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Abstract

Aristolochic acid (AA) dependent human nephropathgults either from environmental
exposure t@ristolochiaceaglant subspecies or their use in traditional ptingoapy. The toxic
components are structurally related nitrophenanthcarboxylic acidg,e. Aristolochic acid |
(AAIl) and Il (AAIll). AAl is considered to be the na cause of Aristolochic acid nephropathy,
characterized by severe renal fibrosis and uppethalial cancer. Following enzymatic
activation in kidney and/or liver, AAl metabolitesact with genomic DNA to form persistent
DNA adducts with purines. To determine whether &ah be activated in human renal cells to
form DNA adducts, we exposed telomerase immortdlizeal proximal tubular epithelial cells
(RPTEC/TERTL1), the human embryonic kidney (HEK2&4) line, as well as primary human
kidney cells (pHKC) to AAin vitro. We modified an isotope dilution ultra-performatigeid
chromatography/tandem mass spectrometry (ID-UPLGM& based method for the
quantification of dA-AAIl adducts in genomic DNA. &ddition, time dependent accumulation
of adducts in renal cortex and bladder tissue #axtll treated Eker rats were used to validate
the detection method. AAl-induced toxicity in hum@mal cells was determined by dA-AAl
adduct quantification, the impact on cell viabilignd NQO1 expression and activity. Our
findings demonstrated adduct formation in all ckfies, although only pHKC and
RPTEC/TERT1 expressed NQO1. The highest adductitomwas detected in pHKC despite
low NQO1 expression, while we observed much loweduat levels in NQO1l-negative
HEK293 cells. Adduct formation and decreased cadlbiity correlated only weakly.
Therefore, our data suggested thatenzymes other than NQOL1 could be at least equally
important for AA bioactivation in human renal proral tubule cells, and.) the suggested

correlation between adduct levels and viabilityegogs to be questionable.
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1. Introduction

Aristolochic acids (AA) are a group of structuratBiated nitrophenanthrene carboxylic acids
and have been detected in sevémdtolochiaceaeandAsarumplant subspecies, also known
as birthwort or pipevine (Debelle et al., 2008)eThajor AA derivatives contained in the plant
extract ofAristolochiaspecies are Aristolochic acids | (AAl) and Il (AAIHuman kidney
diseases associated with AA exposure are summatnddr the term "Aristolochic acid
nephropathy” (AAN), caused either by ingestion lafinps containing AA as part of traditional
phytotherapies (formerly known as “Chinese herlhghnapathy”), or by the environmental
contaminants in food (Balkan endemic nephropatigp¢t et al., 2017). The pathology of
AAN in humans is basically characterized by extemsiortical tubular atrophy, loss of tubules
and dense interstitial fibrosis, most prominerihmouter area of the cortex, while the glomeruli
are relatively spared (Jelakovic et al., 2@Mé@pierreux et al., 1994). Progressive renal filgosi
results in loss of function and subsequently to stadje renal disease and kidney failure,
requiring dialysis or transplantation. AAN patieate also frequently diagnosed with urothelial
(transitional cell) carcinomas of the renal pebnsl ureter (Cosyns, 2003). These upper urinary
tract cancers (UUCs), which account for only 5%albfurinary tract cancers worldwide, are
present in~50% of AAN cases (Nortier et al., 2000).

In contrast, in rodents, employed as surrogateispdor understanding the mechanisms
underlying AA induced toxicity, nephropathy and a@aogenesis do not readily reflect the
pathologies observed in humans. Indeed, the obd@athologies appear to differ dramatically
dependent on whether AA exposure occurred via sabeous, intraperitoneal application or

via oral gavage. Mice and rats exposed acutelycanohically to AAI via gavage developed
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ulceration in the forestomach, extensive tubularess and primarily forestomach and renal
cortical tumors in absence of renal fibrosis, resigely. Specific rodent strains developed renal
fibrosis when treated via subcutaneous or intrameeal injection with AAI, as reviewed by
Debelle et al (2008). Consequently, metabolic atitiv of AAI, either in the liver or directly

in the renal cortex, appears critical for the depeient of renal proximal tubule cytotoxicity,
inflammation, and ensuing epithelial to mesenchyimahsition and fibrosis, whereby the
relationship between cytotoxicity and AAI-DNA addsics not clear to date. Indeed, metabolic
activation of AAl leads to a highly reactive intexthate, a nitrenium/carbenium ion, which is
able to form DNA adducts including 7-(deoxyadenesii-yl) aristolactam | (dA-AAl) and 7-
(deoxyguanosiné¥?-yl) aristolactam | (dG-AAl) (Pfau et al., 1990)u@ently, nitroreduction
e.g. by NAD(P)H dehydrogenase (quinone 1) (NQOZXpoissidered to be the main pathway
for AAI bioactivation (Fig. 1) and thus is assumidbe required for AAI-DNA adduct
formation in humans (Stiborova et al., 2003). Hoerewther phase | enzymes, abundant in the
liver, e.g. the cytosolic nitroreductases (e.g.tkare oxidases), cytochrome P450s (CYP)
enzymes (e.g. CYP1A1l, 1A2, or NADPH:CYP reductase)eroxidases may be involved in
AAIl metabolism(Stiborova et al., 2005tiborova et al., 2009). Thus, one would expect tha
hepatic activation of AAI leads to cytotoxic AAliermediates capable of forming DNA
adducts and therefore to observable hepatotoxmitg/or DNA-adducts in hepatocytes.
Contrary to expectations, patient derived matedamonstrated no overt hepatotoxicity.
However, the liver and other organs of an AAl exqabpatient (spleen, lung, adrenal, stomach,
small intestine, bladder, lymph nodes, pancreasnpexhibited similar, lower or higher DNA-
adduct level (expressed as relative adduct labelsigg 3?P-postlabelling and expressed as
mean dA-AAl adducts per $@ucleotides) compared to the corresponding kidriglye same
patient (Arlt et al., 2004, Nortier et al., 200Bhe mean relative dA-AAl adduct levels reported
in the renal cortex of male and female patientgedrbetween 30 - 3880 dA-AAI adducts per

10° nucleotides analyzed using UPLC-MS/MS (Yun et2012). Although less accurate, dA-
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AAl adducts were also frequently quantified in kegnsamples using?P-postlabeling and
ranged between 1 - 2340 (Arlt et al., 2004, Nomseal. 2003, Yun et al., 2012). Due to their
long persistence, the specific DNA adducts in pasi€an serve as biomarkers of exposure to
AAI (Stiborova et al., 2017). However, most likehe presence of DNA adducts are of little
help for a better understanding of AA bioactivatiand thus of the development of AAI
mediated renal proximal cytotoxicity and ensuinghrepathy, as these addupts secan be

detected also in organs without pathological change

In order to address several of the questions rabese, we used male and female Eker rats
exposed daily to a mixture of AAl and AAII to eslish and validate an isotope dilution (ID)-
UPLC-MS/MS state-of-the-art quantification methad 8 A-AAl adduct levels based on the
method previously published by Yun et al. (201271 &xposure mediated dA-AAl adduct
levels were determined in renal tissues of expoatand humans, but not comparedhtsitro
settings. Therefore, we employed this dA-AAIl adddetection and quantification method to
determine AAI derived DNA adduct formation not omyrenal cortex and bladder of exposed
Eker rats, but also in human remalitro cell systems. For this we employed human embryonic
kidney (HEK293) cells, representing a viral immbged cell model, proliferating or
differentiated hTERT immortalized human renal pmoal tubular epithelial cells
(RPTEC/TERTL1) (Wieser et al., 2008), and differat@dl primary human kidney cells (pHKC).
Finally, we compared dA-AAIl adduct formation to A&lduced reduction in cell viability and

examined the expression and activity of NQOL1 ralelar AAl-bioactivation.

Material and methods
2.1 Materials
Aristolochic acid | (AAIl) and the AA sodium salt rture (41% AAI and 56% AAIll) were

purchased from Sigma-Aldrich!®Ns]|-labeled 2’-deoxyadenosine'{Ns]-dA) was purchased



from Cambridge Isotope Laboratories, Inc. 2’-deaey@osine, calf thymus DNA, DNase |
(Type 1V, from bovine pancreas), alkaline phospbatg&scherichia coli, nuclease P1
(Penicillium citrinum), phosphodiesterase ICiotalus adamanteusvenom), NADPH,
menadione and formic acid (LC-MS grade) were pwebafrom Sigma-Aldrich. Thiazolyl
blue (MTT), dimethyl sulfoxide (DMSO) (>99,98 %) ciN,N-dimethylformamide (DMF)
(>99,8 %) were purchased from Roth. All solventstass spectrometry were of LC-MS grade

from Roth.

2.2 Rodent experiments

Six to ten weeks old heterozygolsc2mutant Eker ratsTisc2’, Long Evans) were purchased
from the MD Anderson Cancer Center, Smithville, @a&xUSA and housed at the University
of Konstanz animal research facility under standienasing conditions. Prior to exposure, male
and female Eker rats were randomly assigned to dasgps and allowed to acclimatize to
laboratory conditions for 4 weeks. All animal expents were approved by the State of
Baden-Wirttemberg, Germany (Regierungsprasidiunb &g, AZ: G-03/65). Groups of three
male and female Eker rats were treated daily blygar@age with a mixture of AAI (41%) and
AAIl (56 %) for 1, 3, 7, and 14 days (10 mg / kgdgweight). Time-matched vehicle controls
(n=3) received corresponding volumes of 0.1 M NaHORats were weighed daily. At the end
of each treatment period, anesthetized rats wemgfisad by exsanguination subsequent to
retrograde perfusion with PBS. Organs were coltecséiced and sections were snap frozen

and stored at -80 °C until further usage.

2.3 Routine cell culture
All cells were cultured routinely in T75 flasks ¢Seedt) at 37 °C in a 5 % COumidified
atmosphere and subcultured by trypsinization. Frasdium was provided three times per

week. The human proximal tubule cell line RPTEC/TER(Wieser et al., 2008) were

6



purchased from Evercyte GmbH, Vienna, Austria anltlced in hormonally defined medium
consisting of a 1 to 1 mixture of Dulbecco’s moelifiEagle’s medium (Life Technologies,
Darmstadt, Germany) and Ham’s F-12 nutrient miXgliechnologies) supplemented with
2 mM Glutamax (Life Technologies), /ml insulin (Sigma), g/ml transferrin (Sigma),
5 ng/ml sodium selenite (Sigma), 10 ng/ml epithegjpowth factor (Sigma) and 36 ng/ml
hydrocortisone (Sigma), 100 U/ml penicillin and 1@Jml streptomycin. For subculturing,
cells were seeded at 30 % density and harvestaéated at day 3-4 (80-90 % confluence)
for proliferating cells or at day 16 for differeated cells. Proliferating (day 3-4) and
differentiated (day 16) RPTEC/TERTZ1 cells refleadically different phenotypes (Aschauer
et al., 2013). For transwell experiments the celise seeded at 100 % density on PET
transwell® inserts with 0.4 um pore size (Corniagy harvested or treated after 10 days
post-initial seeding. Human embryonic kidney cBlEEK293 were purchased from the Leibniz
Institute DSMZ — German Collection of Microorganisms and C&liituresand cultured in
Dulbecco’s modified Eagle’s medium (DMEM) contaigifow glucose (1g/l) supplemented
with 10 % fetal bovine serum (FBS) gold, 100 U/rehzillin and 100 pug/ml streptomycin.
Cells were seeded at a density of 5 gddIs/cnt on poly D-Lysine (Sigma-Aldrich) coated
plates and harvested or subjected to treatmentldi&ih

Primary human renal epithelial cells (pHKC) werelased from human biopsy material
(Klinikum Konstanz, Konstanz, Germany) from a 6%aryeld woman as described by O’Brien
et al. (2001). Cells were cultured in DMEM/Ham’sLE-(Biochrom) supplemented with 1 x
Insulin-Transferrin-Selenium (ITS-G) (Invitroged)) ng/ml epidermal growth factor (Sigma),
18 ng/ml hydrocortisone (Sigma), 4 ng/ml L-thyroXBigma), 100 U/ml penicillin and 100
ng/ml streptomycin. Cells were seeded at a demsi®.5-1 x 16 cells/cnt and processed

further after 48 h incubation (confluent monolayer)

2.4 Cell treatment for DNA adduct detection



Cells were seeded, as mentioned above, in 6 watbplfor DNA extraction), in 96 well plates
(for MTT cell viability assay and NQOL1 assay) obiwell transwell inserts. At day of exposure
medium was exchanged with fresh medium containargous concentrations of AAl in 0.2 M

NaHCQ; and cells were incubated for additional 48 h abhdard conditions.

2.5 Extraction and enzymatic digestion of DNA

DNA from cell and tissue samples was extracted WighPureLink™ Genomic DNA Mini Kit
(Thermo Fisher Scientific) according to the mantifegr’s protocol. For cellular samples, cells
from one well of a 6 well plate were trypsinizedasied and processed according to
manufacturer’'s protocol. For the rat tissue, 40R3@ tissue were lysed for 1-1.5 h in the
genomic digestion buffer before DNA extraction. DMAs finally eluted in 100 ul nuclease
free water and DNA concentration was assessedaviadrop.

The enzymatic digestion conditions used for DNA rayykis to 2'deoxynucleosides were
adapted from Yun et al. (2012) aBdodenough et al. (2007). DNA (5-10 ug) was diluted
100 ng/ul HO and 2 fmol/ul internal standard{is]-dA-AAI) were added prior digestion.
DNase | (2542 U/mL in 0.15 M NaCl; 1016.8 U/mg DNw@s added, and the mixture was
incubated for 1.5 h. Next, nucleasge Penicillium citrinum 100 U/mL in 1 mM ZnCp; 16
U/mg DNA) was added, and the incubation was furtheubated for 3 h at 37 °C. Finally,
alkaline phosphatasé& (coli; 24 U/mL in 1 mM MgCp; 8 U/mg DNA) and phosphodiesterase
| (Crotalus adamanteugenom; 1.7 U/mL in 110 mM Tris-HCI at pH 8.9, caniag 110 mM
NaCl, 15 mM MgCp; 0.2856 U/mg DNA) were added last, and the indobatvas continued
for additional 18 h at 37 °C. After digestion, saespwere evaporated to dryness by vacuum
centrifugation for 2 h and rehydrated in@®ifor 2 h. Equal volume of DMSO was added to a
final concentration of 0.125 ng DNA/ul in 50 % DMS8&amples were stored at -20 °C and
filtered through a 0.2 pm Millex-LG PTFE syringeltdr (Millipore) before adduct

guantification.



2.6 Synthesis and purification of dA-AL-I standards

The synthesis of dA-AAI andiNs]-dA-AAI standards were performed by the reactibAA-

| with dA or [**Ns]-dA, using a modification of the protocol descddey Yun et al. (2012).
AA-I (1 mg) in DMF (100 pl) were mixed with 20 mgnflust (Sigma), pre-activated with 1 %
HCI for 15 min. Then, dA or'fNs]-dA (2 mg) in 50 mM potassium phosphate buffentll

pH 5.8) were added and incubated at 37 °C for it6the dark while shaking. Thereatfter, the
solution was placed at 4 °C for 30 min to pellet #m dust. The supernatant was removed and
the Zn pellet was washed with 2 x 250 wCH The combined supernatants were applied to
Isolute SPE C18(ec) cartridges (500 mg) (Biotag#lich were preconditioned with GAH

(2 ml), followed by HO (2 ml). Subsequently, the cartridges were washitdH>O (2 x 2 ml).
The adducts (together with AA-I, AL-l and residui#) were eluted with CEOH (2 ml) and
evaporated to dryness by vacuum centrifugationallfindissolved in DMSO (250 ul).
Purification of standards was performed on a 26Biace Separation Module (Waters) with
a Vydac protein & peptide C18 column (300 A, 5 6 x 250mm). In the first purification
step dA-AAIl and AL-I {r: 31.2 — 32.7 min) were purified with a gradierarshg with 90 %
buffer A (O supplemented with 0.1% acetic acid) at a flove @it 0.6 ml/min. Buffer B
(acetonitrile supplemented with 0.1% acetic acidswncreased to 90% in 30 min and held
constant for 5 min. A second purification step wasformed using the same conditions with
methanol instead of acetonitrile to purify dA-AAR(20.9 — 22.7 min) from AL-Il. Final
fractions containing dA-AAl and'{Ns]-dA-AAIl standards were evaporated to dryness using

vacuum centrifugation and dissolved in DMSO.

2.7 Validation of chemical standard for mass spmuotetric analysis
UV/Vis spectra were acquired with an Ultrospec 2100 from Amersham Biosciences.

Extinction coefficients weresos=16,140 Ixmoftxcni! andes1s5=5,400 Ixmottxcnit (Yun et al.,
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2012). Product ion scans were acquired at a XeveSTi@ndem MS from Waters. High-
resolution MS of each adduct was performed at armbe.TQ Orbitrap Discovery in the
Proteomics Facility of the University of KonstahdMR spectra were determined with a Bruker

Avance 111 600 at the NMR core facility of the Uensity of Konstanz.

2.8 Isotope dilution-UPLC-MS/MS quantification

Analysis was performed on an ACQUITY UPLC H-classed to a Xevo TQ-S tandem MS
(Waters). An ACQUITY UPLC Peptide CSH C18 columi@1A, 1.7 um, 2.1 x 50 mm,
Waters) was used for chromatographic separatiomrA Béimples were analyzed with a flow
rate of 0.4 ml/min. Mobile phase A was Milliporet@aand B was acetonitrile (LC-MS grade,
Carl Roth), both supplemented with 0.1% formic g8ayma-Aldrich). Initial conditions were
90 % A. B was increased to 90 % in 8 min and hetd®fmin.

The source settings were: Capillary: 0.7 kV, CofiéV, Source Offset: 50V, Source
Temperature: 150 °C, Desolvation Temperature: 8)@Cone Gas Flow: 150 I/h, Desolvation
Gas Flow: 1000 I/h, Collision Gas Flow: 0.15 ml/miebuliser Gas Flow: 7 bar. The analyzer
was set to high mass resolution. The analytes meesured with cone voltage of 6 V, collision
energy of 10 V and an auto dwell-time (104 ms) iRMImode. The transitions [M+Hjvere
dA-AAl 543.3 > 427.2 and'fN]-dA-AAI 548.3 > 432.2. DNA amounts were deterndnigy
UPLC-MS/MS measurements (estimated injection off@@®NA) with the same parameters
as described for nucleic acid adducts. The follgwen transitions [M+H] were analyzed: dG

m/z 268.1>152, dA m/z 252>136, dT m/z 243>127 adrdz 228>112.

2.9 Validation of the analytical method
Serial dilution of standard stock solutions wasfgened to determine the linearity and
sensitivity. LOD (S/N of 3) and LOQ (S/N of 10) wdstermined. Quality control samples

were prepared in a low, medium and high concentrgitQC, MQC and HQC) of 5, 50 and
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500 fmol to determine inter-day and intra-day sieei (n=5) according to FDA guidelines
(FDA, 1995). Three different sample sets were megbaaccording to EMA guidelines
(European Medicines Agency, 2011) to define recpward matrix effects: Standards were
spiked in digested blank matrix (Set 1), standavdee spiked in water (Set 2) or standards
were digested in presence of blank matrix (SeSajnples were evaporated to dryness using
vacuum centrifugation and re-dissolved in 50 % DM3®e percentage of recovery was
calculated by the ratio of the peak areas of SatB1. The ratio of the peak area of Set 1 and
2 determined matrix effects. All sets (1-3) weremalized to internal standards. The influence
of storage was evaluated by short-term storagd@ arid 37 °C for 6, 12 and 24 h. The influence
of long-term storage at -20 °C and -80 °C was daitezd after 2 and 4 weeks. Impact of freeze-
thaw cycles (1-3 times) was also determined. Aliaje samples were analyzed in triplicates

of all three QC concentrations and normalized termal standards.

2.10 MTT cell viability assay

Cell viability was determined by MTT reduction agsareated cells were incubated with 1 mM
MTT in medium at 37 °C for 1 h. MTT was removed aetls were lysed in 95 % isopropanol
and 5 % formic acid. Formazan absorption was medsat 550m using a Tecan M200Pro
microplate reader (Tecan). Values obtained for aedld (0.1 % Triton X-100) were subtracted

from all other values. Viability data were exprakas percentage of non-treated (control) cells.

2.11 Western Blot analysis

One well of a 6 well plate was used for protein gknpreparation for each cell line. Cells were
trypsinized, washed in PBS and lysed with 200-3(RIRA buffer (50 mM Tris-HCI, 150 mM
NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, 1 %omrX-100) for 10 min on ice. After
passage through a 26G needle, protein concentsati@ne determined using Pierce BCA

Protein Assay (Thermo Fisher Scientific) and sasfile SDS Page were generated by addition
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of 1.5 X Urea sample buffer (93.75 mM Tris-HCI pH&69 M Urea, 7.5 % (v/M}-mercapto-
ethanol, 15 % (v/v) glycerol, 3 % (w/v) SDS, 0.01(%6v) bromphenol blue), boiled at 95 °C
for 5 min. and stored at -80 °C. Subsequently pg3otal protein/sample were separated by a
12 % SDS-PAGE and blotted onto a nitrocellulose trame. Membranes were detected either
with Ponceau S and then blocked with 5 % (w/v) npitvder in TTBS (100 mM Tris-HCl,
150 mM NacCl, 0.1 % (v/v) Tween 20, pH 7.6) for &trRT. Proteins of interest were detected
either with anti-NQO1 antibody (1:1000 in 5 % millhermo Fisher Scientific, #MA1-16672)
or with antif-actin (1:4.000 in 5 % milk, Sigma, #A2228) oveghmi at 4 °C. After washing,
membranes were incubated for 1 h at RT with peasedconjugated secondary antibody anti-
mouse IgG-peroxidase (1:80.000 in 5 % milk, Sigmdriah, #A9044). Signals were detected
by enhanced chemiluminescence (Lumigen® ECL ulttanigen) via ImageQuantTM LAS
4000 (GE Healthcare). Stripping of the membranepegormed with 0.2 M NaOH for 10 min

followed by incubation for 10 min in Millipore 1.

2.12 NQOL1 activity assay

NQO1 activity assay was performed using a modifiemtocol of the “Prochaska” microtiter
plate bioassay described by Fahey et al. (2004)dEtermination of NQO1 induction after
AAl exposure, cells were treated with solvent cohtAAl in 0.2 M NaHCQ or 5 uM
sulforaphane in DMSO for 48 h. Cells were washeth WBS and lysed by incubation with
50 ul 0.8 % digitonin in 2 mM EDTA (pH 7.8) at 3 for 10 min followed by an additional
incubation at 25 °C for 10 min while shaking. Fanswell inserts cells were detached by
trypsinization, washed and lysed in 750 pl 0.8 #tdnin in 2 mM EDTA (pH 7.8). Briefly,
10 pl cell lysates were transferred into a 96 \pidte and mixed with 200 ul of the reaction
mixture containing 25 mM Tris-HCI (pH 7.4), 0.06686vine serum albumin, 0,01 % Tween-
20, 7.2 uM MTT, 1 mM NADPH (freshly added) and 5B menadione (freshly added).

Control reactions were performed by addition ofyfB8®.3 mM dicoumarol in 0.5 % DMSO
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and 5 mM potassium phosphate (pH 7.4). Blank reastivere performed w/o menadione in
the reaction buffer. Absorption was quantified 2 &m every min for 30 min in total using a
Tecan M200Pro microplate reader. The specific N@€tvity was quantified using the slope
of the linear range of absorption increase. Valwese normalized to total protein amount,

quantified by Pierc® BCA Protein Assay Kit.

2.13 Statistical analysis
Unless otherwise indicated data are presented asxi®@EM. Sample sizen] indicates the
number of independent experiments performed. 8tatisignificance was determined using

GraphPad Prism 7, statistical tests as indicatéderigure legends.

2. Results

3.1 Performance of the UPLC-MS/MS detection metiath-AAl adducts

AAl derived DNA adducts are considered relevant aatidble biomarkers for AAl exposure,
whereby dA-AAIl (Fig. 1) represents the predominadtuct found in animal and patient
material. As isotope-dilution LC-MS/MS is considerthe gold standard for quantification of
DNA adducts, dA-AAl and PNs]-dA-AAI standards were synthesized with a modified
biomimetic reaction described earlier by Yun et(2012). Pre-purification of standards was
performed by solid phase extraction (SPE). Finaifisation was achieved via HPLC with an
approximate yield of ~1-1.5 % compared to the Afarsng material. dA-AAl and*fNs]-dA-
AAl standards were verified by their characteri&th/Vis spectra (Fig. S-1), product ion scans
(Fig. 2 a and b), high resolution MS (Fig. S#J;NMR (Fig. S-3 and S-4) and 2D-NMR (Fig.
S-5). Product ion scans resulted in detection efatlycone adducts ([BH of dA-AAI m/z
427 and for [BH]* of [*°Ns]-dA-AAI m/z432) (Fig. 2 c), which were subsequently used for

quantification with ID-UPLC-MS/MS. The sensitivityas determined at a limit of detection
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(LOD, S/N of 3) of 0.1 fmol and a limit of quantftion (LOQ, S/N of 10) of 0.5 fmol (Table
1). Serial dilutions of unlabeled standard, spikéth internal isotopically labeled standard
were used to prepare a calibration curve (Fig.add Table 1) with a linear range of at least
three orders of magnitude from 0.5 fmol to 1000 Ifnl@? = 0.9926). Representative
chromatograms of treated and control samples anersin Fig. 2 e, f. Peak areas for dA-AAl
and [°Ns]-dA-AAl were analyzed at a retention time of 4.thotes.

According to the EMA guidelines (European Medicidaggency, 2011), recovery and matrix
effects were determined (Table 2). Recovery rate®wetermined by comparing standards,
which were digested together with blank matrixstandards which were spiked to separately
digested blank matrix. Matrix effects were detemirby standards spiked to digested blank
matrix compared to standards spiked into water. \allues were found to be within the
acceptable limits as suggested by EMA (European idftees Agency, 2011). Quality
controls (QC) were prepared over a low (LQC), medigMQC), and high (HQC)
concentration range of 5, 50 and 500 fmol. The eslof percent relative standard deviation
(% RSD), which is a measure for the precisionmthod, were 20 % for LQCs and &5 %

for MQCs and HQCs for samples measured on the stydintra-day precision) and on
different days (inter-day precision). These valese fully compatible with FDA guidelines
for the validation of analytical procedures (FDA95). Potential analyte loss due to storage
or repeated freeze-thaw cycles was determined €T38hl Short-term storage at ambient
temperatures (RT and 37 °C), as well as long-teamrage at lower temperatures (-20 °C and -
80°C) had no influence on measurement of the amaljhken together a reliable, robust,
sensitive and accurate ID-UPLC-MS/MS method waaldished to quantify dA-AAIl adducts

from cells exposeh vitro.

3.2 UPLC-MS/MS analysis of dA-AAIl adduct formatiofresh frozen rat tissue

14



We analyzed dA-AAI adduct formation in kidney corigig. 3 a, b) and bladder (Fig. 3 c, d)
tissue from AAI/Il exposed male and female Ekes @0 mg / kg bodyweight per day). We
were able to detect dA-AAI adduct formation alre@dyh after oral exposure and observed a
time-dependent accumulation of DNA adducts in tiimdy cortex and in bladder. Based on
the adduct curves in renal cortex, it appeareditizdé Eker rats had greater AAl activation and
thus DNA adduct formation than their female coupdets. Additionally, male Eker rats
displayed a severe reduction in bodyweight (Fig),3vhereas AAIl/ll treated female Eker rats
showed only a decrease in bodyweight gain compartee control group (Fig. 3 f). In contrast
to the renal cortex, DNA adduct levels in the blrddere approximately ten times lower and

showed no sex differences.

3.3 Comparison of dA-AAI adduct formation in hurpamary and immortalized renal cells
Based on the verification of dA-AAI adduct deteatim rat tissue, we used our ID-UPLC-
MS/MS protocol to quantify DNA adduct formation two different human renal cell lines
(HEK293 and RPTEC/TERT1) and primary human kidneysqpHKC). Cells were exposed
to different AAI concentrations (1-100 uM) or sahtecontrol for 48 h. We observed a
concentration dependent increase in dA-AAl addextls in all cells (Fig. 4 a). However, DNA
adduct levels appeared to reach saturation in pHilt€ady at very low AAI exposure
concentrations, whereas this was not observaldéferentiated RPTEC/TERT1 or in HEK293
cells. The comparison of pHKC and HEK293 cells jmled for an approximately 100-fold
difference in DNA-adducts quantified. When consiigrthe 3 x 18 base pairs per diploid
genome in a human cell, the DNA adducts detectedeaxpressed as DNA adducts per cell.
Thus, the “saturation” in DNA adducts as obsengedpparently either the result of cell type
specific saturable enzymatic activation capabditd/or a saturation of available dA and dG
sites that are “adductable”. Alternatively, diffeteell lines may tolerate different adduct levels

at which cell death occurs (see below).
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To assess the impact of cell differentiation on AAF adduct formation, proliferating (day 3)

and differentiated (day 16) RPTEC/TERTL1 cells onvié&ls and RPTEC/TERTL1 cells grown
on transwell-inserts (day 10) were exposed to #mesAAl concentration range (Fig. 4 b).
Adduct levels increased rapidly in differentiatesimpared to proliferating RPTEC/TERT1,
while proliferating RPTEC/TERT1 and RPTEC/TERT 1tatgd on transwell inserts showed a

similar concentration response in adduct levels.

3.4 Influence of AAI exposure on cell viability

The effect of AAl on cell viability, as assessed MTT reduction assay after 48 h exposure to
various AAI concentrations (Fig. 4 c), demonstraa@dAAl concentration dependent loss of
cell viability, but also large differences in sugthkility amongst the three different cell types.
pHKC were most sensitive to AAI, showing a lossvibility already at 1 uM and a near
maximal loss of viability 10 uM AAlj.e. the same concentration where DNA adduct levels
reached near saturation levels (Fig. 4 a). ConlyerB®TEC/TERT1 cells were much more
resistant to AAl, where demonstrable reduction wibility (70 % compared to ctrl.) was
observable as of 100 uM AAI, despite that DNA addweere 5-fold higher than in pHKC at
1 uM with similar reduction in viability (Fig 4 dHEK293 cell viability was similar to the one
observed for differentiated RPTEC/TERT1 cells, #lb&t higher AAI concentrations
(>100 uM) HEK293 cells appeared to be more semsttian RPTEC/TERT1 cells (Fig. 4 c).
The comparison of cell viability with DNA adducte a cell type basis (Fig. 4 d) demonstrated
that a 5x and 25x lower number of DNA adducts werpiired in HEK293 cells to reduce cell
viability than was the case for differentiated pHi8d RPTEC/TERT1 cells, respectively.
Obviously, issues e.g. expression of organic atrenrsporter 1 (OAT1), known to be important
for AAl uptake (Dickman et al., 2011, Xue et abD12), as well as level of expression of phase
Il enzymes (e.g. glutathione transferase (GST))lanels of cytosolic glutathione, but not of

phase | enzymes (e.g. NQO1) will play a major role.
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3.5 Comparison of NQO1 expression and activity HKRA93, RPTEC/TERT1 and pHKC

As noted earlier NQOL1 is considered central inrttegabolic activation of AAI and thus the

formation of DNA adducts. Accordingly, we examirtbé expression and the relative activity
of NQOL in the three different cell types employAd.demonstrated (Fig. 5 a), HEK293 cells
do not express NQO1, and only a small amount of @& be detected for the differentiated
pHKC cells. Differentiation and/or the culturingcbenology appeared not to play a major role
with regard to NQO1 expression in RPTEC/TERTL, emahstrated when NQO1 expression
levels were normalized to the housekeeping geaetin (Fig. 5 b). However, RPTEC/TERT1

cells displayed a significantly higher level of eagsion than pHKC cells. As level of

expression bears no information as to whether 6MNgO1 is enzymatically active, NQO1

activity (Fig. 5 c) was assessed using a modifieion of the “Prochaska” microtiter assay
(Fahey et al., 2004) or normalized to NQO1 expassevels (Fig. 5 d). In sum, NQO1

expression and activity was much higher in RPET®TE cells compared to pHKC cells,

while expression levels and activity of NQO1 in HE3 were not significantly distinguishable

from background.

3.6 Lack of AAlI mediated NQOL1 induction in HEK2RBTEC/TERT1 and pHKC

Currently, it is assumed that NQO1 can be inducgedd\BI exposure (Barta et al., 2014),
suggesting that exposure to AAI would induce itsndwoactivationin situ. To address the
latter, we determined NQOL1 activity subsequent8d £xposure to AAI (1-100 uM), solvent
control, or 5 pM sulforaphane. Sulforaphane, a dwbalerived phytochemical, was
demonstrated to activate Nrf2 and thus increaspdeegion of NQO1 (Houghton et al., 2016).
Contrary to previous reports, AAl exposure did matuce an increased expression of NQO1
in any of the cells tested. However and as expedelforaphane treatment resulted in a

significant increase in NQO1 activity in differestitdd RPTEC/TERTL1 cells (Fig. 6 a) and
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pHKC (Fig. 6 b), but not in HEK293 (Fig. 6 c) celldus corroborating the absence of

constitutive and inducible NQO1 expression in HEE2@lls.

3. Discussion

Although 32P-postlabeling is a commonly used technique forestigating AA mediated
formation of DNA adduct formation in experimentaimal models (Dong et al., 2006) and
patients with nephropathy (Yun et al., 2012, Bieleal., 1997)3?P-postlabeling encompasses
several limitations, e.g. variable labeling effiudées, equivocal identities of carcinogen
adducts, semi-quantitative assessment, low thrgugletc. Similarly, the use of antibodies for
detection of dA-AL | adducts (Chang et al., 201id) secondary antibodies labeled with fluoro-
or chromophores, have similar limitations, e.g.s#@nty, semi-quantitative assessment, low
through-put and, most importantly, yet still lackeect structural validation of detection using
DNA adduct quantification with stable, isotopicallgbelled internal standards. Modern
techniques e.g. LC-MS/MS represents a more reliat@éhod to quantify AA derived DNA
adducts (Yun et al., 2012) that is also applicabldifficult samples such as paraffin-embedded
tissue and implementation for high through-put (Mairal., 2017). As to date AAl mediated
DNA-adducts were not determined in thevitro settings, we adapted the previously published
protocol by Yun et al. (2012, 2017) to our settiriyg employing ale novasynthetized internal
standard for adducts, i.e. ion scan, high resalutl®, NMR and UV/Vis spectra characterized
unlabeled and stable isotope labeldeN§]-) dA-AAI (Fig. S-1 — S-5), we established a highl
sensitive ID-UPLC-MS/MS method. The use of therméestandard allows detection of sample
loss during preparation and variances during measeints, resulting in reduced variability in
the data. This highly sensitive ID-UPLC-MS/MS mettwaas validated with regard to linearity,
recovery, matrix effects, precision, and storageddmns according to FDA and EMA

guidelines and was demonstrated to allow quantiineof AAlI mediated DNA-adducts in rat
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renal and bladder tissues as well as witro exposed HEK293, proliferating and differentiated
RPTEC/TERT1 and pHKC cells. The comparison of @HUPLC-MS/MS method with the
previously published approach by Yun et al. (2Q@®17), reporting an LOQ of 0.3 dA-AAI
adducts per FODNA bases which corresponds to 0.0917 fmol, dertnates! similar sensitivity
(LOD 0.1 fmol; LOQ: 0.5 fmol).

To evaluate our established method for dA-AAI gifanattion we analyzed the dA-AAIl adduct
levels in Eker rats, orally exposed (1, 3, 7 orda¥s) to a mixture of AAl and Il (10 mg / kg
bodyweight).In line with the published persistence of adducts in patient (Stiborova et al.,
2017) due to their ability to evade global genome repair (Sidorenko et al., 2012), we
observed a time dependent accumulation of dA-AAluads in rat renal cortex and bladder.
Adduct levels in renal cortex were ten times higtieem in bladder tissue. Previous studies
reported that renal cortex from the very same datsnot display necrosis or increased cell
proliferation, but upregulation of NQO1 and sevgr®B dependent pathway genes, suggestive
of a DNA damage response (Stemmer et al., 200h&unore, our data confirmed dA-AAl
adduct levels reported by Yun et al. (2012) inkitmey (1020 dA-AAl adducts/fMases) for
mice treated with 1 mg/kg (unknown duration) (Yurak, 2012). Unfortunately, no reference
values are available for dA-AAl adduct levels dezddoy UPLC-MS/MS in the bladder.

As we confirmed the applicability of our dA-AAIl gaogfication method, we subsequently
investigated AAI toxicity in different human renzll models. We compared the data for dA-
AAl adduct levels, cell viability as well as NQOg%pression and activity, hypothesized to be
required for AAI bioactivation, in pHKC, HEK293 aRPTEC/TERT1 cells. Although dA-
AAl adduct levels were significantly higher in difentiated RPTEC/TERT1 cells compared to
HEK293 cells, we did not observe a difference il eebility between the cell lines.
Expression of hnTERT can induce resistance to DN#alging response by suppression of p53-
activation (Jin et al., 2010). However, the respoosSRPTEC/TERT1 to the DNA damaging

substance B[a]P were deemed to be consistent witth i known regarding this cell type in a
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normal, healthy kidney, including significant geaxpression changes and induced BPDE-
DNA adducts (Simon-Friedt et al., 2015). Moreowee, were able to detect dA-AAIl adduct
levels in RPTEC/TERTL cells over the whole AAl-centration range. The adduct levels were
similar to levels foundh vivoin rat tissue in our study and also in human patieaterial (Yun

et al., 2012), indicating that the RPTEC/TERT1 sg#tems represents a suitable model to
investigate dA-AAIl adduct formation in more detéiterestingly, reduction of cell viability in
the cell lines was not correlated to dA-AA addwestdls, suggesting either a cell-line specific
bearable threshold in DNA-adducts, at which cellecemb to the damage, or DNA-
independent toxicity of AAI. Substantial differesca activity of the involved DNA-repair
pathway, i.e. nucleotide excision repair, can bedout as both RPTEC/TERT1 (Simon-Friedt
et al., 2015) as well as HEK293 (Atanassov e84, Toga et al., 2014) are NER competent.
Primary cells possess a similar gene expressioiilepto the originate cell type and present
with, at least in the early passages, a relevgmtession of organic anion transporters (OAT).
OAT1 and OAT3 are major uptake transporters for fAickman et al., 201 Xue et al., 2011)

in proximal tubular epithelial cells and thus pr®ihigher intracellular AAIl levels. As
expected, we determined the highest dA-AAI addecels and a most severely reduced cell
viability in pHKC. Although we could not confirm ORexpression in our RPTEC/TERTL cell
model due to unavailability of an appropriate OATMtilaody, Aschauer et al. (2014)
demonstrated that the expression of organic amansporters (OAT), mainly OAT1 and
OATS, are increased in differentiated RPTEC/TER#@llsc Consistent with the data reported
by Aschauer et al. (2014), we observed that dA-Adduct levels were higher in differentiated
than in proliferating RPTEC/TERTL cells.

Metabolic activation of AAl is required for the DNAadduct formation. It has been
demonstrated that NQO1 is able to bioactivate AAdell free systems (Stiborova et al., 2011)
and its roldan vivois also strongly suggested (Barta et al., 2014)edwql, Arlt et al. (Arlt et al.,

2004) speculated thathe detection of dA-AAl adducts in several orgaingadients suggests
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the presence of AA activating enzymes in thesensrgad tissues and that AA and/or its
metabolites are distributed via the bloodstreamotbher organ& Although the potential
involvement of phase Il metabolic enzymes as sufferases (SULTS) appeared inconsistent
(Meinl et al., 2006Stiborova et al., 2011), nitroreduction followed sujfation via SULT1B1
was demonstrated to further increase the mutagenicytotoxic potential of AAI (Sidorenko
et al., 2014). In support of the latter, the mesent findings using primary human hepatocytes
and renal proximal tubule epithelial cells in amam-on-a-chip microphysiological system
(Chang et al., 2017), reported aristolactam-N-sedfaester (AL-I N-OSg) as the principle
intermediate that would be formed in the hepatacyed transported to the renal cortex to
induce overt cytotoxicity and presumably formatadrdA-AAl adducts. Based on the previous
findings of Sidorenko et al. (2014) and Chang e{2117), demonstrating that hepatic phase Il
metabolism of the less reactiMehydroxyaristolactam (AL-I-NOH) can lead to therfaation

of highly cytotoxic AL-I-N-OSQ, immediate hepatoxicity would be expected eitmethie
primary hepatocytes employed in the organ-on-a-apiplication or in the patients affected.
However, in neither of the exposure scenarios loéetity was reported (Yun et al., 2012,
Arlt et al., 2004, Nortier et al., 2003) or shown Chang et al. (2017). Thus, it appears
questionable whether highly reactive metabolitas loa metabolized and excreted from the
liver without affecting the hepatic cells themselvevhile entering the blood stream and
exerting the toxic response in the kidney only.hegtthese findings suggest that metabolic

activation of AAI primarily occurs in the renal ¢ex proper.

We investigated NQO1 expression in the human renalary cells and cell lines and could
not detect NQO1 expression or activity in HEK293\iah correlated with the very low dA-
AAl adduct formation. RPTEC/TERTL1 cells expressé@dl, showed high enzyme activity
and also high adduct levels. In contrast, NQO1 esgion and activity was low in pHKC, but

dA-AAl adduct levels were highest of all human reoells tested, even in comparison to
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differentiated RPTEC/TERTL1 at high AAIl concentragsoThus, while NQO1 activity followed
expression levels, adduct formation did not. Camdirs passaging of pHKC suggested
increasing NQO1 activity (Fig S-6), which could &eplained by an adaptive counteraction
against oxidative stress (Dinkova-Kostova and BslaR000). The observed variation of
NQOL1 in different passage numbers of pHKC demotedréhe highly variable phenotype
of this cell model. AAIl was not able to upregul&t®0O1 activity in any of the applied renal
cell systems, in contrast to the positive contulicsaphane, as expected (Brooks et al., 2001),
but not in HEK293 devoid of NQO1. Consequently, queestioned the role of NQO1 as the
only bioactivator of AAl in human renal cells. Iret it has been shown that also cytochrome
P450 enzymes are able to activate AAI (Levova et 2011). Stiborova et al. (2012)
demonstrated that human and rat CYPs detoxified tA/-hydroxyaristolochic acid | (AAla)
via O-demethylation of the methoxy group, potentiallguiéing in a decreased renal toxicity
(Xiao et al., 2008). However, the latter work foedsnainly on CYP1lal/2, isoforms that are
not expressed in human kidney (Knights et al., 2008her isoforms, such as human and rat
CYPs of the 2C subfamily and human CYP3A4/5, 20Kl 2and 1B1 also form AAla but with
much lower efficiency (Stiborova et al., 2015). Awtingly, while the role of CYP isoforms in
AAI bioactivation is still under debate, CYPs mahkaya role especially in HEK293 cells
showing absence of NQO1 expression. CYP mediat@dhtion/detoxification highly depends
on the aerobic conditions: anaerobic conditionsmute AAI activation, while detoxifyin®-
demethylation is catalyzed at aerobic conditionmmarized by Stiborova et al. (2015).
Further investigations should therefore focus @nithpact of the oxygen level on AAl DNA
adduct formation and AAI induced toxicity. Indeeslltivation at physiologically normal
oxygen conditions for hepatic as well as renalsgele. approx. 5% £Ofor the hepatocytes
(Carreau et al., 2011) and 5-7% for the renal proximal tubule epithelial cells (8ter and

Friederich-Persson, 2017), would provide for a mumbre realistic insight as to the
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predominant pathways of AA metabolism and thus ANA adduct formation and AAI
induced toxicity.

In summary, we demonstrated a sensitive and relidBILC-MS/MS method to quantify dA-
AAl adduct in DNA from human renal cell systems amssue samples. We showed that
RPTEC/TERT1 cells represented an appropriate modeVestigate mechanism(s) underlying
AAl-mediated DNA adduct formation in humans. In trast, HEK293 may serve as excellent

negative control to elucidate specific steps inahetism of AAI in renal cells.
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Figure Caption

Fig. 1: Presumed metabolic activation of AAI/AAN human cell systems. AA is activated via
enzymatic nitro-reduction (e.g. via NQO1)Nehydroxy-aristolactam. Further metabolization
by a yet unknown pathway leads to the highly reaatitrenium/carbenium ion, which is able

to bind to DNA and leads to the formation of dA-Alknd dG-AAl/ll adducts.

Fig. 2: Product ion spectra of (a) dA-AAIn(z 543) and (b) PNs]-dA-AAI (m/z 548), representing (c) the
fragmentation of the adducts. Major fragments deteby UPLC-MS/MS were the aglycone base adduais up

loss of the deoxyribose (dA-AAI [BHf (Mm/z427) and PNs]-dA-AAI [BH 2]* (m/z432)). (d) Linearity of the

standard curves used for adduct quantification. ddedficient of determinatiorr?() of the slopes were= 0.99.
(e-f) Mass chromatograms of AAI modified genomic ANPeak areas at retention tinie) (of 4.2 min for dA-
AAI (red) and [°Ns]-dA-AAIl (blug) were analyzed from (e) control or (f) 50 uM AAtm®sed differentiated

RPTEC/TERTL1 cells.

Fig. 3: Time-dependent increase in dA-AAl adduaihfation and bodyweight reduction in
AAI/ll treated EKER rats. (a-d) Quantification oAeAAl adduct formation in DNA from
kidney cortex (a, b) and bladder (c, d) in male famdale EKER rats after 1, 3, 7 and 14 days
of AAI/Il (10 mg/kg body weight) lflack) or control treatmentgfey). Values represent mean
+ SEM of n=3 (male and female kidney cortex ctil4anly n=2). (e-f) Observed differences
in bodyweight (bw) of the EKER rats calculated bptsaction of the bw at dO from bw at time
of sacrifice. Bw changes were analyzed for AAIBIacK) or control treatedgfey) male and
female EKER rats. Values aboye0 represent an increase in bw, values begte@represent

a loss in bw. Values are presented in a box-andkehiplot with whiskers indicating min and
max values (n=3). Statistical significance was yred using 2-way ANOVA with Sidak’s

multiple comparison test and * indicatesalue< 0.05, ** indicateg-value< 0.0001.)
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Fig. 4: Quantification of dA-AAI adducts and celability in human renal cell types after 48h
AAl exposure. AAI DNA adduct levels were comparad(a) HEK293(red), differentiated
RPTEC/TERT1(black) and pHKC(blue) cells or (b) in proliferatinggreen)or differentiated
(black)RPTEC/TERT1 cells cultured on 2D wells or cultumdtranswell insert@magenta)
Values represent mean + SEM of n=3. Statisticsag-WNOVA followed by a Tukey’s post-
test,* indicatesp-value < 0.0001. (c) Cell viability in was analyzed in HE¥2 (red),
differentiated RPTEC/TERT(black) and pHKC(blue)cells. Values represent mean £ SEM.
Statistics: 2-way ANOVA followed by a Tukey’s pdstst, * indicatep-value< 0.0001. (d)
Cell viability was compared to dA-AAl adduct leveis HEK293 (red), differentiated

RPTEC/TERT1(black)and pHKC(blue)cells.

Fig. 5. Activity and expression analysis of NQO1 lmman renal cell systems. (a)
Representative image of Western Blot analysis tmeguantification using specific antibodies
for human NQOL1 (31 kDa) arf#actin (loading control, 42 kDa) in HEK293, prolié¢ing and
differentiated RPTEC/TERT1 cells cultured on plasti on transwell inserts and pHKC cells.
(b) Quantification of Western Blot analysis of NQ@kpression normalized tfB-actin
expression. Dashed line indicates background-lavet, significantly different from zero.
Values represent mean + SEM in n=3. StatisticahiB@gance was analyzed using 1-way
ANOVA with Tukey’s multiple comparison test and ridicatesp-value< 0.05. Expression
levels of pHKC was compared to background levehwit unpaired t test adn indicatep-
value< 0.01 (c) Quantification of specific NQO1 enzymeiaty in the same cell systems.
Specific NQO1 activity was normalized to total miot amount. Dashed line indicates
background-level, not significantly different frarero. Values represent mean + SEM in n=3.
Statistical significance was analyzed using 1-w&OVA with Tukey’s multiple comparison
test and * indicatep-value< 0.001. Activity levels of pHKC was compared to kground

level with an unpaired t test aadn indicategp-value< 0.05 (d) NQOL1 activity normalized to
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NQO1 expression level. Dashed line indicates bamkupt-level, not significantly different

from zero. Statistical significance was analyzemgid-way ANOVA with Tukey’s multiple

comparison test and * indicatpssalue< 0.05.

Fig. 6: Comparison of specific NQO1 activity afi®Al treatment for 48h in differentiated

RPTEC/TERT1 (a), HKC (b) and HEK293 (c) cells. positive control, cells were treated for
48h with sulforaphane (5uM). Specific NQO1 actiwitgs normalized to total protein amount.
Values represent mean = SEM. Statistical signifteamas analyzed using 1-way ANOVA with

Tukey’s multiple comparison test and * indicapegalue< 0.01.

33



ACCEPTED MANUSCRIPT

Fig 1

AAl (R=0CH3) QO
AAIl (R=H) N-hydroxy-aristolactam Nitrenium/Carbenium lon
o dA- MIIMIIf\

" dG-AAI/AAN b

34



Fig 2

Q

Relative Abundance

o

Relative Abundance

c d

100 ™
227 5 15

0/\0 2

. £

50 O Q ;
=] 10

O s

39% H5CO Q ~<5 e

o R S 427 o>
N =] s 5

] 200 400 600 | AR o 'S

m/z NH o %
</ | ) € 0

=

100 Z =

432 N
50
my/z =543 (548)
o

200 400 600
miz

o

dA-AAI (543.3 > 427.2) ['°N]-dA-AAI (548.3 > 432.2)

10000 250000
r 42
= 8000 1200000 —
2 S
S 6000 k150000 3
2 4000 L100000 <
g z
= 2000 50000 <
0 Lo

Time (min)

dA-AAI (543.3 > 427.2)
1000000
800000+
600000+

400000+

Intensity (AU)

200000+

04

r2=0.9926

0 5

10

15

T
20

Ratio of dA-AAl conc.

(unlab. analyte/lab. analyte)

['SN}-dA-AAI (548.3 > 432.2)

te 42

4 5 6 7
Time (min)

r250000

-200000

150000

~100000

50000

Lo

(nv) Ansuayu)

25

35



Fig 3
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Fig 4
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Table 1: Linearity and sensitivity of the mass $peoetric method for quantification of dA-

AAIl adducts.

Linear range [fmol] Calibration curve (n=3) Linearity (r?) LLOD [fmol] LOQ [fmol]

y = (0.699420.01141)x +
dA-AAl  1-1000 0.9926 0.1 05
(0.1612+0.08306)

Table 2: Validation parameters of the mass spe@tocmethod for quantification of dA-AAI

adducts.
Recovery [%] Matrix effect [%)] Precision [% RSD]
(n=3) (n=3) Interday (n=5) Intraday (n=5)
dA-AAl LQC 95.3 95.3 11.9 13.1
MQC 101.4 107.4 9.1 10.7
HQC 93.8 103.1 8.9 9.8

Table 3: Stability determination of dA-AAIl adducts.

Freeze-Thaw [%RSD]  Short-term storage [% RSD] Long-term storage [% RSD]

RT (n=3) 37°C (n=3) -20°C (n=3)  -80°C (n=3)

dA-AAI LQC 2.9 1.1 1.7 1.2 15
MQC 1.0 0.8 0.6 1.8 0.6
HQC 0.2 0.5 0.6 1.0 1.3
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