of Six Protein Kinase Inhibitors for Time-Dependent Inhibition of CYP2C8 and CYP3A4: Possible Implications with Regard to Drug-Drug Interactions[END_REF][START_REF] Filppula | In Vitro Assessment of Time-Dependent Inhibitory Effects on CYP2C8 and CYP3A Activity by Fourteen Protein Kinase Inhibitors[END_REF][START_REF] Kenny | Drug-Drug Interaction Potential of Marketed Oncology Drugs: In Vitro Assessment of Time-Dependent Cytochrome P450 Inhibition, Reactive Metabolite Formation and Drug-Drug Interaction Prediction[END_REF][START_REF] Wang | Pathway-Dependent Inhibition of Paclitaxel Hydroxylation by Kinase Inhibitors and Assessment of Drug-Drug Interaction Potentials[END_REF] . To date, among the 33 FDA-approved TKI, 22 (67%) require warnings for liver injury in drug labelling with Black Box Warning (BBW) labels for five compounds (lapatinib, pazopanib, ponatinib, sunitinib, and regorafenib) [START_REF] Zhang | Cytotoxicity of 34 FDA Approved Small-Molecule Kinase Inhibitors in Primary Rat and Human Hepatocytes[END_REF][START_REF] Jackson | Role of Cytochrome P450 Enzymes in the Metabolic Activation of Tyrosine Kinase Inhibitors[END_REF] .

TKI-induced hepatotoxicity is a major clinical and industrial concern, since drug-induced liver injury is the first cause of drug failures in clinical trials, BBW labels and market withdrawals. Shah et al. indeed reported that 25-35% of clinical trial patients treated with TKI showed a low-grade elevation in alanine and/or aspartate aminotransferases, and approximately 2% of them developed high-grade increases in serum transaminases, with a wide variability among TKI [START_REF] Shah | Hepatotoxicity of Tyrosine Kinase Inhibitors: Clinical and Regulatory Perspectives[END_REF] .

Although little is known about the underlying mechanisms, it is thought that liver toxicity could be due to reactive metabolites (RM) and as well as being immune-related. RM reactivity is associated with the presence of electrophilic moieties or radicals originating from the metabolic transformation, often called bio-activation, of particular functional groups known as structural alerts or toxicophores. RMs are able to covalently bind to proteins and DNA, causing irreversible cellular damage and even cell death as well as DDI through P450 inactivation [START_REF] Stepan | Structural Alert/Reactive Metabolite Concept as Applied in Medicinal Chemistry to Mitigate the Risk of Idiosyncratic Drug Toxicity: A Perspective Based on the Critical Examination of Trends in the Top 200 Drugs Marketed in the United States[END_REF][START_REF] Orr | Mechanism-Based Inactivation (MBI) of Cytochrome P450 Enzymes: Structure-Activity Relationships and Discovery Strategies to Mitigate Drug-Drug Interaction Risks[END_REF][START_REF] Park | Managing the Challenge of Chemically Reactive Metabolites in Drug Development[END_REF][START_REF] Kalgutkar | Predicting Toxicities of Reactive Metabolite-Positive Drug Candidates[END_REF] . These so-called P450 time-dependent inhibitions (TDI) or mechanism-based inhibitions (MBI) are characterized in vitro by a concentration-, NADPH-, and time-dependence and involve RM arisen from parent drug through a previous metabolic enzymatic step [START_REF] Silverman | Mechanism-Based Enzyme Inactivators[END_REF] .

Drug bio-activation to RM that have the propensity to permanently inactivate the enzyme involved in their generation could lead to enzyme MBI through various and thoroughly reviewed [START_REF] Orr | Mechanism-Based Inactivation (MBI) of Cytochrome P450 Enzymes: Structure-Activity Relationships and Discovery Strategies to Mitigate Drug-Drug Interaction Risks[END_REF][START_REF] Sevrioukova | Current Approaches for Investigating and Predicting Cytochrome P450 3A4-Ligand Interactions[END_REF][START_REF] Fontana | Cytochrome P450 Enzymes Mechanism Based Inhibitors: Common Sub-Structures and Reactivity[END_REF][START_REF] Yu | Contribution of Metabolites to P450 Inhibition-Based Drug-Drug Interactions: Scholarship from the Drug Metabolism Leadership Group of the Innovation and Quality Consortium Metabolite Group[END_REF] mechanisms, depending on RM structure and reactivity. In any case, MBI is irreversible in vivo, so that the loss of catalytic activity can only be restored by de novo synthesis of the enzyme, resulting in modifications of drug metabolism (auto-inhibition) and pharmacokinetic DDI (under or overdosing of co-administered drugs).

The formation of different RM has been suggested for several TKI [START_REF] Jackson | Role of Cytochrome P450 Enzymes in the Metabolic Activation of Tyrosine Kinase Inhibitors[END_REF] . While RM formation has been proposed as a causative factor of liver toxicity [START_REF] Stepan | Structural Alert/Reactive Metabolite Concept as Applied in Medicinal Chemistry to Mitigate the Risk of Idiosyncratic Drug Toxicity: A Perspective Based on the Critical Examination of Trends in the Top 200 Drugs Marketed in the United States[END_REF][START_REF] Amaya | Cytochromes P450 1A2 and 3A4 Catalyze the Metabolic Activation of Sunitinib[END_REF] , very few published data actually support the role of RM in TKI-induced hepatotoxicity. Until now, studies have mainly focused on the toxic role of pquinone-imines, for example for lapatinib in HepaRG cells [START_REF] Hardy | Studies on the Role of Metabolic Activation in Tyrosine Kinase Inhibitor-Dependent Hepatotoxicity: Induction of CYP3A4 Enhances the Cytotoxicity of Lapatinib in HepaRG Cells[END_REF][START_REF] Paech | Hepatocellular Toxicity Associated with Tyrosine Kinase Inhibitors: Mitochondrial Damage and Inhibition of Glycolysis[END_REF][START_REF] Eno | P450 3A-Catalyzed O-Dealkylation of Lapatinib Induces Mitochondrial Stress and Activates Nrf2[END_REF] and for famitinib in human primary hepatocytes [START_REF] Xie | Metabolism and Bioactivation of Famitinib, a Novel Inhibitor of Receptor Tyrosine Kinase, in Cancer Patients[END_REF] . Using HepG2 cells, Petrucci et al. suggested that RM rather than the parent drug were involved in pazopanib liver toxicity [START_REF] Petrucci | Preclinical Investigations into Potential Mechanisms of Pazopanib-Induced Hepatotoxicity in Patients[END_REF] .

Sunitinib oxidative defluorination involving P450 enzymes to generate a reactive, potentially toxic quinone-imine was also reported more recently [START_REF] Amaya | Cytochromes P450 1A2 and 3A4 Catalyze the Metabolic Activation of Sunitinib[END_REF] .

We have recently demonstrated the aldehyde RM formation during pazopanib and sunitinib metabolic activation using P450 biomimetic models and human liver microsomes (HLM) [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] (Figure 1). Pazopanib aldehyde derivatives have also been reported in HLM incubations using a metabolomic approach [START_REF] Wang | A Metabolomic Perspective of Pazopanib-Induced Acute Hepatotoxicity in Mice[END_REF] . Aldehyde formation has otherwise been previously reported for several other TKI [START_REF] Castellino | Human Metabolism of Lapatinib, a Dual Kinase Inhibitor: Implications for Hepatotoxicity[END_REF][START_REF] Liu | Metabolomics Reveals the Formation of Aldehydes and Iminium in Gefitinib Metabolism[END_REF] .

Although their involvement in DDI and toxicity was not further investigated, aldehydes are hard electrophiles with a high reactivity potential toward proteins and are thought to be responsible for P450 inactivation and toxicity 28,29 . Wang et al. indeed suggested a relationship between aldehyde formation and elevation of transaminases in pazopanib-treated mice [START_REF] Wang | A Metabolomic Perspective of Pazopanib-Induced Acute Hepatotoxicity in Mice[END_REF] .

Thus, studies are needed to investigate the molecular relationship between aldehyde RM and P450 inactivation and hepatotoxicity for pazopanib and sunitinib. Few studies have been carried out for this purpose in patient samples. We report here, for the first time, evidence of the formation of these drug-derived aldehydes in treated patients.

Sunitinib and pazopanib are mainly metabolized by CYP3A4 and to a lesser extent by CYP2C8 leading to metabolites that cause CYP3A4 TDI but do not affect CYP2C8 activity in vitro [START_REF] Filppula | In Vitro Assessment of Time-Dependent Inhibitory Effects on CYP2C8 and CYP3A Activity by Fourteen Protein Kinase Inhibitors[END_REF][START_REF] Kenny | Drug-Drug Interaction Potential of Marketed Oncology Drugs: In Vitro Assessment of Time-Dependent Cytochrome P450 Inhibition, Reactive Metabolite Formation and Drug-Drug Interaction Prediction[END_REF][START_REF] Wang | Pathway-Dependent Inhibition of Paclitaxel Hydroxylation by Kinase Inhibitors and Assessment of Drug-Drug Interaction Potentials[END_REF][START_REF] Paludetto | Identifying the Reactive Metabolites of Tyrosine Kinase Inhibitors in a Comprehensive Approach: Implications for Drug-Drug Interactions and Hepatotoxicity[END_REF] . A docking study was performed in CYP3A4 catalytic site to gain more insight on the interactions of aldehyde metabolites with the protein framework in order to anticipate their putative involvement in liver toxicity, P450 inhibition and DDI. This study suggested that arginine and lysine residues, located in the catalytic site and the solvent channel of France). Aldehyde metabolites 1a-CHO and 2-CHO for control or spiking experiments were prepared through drug biomimetic oxidation using manganese porphyrin complexes as catalysts, as previously reported [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] .

Recombinant Human CYP3A4 (Ref. 

Preparation of lysine adduct standards

Reaction of 1a-CHO and 2-CHO with L-lysine: an aliquot of an aldehydecontaining medium (ca. 2 µmol of 1a-CHO or 2-CHO prepared as previously described [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] Human plasma. An aliquot of an aldehyde-containing medium (ca. 20 nmol of 1a-CHO or 2-CHO, prepared as previously described [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] , in 0.8 µL of DMSO) was added in human plasma (250 µL). During incubation at 37°C for 120 minutes, reductive amination was performed by NaBH 3 CN (four additions of 0.5 µL of a 1.25 M solution in methanol, i.e. ca. 125 eq. in regard to 1a-CHO or 2-CHO, every 30 minutes). The crude reaction media were then digested by proteases.

Human serum albumin. An aliquot of an aldehyde-containing medium (ca. 20 nmol of 1a-CHO or 2-CHO, prepared as previously described [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] ii) HLM incubations in the presence of sunitinib 2: after protein denaturation, incubation media were centrifuged for 20 minutes at 4000 g at 40°C. The protein pellets were then treated by DTT and incubated at 60°C for 1 hour before proteolytic digestion;

iii) rCYP3A4 incubations in the presence of pazopanib 1: after proteolytic digestion, supernatants of 10 incubations were pooled before UPLC-MS analyses.

RESULTS AND DISCUSSION

Aldehyde identification in patient plasma samples

Aldehyde metabolites 1a-CHO and 2-CHO have been recently prepared in vitro using chemical models [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] or HLM [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF][START_REF] Wang | A Metabolomic Perspective of Pazopanib-Induced Acute Hepatotoxicity in Mice[END_REF] (Figure 1). These aldehydes resulted from the oxidation of the alcohol derivatives 1-CH 2 OH and 2-CH 2 OH previously reported, respectively in human plasma for pazopanib 1 37,38 and in rats, monkeys and dogs for sunitinib 2 39 . Wang et al. have also detected 1b-CHO in mice feces and urine [START_REF] Wang | A Metabolomic Perspective of Pazopanib-Induced Acute Hepatotoxicity in Mice[END_REF] , that we did not observe using biomimetic P450 models or HLM. Speed et al [START_REF] Speed | Pharmacokinetics, Distribution, and Metabolism of [14C]Sunitinib in Rats, Monkeys, and Humans[END_REF] The formation of aldehyde RM 1a-CHO and 2-CHO in vivo was investigated in plasma samples from patients treated, respectively, with pazopanib or sunitinib. Screening for 1a-CHO and 2-CHO was performed by UPLC-MS/MS at two characteristic MRM transitions for each compound to ensure specificity, in comparison with aldehyde standards prepared beforehand by biomimetic oxidations [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] . Despite reactivity of the aldehyde function, 1a-CHO and 2-CHO suggesting that the rate of aldehyde formation was lower than their rate of elimination through bio-transformation, which is consistent with their reactivity.

Moreover, monitoring at another MRM characteristic transition for each aldehyde RM (1a-CHO, m/z = 452>328 and 2-CHO, m/z = 413>340) gave the same profiles, thus supporting the specificity of aldehyde detection.

The detection of drug-derived aldehydes in plasma of patients treated with pazopanib or sunitinib is very important and provides evidence that the reactive, potentially toxic metabolites are in fact generated in vivo. It also confirms that metalloporphyrin-catalyzed biomimetic oxidations or HLM are useful drug oxidation models [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] to provide relevant metabolites that can be used as authentic standards and advance their study.

Molecular docking of aldehyde metabolites

Since molecular docking is a useful approach to predict molecular interactions, docking experiments were performed to elucidate whether these electrophilic aldehyde RM could be involved in CYP3A4 TDI and also in liver toxicity, through covalent coupling with nucleophilic amino acid residues on P450 protein framework. Aiming to identify putative amino acid targets that could interact with the carbonyl aldehyde groups, 1a-CHO and 2-CHO were docked in CYP3A4 catalytic site (PDB entries: 1TQN and 6BCZ). Pazopanib aldehyde -Binding modes found with 1TQN and 6BCZ crystals were quite similar for 1a-CHO. In both structures, the first pose was oriented in the same way so that the indazole ring was nearly coplanar with the heme center, and the sulfonamide group made hydrogen bonds with Asp76 and Thr224 (1TQN, Figure 3A) and with Asp76 (6BCZ, Figure 3B). The predicted binding free energies were -12.3 and -11.6 kcal/mol for 1TQN and 6BCZ, respectively.

It is noteworthy that the carbonyl aldehyde group of pazopanib RM was close to the basic amino acid Arg212 (3.4 or 2 Å between the guanidino and the carbonyl groups, Figure 3A, 3B respectively), thus suggesting a possible reaction between 1a-CHO and Arg212.

Sunitinib aldehyde -With 1TQN, 2-CHO indolinone ring was inserted between Phe215 and Arg106, and the terminal trialkylammonium group was located in front of the heme. Furthermore, the interaction could be stabilized by hydrogen bonds between the aldehyde function and Glu374 and Arg105

(Figure 3C). The predicted binding free energy was -10.1 kcal/mol. With the 6BCZ crystal, Autodock Vina provided two alternative poses with similar energy, which were arranged head to tail with each other. In the first pose (DG = -9.7 kcal/mol), the indolinone ring was stacked with the heme macrocycle, and the trialkylammonium group was placed between the Arg106 and Phe215 residues (Figure 3D). The carboxaldehyde group formed hydrogen bonds with the NH groups of Glu374 and Arg105 residues (Figure 3E). The second pose (DG = -9.6 kcal/mol) was, for its part, similar to the conformation found with 1TQN and exhibited the same non-bonding interactions, thus suggesting a possible reaction between 2-CHO and these amino acid residues.

Docking experiments showed that several arginine residues are located in CYP3A4 active site, in close vicinity of 1a-CHO and 2-CHO carboxaldehyde groups (Figure 3). They also revealed the presence of a large number of accessible lysine residues (37) on the protein surface, and more specifically in the solvent channel of CYP3A4 (Figure S-5). These results suggest that interactions between aldehyde RM and arginine residues (in the active site) or lysine residues (when metabolites leave the active site) could be expected and potentially be responsible for the formation of covalent protein-drug adducts and thereby for CYP3A4 TDI. In addition, covalent coupling of 1a- CHO and 2-CHO on CYP3A4 could also be involved in immune-related liver injury. RM coupling to P450 enzymes could indeed trigger an auto-immune response leading to hepatotoxicity as it has been previously reported for other drugs [START_REF] Belloc | Epitope Mapping of Human CYP1A2 in Dihydralazine-Induced Autoimmune Hepatitis[END_REF][START_REF] Bourdi | Anti-Liver Microsomes Autoantibodies and Dihydralazine-Induced Hepatitis: Specificity of Autoantibodies and Inductive Capacity of the Drug[END_REF] . CYP3A4 therefore appears to be a potential target for aldehydes, this does not exclude the reaction of aldehydes with other proteins that can contribute to toxicity.

Proof of concept of protein-drug coupling

To support the hypothesis that reactions between pazopanib or sunitinib aldehydes and arginine or lysine residues may occur in vivo, we investigated the formation of arginine or lysine adducts in different hepatic (recombinant CYP3A4, HLM) and plasma (albumin) protein samples. Because of the presence of a free amino group on its side chain, lysine could be a good target for reactive electrophiles like aldehyde RM. Lysine adducts with different drugs have indeed been previously reported in vitro [START_REF] Grilo | Bioactivation to an Aldehyde Metabolite--Possible Role in the Onset of Toxicity Induced by the Anti-HIV Drug Abacavir[END_REF][START_REF] Charneira | Reactive Aldehyde Metabolites from the Anti-HIV Drug Abacavir: Amino Acid Adducts as Possible Factors in Abacavir Toxicity[END_REF] and in vivo [START_REF] Meng | Auto-Oxidation of Isoniazid Leads to Isonicotinic-Lysine Adducts on Human Serum Albumin[END_REF] .

Reactions between aldehydes and amines affording imine derivatives are known to be reversible in aqueous media. Thus, adduct formation was shown after reductive amination of imine derivatives by NaBH3CN in vitro.

To facilitate the identification of lysine and arginine adducts in protein samples, adduct formation was first investigated with lysine and arginine amino acids in preliminary experiments. The reaction between 1a-CHO or 2- CHO generated through biomimetic oxidations catalyzed by metalloporphyrins [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] and free lysine or arginine (40 mole eq.) yielded 1a-CHO (m/z: 283) (Figure 4B). MS/MS fragmentation pattern did not allow to exclude the coupling between 2-CHO and the lysine a-amino group. However, a small peak at m/z 469 (magnified in the frame) corresponding to the loss of the a-amino acid moiety could be in favor of the coupling at the e-amino group. Thus, by analogy with 1a-CHO, the structure of the adduct resulting from the coupling of 2-CHO at the lysine e-amino group was shown in Figure 4B.

Figure 4 Based on these results (Figure 4), the characteristic MRM transitions at m/z: 582>436 for 1a-CHO lysine adduct and at m/z: 543>326 for 2-CHO lysine adduct were selected in order to detect covalent adducts between these drug aromatic aldehydes and several proteins (Figures 5 and6, traces A).

Hepatic proteins are expected to be the primary targets of reactive aldehydes since they are involved in forming the latter, thus making HLM and recombinant P450 (rCYP) relevant models in vitro. Plasma proteins, including albumin, have also been used as surrogate proteins since plasma samples are easier to collect than liver tissues from patients in a clinical perspective [START_REF] Meng | Auto-Oxidation of Isoniazid Leads to Isonicotinic-Lysine Adducts on Human Serum Albumin[END_REF][START_REF] Meng | Detection of Drug Bioactivation in Vivo: Mechanism of Nevirapine-Albumin Conjugate Formation in Patients[END_REF][START_REF] Sabbioni | Biomonitoring Human Albumin Adducts: The Past, the Present, and the Future[END_REF] .

In protein samples, proteolytic digestion was performed with a protease cocktail (trysin, chymotrypsin and pronase) prior to LC-MS analyses to ensure lysine adduct detection. These analyses were performed with a QTRAP LC-MS apparatus for high sensitivity (this is why the retention times were slightly different in comparison with Figure 4). The assignment of the chromatogram peaks was done by spiking blank biological matrices (human plasma, human albumin, HLM and rCYP3A4) with 1a-CHO or 2-CHO generated by biomimetic oxidations catalyzed by metalloporphyrins as previously reported [START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] . The formation of lysine adducts of 1a was demonstrated by the presence of MRM peaks at the same retention time as with free lysine (Figures 4 A andB). Lysine adducts were then detected in HLM incubations and in incubation with rCYP3A4, supporting that 1a-CHO generated in HLM and rCYP3A4 incubations was able to readily react with lysine residues on the P450 protein framework (Figure 5D). Similar results

were obtained for sunitinib biotransformation in HLM and rCYP3A4, since lysine adducts of 2-CHO were also detected in these conditions (Figure 6D). Since docking experiments revealed that 1a-CHO and 2-CHO carbonyl aldehyde groups are in close vicinity of arginine residues in CYP3A4 active site, we also investigated the putative formation of arginine-aldehyde adducts. Arginine guanidinium group can react with aldehydes to afford Schiff bases, as has been shown with unsaturated aldehydes and formaldehyde [START_REF] Cai | Bioactivation and Protein Modification Reactions of Unsaturated Aldehydes[END_REF][START_REF] Trézl | Antagonistic Reactions of Arginine and Lysine against Formaldehyde and Their Relation to Cell Proliferation, Apoptosis, Folate Cycle and Photosynthesis[END_REF][START_REF] Metz | Identification of Formaldehyde-Induced Modifications in Proteins: Reactions with Model Peptides[END_REF] .

Thus, the approach described above for lysine was also applied to examine if arginine adducts in different protein samples could be formed. Although we found low amounts of arginine adducts of 1a-CHO and 2-CHO after reaction with free arginine (data not shown), we did not detect any arginine adduct in protein samples after proteolytic digestion (data not shown). This could be explained by the lower nucleophilicity of the guanidinium group when compared to lysine primary amine in these biological conditions.

Until now, 1a-CHO and 2-CHO lysine adducts were not detected in patient plasma samples, probably due to their very low concentrations. However, this work advances the field by showing that aldehyde metabolites of pazopanib and sunitinib (1a-CHO and 2-CHO) are found in patient samples and that these aldehyde RMs are able to react with proteins on lysine residues (shown in vitro).

Among other potential causative factors (mitochondrial toxicity, bile salt export pump and UDP-glucuronosyltransferase inhibition, genetic and immunologic polymorphisms [START_REF] Zhang | Cytotoxicity of 34 FDA Approved Small-Molecule Kinase Inhibitors in Primary Rat and Human Hepatocytes[END_REF][START_REF] Paech | Hepatocellular Toxicity Associated with Tyrosine Kinase Inhibitors: Mitochondrial Damage and Inhibition of Glycolysis[END_REF][START_REF] Mingard | Mechanisms of Toxicity Associated with Six Tyrosine Kinase Inhibitors in Human Hepatocyte Cell Lines[END_REF][START_REF] Zhang | Effects of 31 FDA Approved Small-Molecule Kinase Inhibitors on Isolated Rat Liver Mitochondria[END_REF][START_REF] Qosa | In Vitro UGT1A1 Inhibition by Tyrosine Kinase Inhibitors and Association with Drug-Induced Hyperbilirubinemia[END_REF][START_REF] Morgan | A Multifactorial Approach to Hepatobiliary Transporter Assessment Enables Improved Therapeutic Compound Development[END_REF][START_REF] Xu | HLA-B*57:01 Confers Susceptibility to Pazopanib-Associated Liver Injury in Patients with Cancer[END_REF][START_REF] Xu | Association of the Hemochromatosis Gene with Pazopanib-Induced Transaminase Elevation in Renal Cell Carcinoma[END_REF] , it could be hypothesized that the coupling of aldehydes with lysine residues of proteins (CYP3A4 and hepatic proteins) may be involved in hepatotoxicity. Lysine adduct formation could also explain CYP3A4 TDI and hence may contribute to pazopanib and sunitinib DDI. 
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  456202), pooled human liver microsomes (Ref. 452161), NADPH regenerating solutions (Ref. 451220, 451200) were purchased from Corning (Woburn, USA).LC-MS analyses. Identification of aldehyde metabolites 1a-CHO and 2-CHO in human plasma were performed by UPLC-MS/MS with an UPLC Waters Acquity system equipped with a Waters TQ-S micro mass spectrometer (triple quadrupole detector), an electrospray ionization source (ESI) and MassLynx™ software. UPLC chromatographic separations were performed on an Acquity UPLC ® BEH Shield RP18 (1.7 µm, 2.1 x 50 mm) column (Waters, Milford, MA, USA) at a flow rate of 0.3 mL/min and a column temperature of 30°C. Eluent A was ammonium formate 5 mM pH = 3.2 and eluent B was formic acid 0.1% (v/v) in acetonitrile. Eluting conditions were a linear gradient of A and B as follows: the percentage of B, initially set at 2%, stayed at 2% until 0.5 min, increased to reach 60% (t = 3.5 min), 100% (t = 4 min), stayed at 100% until 4.5 min, then returned to initial conditions over 0.5 min. Afterward, the system was re-equilibrated for 1 min before the following injection. The mass spectrometer was operated in positive ionization mode (ESI + ), using cone voltages of 60 or 80 V and collision energy of 30 eV. Mass spectra for Llysine adduct characterization were acquired in Full Scan mode (m/z range 50-650 amu for 1a-CHO and 2-CHO). Multiple Reaction Monitoring (MRM) mode was used for 1a-CHO and 2-CHO detection in human plasma. MRM transitions were as follows: for 1a-CHO: m/z 452>343, 328; for 2-CHO: m/z 413>340, 268.Identification of lysine adducts of 1a-CHO and 2-CHO in protein samples (human plasma, human serum albumin, HLM, recombinant CYP3A4 (rCYP3A4)) was performed by UPLC-MS/MS with an RS 3000 UHPLC system (ThermoFisher Scientific) equipped with an AB Sciex QTRAP 4500 mass spectrometer (triple quadrupole detector), an electrospray ionization source (ESI) and Analyst™ software. UPLC chromatographic separations were performed with the same column and under the same eluting conditions, reported above. The mass spectrometer was operated in positive ionization mode (ESI + ), using cone voltages of 40 or 60 V and collision energies of 30 or 40 eV. MRM mode was used for lysine adduct detection in protein samples with the following MRM transitions: for 1a-CHO-lysine adduct: m/z 582.2>436.2; for 2-CHO-lysine adduct: m/z 543.2>326.1.
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 26 , in 0.8 µL of DMSO) was added to a mixture of human serum albumin (3 µL of a 40 g/L solution in 0.1 M phosphate buffer pH = 7.4) and 0.1 M phosphate buffer (pH = 7.4, final volume = 250 µL). During incubation at 37°C for 120 minutes, reductive amination was performed by NaBH 3 CN (four additions of 0.5 µL of a 1.25 M solution in methanol, i.e. ca. 125 eq. in regard to 1a-CHO or 2-CHO, every 30 minutes). The crude reaction media were then digested by proteases.Human liver microsomes/recombinant CYP3A4. An aliquot of an aldehydecontaining medium (ca. 20 nmol of 1a-CHO or 2-CHO, prepared as previously described[START_REF] Paludetto | Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites[END_REF] , in 0.8 µL of DMSO) was added to a mixture of human liver microsomes (final protein concentration = 0.5 mg/mL) or recombinant CYP3A4 (final rCYP3A4 concentration = 20 pmol/mL) and 0.1 M phosphate buffer (pH = 7.4, final volume = 250 µL). During incubation at 37°C for 120 minutes, reductive amination was performed by NaBH 3 CN (four additions of 0.5 µL of a 1.25 M solution in methanol, i.e. ca. 125 eq. in regard to 1a-CHO or 2-CHO, every 30 minutes). The crude reaction media were then digested by proteases. Human liver microsomes and recombinant CYP3A4 incubations.Microsomal incubations were performed according to supplier protocol. An aliquot of human liver microsomes (final protein concentration = 2 mg/mL) was added to a mixture of NADPH regenerating solutions A (50 µL), B (10 µL) and 0.1 M phosphate buffer (pH = 7.4, final volume = 250 µL). After preincubation at 37°C for 5 minutes, microsomal incubations were started by the addition of pazopanib 1 or sunitinib 2 in DMSO solutions (final substrate concentration = 100 µM, final DMSO concentration = 0.2%). The mixture was then kept at 37°C for 30 minutes to ensure aldehyde formation. Reductive amination was then performed by NaBH 3 CN (four additions of 0.5 µL of a 1.25 M solution in methanol, i.e. 100 eq. in regard to 1 or 2, every 30 minutes, final methanol concentration = 0.8%) over 120 minutes at 37°C. The incubation media were then subjected to proteolytic digestion. The same protocol was followed with recombinant CYP3A4 (final rCYP3A4 concentration = 80 pmol/mL).2.7. Protein digestionProtein denaturation was achieved by heating the mixture to 60°C over 30 minutes. Disulfide bonds were reduced by addition of D, L-dithiothreitol (DTT, 50 µL of a 50 mM solution in 50 mM NH 4 HCO 3 pH = 8). The mixture was then incubated at 60°C for one hour. Protein digestion was performed by the addition of trypsin, chymotrypsin, pronase E (100 µL of a 12.5 mg/mL solution of each protease in 50 mM NH 4 HCO 3 pH = 8), acetonitrile (50 µL) and calcium chloride (100 µL of a 25 mM solution in water). The mixture was kept overnight at 37°C. Proteolytic digestion was stopped by the addition of 5 µL of formic acid 1% in water. The mixture was then centrifuged for 20 minutes at 4000 g at room temperature. The supernatants were then analyzed by UPLC-MS to characterize lysine or arginine adducts of sunitinib and pazopanib aldehyde metabolites. The following modifications to the above-described proteolytic digestion protocol were made for: i) HLM incubations in the presence of pazopanib 1: after protein denaturation, incubation media were centrifuged for 20 minutes at 4000 g at 40°C. The protein pellets were then subjected to proteolytic digestion [DTT (20 µL of a 125 mM solution in 50 mM NH 4 HCO 3 pH = 8), proteases (20 µL of a 62.5 mg/mL solution of each protease in 50 mM NH 4 HCO 3 pH = 8) and calcium chloride (10 µL of a 250 mM solution in water)];

  have been unambiguously detected in patient plasma samples during drug monitoring at 3.96 min (m/z: 452>343; 452>328) for pazopanib (Figure S-1B, C) and at 4.22 min (m/z: 413>268; 413>340) for sunitinib (Figure S-2B, C), consistently with the retention times of the corresponding standards (Figures S-1A and S-2A). Since no other peak was shown in the chromatograms (Figures S-1B, C and S-2B, C), 1b-CHO was not detected in patient plasma samples. The exact quantification of these metabolites could not be carried out since the response factor of metabolites could not be determined; but the time course relative evolution of the aldehyde contents based on the related peak areas was established during drug monitoring at different days of treatment cycles. Figure 2 illustrates the aldehyde profiles over time (1a-CHO, m/z = 452>343 and 2-CHO, m/z = 413>340) that paralleled those of the parent drugs, both for pazopanib and sunitinib,

  For both aldehyde RM, binding modes were very close to those of parent molecules (see supplementary data for docking of parent molecules Figures S-3, S-4). These observations supports the regioselective oxidation of pazopanib (-C 7 -CH3) and sunitinib (-C 11 -CH3) respectively to 1a-CHO and 2-CHO by CYP3A4.

or 2 -

 2 CHO lysine adducts. As shown in Figure 4A, in the full scan chromatogram, lysine adduct of 1a-CHO was detected at 3.20 min and was characterized by the presence of the [M+H] + ion (m/z: 582) and the MS/MS fragmentation pattern corresponding to the loss of lysine (m/z: 436) and lysine fragmentation (m/z: 130, 218). Fragmentation of the bond between N8 and the indazole ring provided ions at m/z: 291 and 190 with subsequent lysine fragmentation. These results showing the formation of covalent adducts between free lysine and 1a-CHO confirmed the reactivity of this aldehyde RM toward the lysine e-amino group. Similarly, lysine adduct of 2- CHO was detected at 3.43 min and was characterized by the [M+H] + ion (m/z: 543) in the mass spectrum and by the MS/MS fragmentation pattern corresponding to the loss of lysine (m/z: 397), the loss of lysine and the diethylamine side chain (m/z: 326) or the diethylamine-ethylamine side chain
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Figure 1 :

 1 Figure 1: Structures of pazopanib (1), sunitinib (2) and their related alcohol (1-CH2OH and 2- CH2OH) and aldehyde metabolites (1-CHO and 2-CHO).

Figure 2 :

 2 Figure 2: Analyses of patient plasma samples during pazopanib or sunitinib treatment. 1) patients treated with pazopanib : detection of aldehyde 1a-CHO (p: m/z = 452>343) along with pazopanib (o) in the plasma samples of three patients (panels 1A, 1B, and 1C, respectively). 2) patients treated with sunitinib : detection of aldehyde 2-CHO (n: m/z = 413>268) along with sunitinib (¡) in the plasma samples of three patients (panels 2A, 2B, and 2C, respectively). D1C1: day 1, cycle 1; D15C1: day 15, cycle 1; D1C2: day 1, cycle 2; D15C2: day 15, cycle 2.

Figure 3 :

 3 Figure 3: Molecular docking into the catalytic cavity of crystal structure of CYP3A4: A) 1a- CHO / 1TQN; B) 1a-CHO / 6BCZ; C) 2-CHO / 1TQN, D) 2-CHO / 6BCZ. The red dotted lines represent the non-bonding interactions (i.e. Hydrogen bonds, p-stacking or p-cation).

Figure 4 :

 4 Figure 4: Lysine adducts A) with pazopanib aldehyde 1a-CHO. LC-MS chromatograms in Full Scan mode, B), mass spectra. C) with sunitinib aldehyde 2-CHO. LC-MS chromatograms in Full Scan mode, D) mass spectra, insert frame: magnified MS (m/z: from 450 to 500). Adduct structures in inserts.

Figure 5 :

 5 Figure 5: LC-MS MRM chromatograms of lysine adducts of pazopanib aldehyde 1a-CHO (RT = 3.0 min, m/z: 582 > 436). A) standard lysine adduct obtained through reaction of 1a-CHO with free lysine; B) in plasma and albumin spiked with 1a-CHO generated during biomimetic oxidations with metalloporphyrins; C) in HLM and rCYP3A4 spiked with 1a-CHO generated

Figure 6 :

 6 Figure 6: LC-MS MRM chromatograms of lysine adducts of sunitinib aldehyde 2-CHO (RT = 3.3 min, m/z: 543.2>326.1). A) Standard lysine adduct obtained through reaction of 2-CHO with free lysine; B) in plasma and albumin spiked with 2-CHO generated during biomimetic oxidations with metalloporphyrins; C) in HLM and rCYP3A4 spiked with 2-CHO generated during biomimetic oxidations with metalloporphyrins; D) in HLM incubations and rCYP3A4 incubations. B, C, D: adducts were detected after proteolytic digestion.
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