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ABSTRACT 1 

Oxidized phospholipids (OxPLs) play critical roles in inflammation, ferroptosis, and other 2 

oxidative stress-associated processes, yet their systematic characterization in biological 3 

systems remains a major analytical challenge owing to their low abundance and vast structural 4 

diversity. Here we report RISOP (Reference-Assisted Identification of Sample-specific Oxidized 5 
Phospholipids), an untargeted LC-MS/MS workflow that leverages chemically enriched OxPL 6 

reference pools to substantially improve OxPL annotation. Reference pools encompassing 7 

diverse oxidative modifications and a wide abundance range were experimentally generated 8 

using Fenton reaction and H2O2 treatment, providing broad coverage of OxPLs. Reference-9 

assisted integrative analysis yielded a more than twofold increase in identified OxPL species in 10 

biological samples under elevated oxidative stress, as demonstrated in ML210-treated cells, a 11 

model of ferroptotic stress. We further show that the widely used BODIPY C11 lipid peroxidation 12 

probe captures cellular oxidative burden in only a subset of OxPLs identified by RISOP, 13 

highlighting the importance of untargeted, comprehensive OxPL profiling. Overall, RISOP 14 

provides a versatile platform readily applicable to other classes of oxidized complex lipids for 15 
comprehensive characterization in physiological and pathological contexts. 16 

 17 

INTRODUCTION 18 

Oxidized lipids are a structurally diverse group of molecules produced by chemical or enzymatic 19 

oxidation of lipids.1 They can be broadly classified into oxidized free fatty acids (oxylipins) and 20 

oxidized complex lipids, including oxidized phospholipids (OxPLs) and glycerol lipids.1-3 Among 21 

oxidized complex lipids, OxPLs constitute one of the most structurally diverse classes of 22 

oxidized lipids in biological systems.4 OxPLs can be formed through lipid peroxidation, a free 23 

radical chain reaction consisting of initiation, propagation, and termination steps.5, 6 During 24 
initiation, reactive radicals abstract hydrogen atoms from the fatty acyl chains of phospholipids 25 

to form lipid radicals (L•). These lipid radicals can react with oxygen to generate lipid peroxyl 26 

radicals (LOO•), which propagate the reaction by abstracting hydrogen atoms from neighboring 27 

lipids, producing lipid hydroperoxides (LOOH) and new lipid radicals. The resulting LOOH can 28 

undergo rearrangement, truncation, or further modification, generating a variety of OxPL species 29 

with hydroxy (<OH>), hydroperoxy (<OOH>), carboxy (<COOH>) or keto (<oxo>) 30 

modifications.5, 6  31 

 32 

To evaluate lipid peroxidation in biological systems, several cellular assays have been 33 
developed that detect intermediates formed during lipid peroxidation. For example, BODIPY C11 34 
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reacts with lipid radicals,7 whereas Liperfluo detects lipid hydroperoxides (LOOH).8 In addition, 35 

secondary breakdown products from LOOH such as 4-hydroxynonenal (4-HNE) and 36 

malondialdehyde (MDA) can be detected by antibody-based assays.9, 10 However, these 37 

methods only provide proxy measures of overall lipid peroxidation that do not distinguish the 38 

contribution from each pool of oxidized lipids (e.g., oxylipins vs. OxPLs). Furthermore, these 39 
assays do not provide identification of the oxidized lipids themselves, missing key information 40 

about lipid class, the exact side chain(s) that were oxidized, and the types of oxidative 41 

modifications, all of which are critical in understanding the diverse functional roles of OxPLs in 42 

biological contexts.  43 

 44 

OxPLs have been implicated in biological processes including inflammation,6, 11, 12 autophagy,13 45 

and cell death pathways14-16 that are closely associated with cardiovascular diseases,17-19 46 

neurodegenerative diseases20, 21 and aging.22, 23 Mass spectrometry-based approaches remain 47 

the gold standard in analyzing OxPLs.24 However, the extremely low abundance and extensive 48 

chemical diversity pose significant challenges for detection and identification of OxPLs. 49 
Moreover, while robust targeted lipidomics approaches have been widely used in the analytical 50 

studies of oxylipins,25, 26 a similar workflow cannot be readily adopted for OxPL analysis. This is 51 

primarily due to the greater structural complexity of OxPLs (>1000 predicted species)27-29 52 

compared to oxylipins (~100),30 compounded by the lack of authentic chemical standards for 53 

most OxPLs.31 Although mass spectrometry-based methods for OxPL analysis have been 54 

reported,32-36 these approaches are limited by some forms of narrow lipid class coverage,32, 36 55 

workflow or instrumentation complexity,32, 34, 35 and applicability restricted to cultured cell 56 

systems.33 Collectively, these limitations highlight a critical unmet need in developing a 57 

streamlined, untargeted lipidomics strategy capable of comprehensive, high-coverage OxPL 58 
detection and identification – one that can ultimately advance our mechanistic understanding of 59 

OxPL biology. 60 

 61 

In this study, we developed RISOP (reference-assisted identification of sample-specific oxidized 62 

phospholipids). We established a platform for comprehensive and enhanced identification of 63 

OxPLs in an untargeted lipidomics workflow. RISOP integrates two complementary 64 

components. First, chemically enriched OxPL reference pools that are generated from the same 65 

biological matrix using two oxidation reactions provide high-quality tandem mass spectra and 66 

retention-time anchors for OxPLs that are otherwise too scarce to be annotated directly. 67 
Second, an in silico spectral library, predicted from the non-oxidized lipids of each sample, 68 
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constrains annotation to biologically plausible species and minimizes false annotation. In 69 

addition, RISOP does not require modification of instrumentation or separate setup for data 70 

acquisition. Moreover, the reference-generation strategy gives RISOP broad applicability and 71 

allows it to be extended beyond cultured cell systems. Overall, this approach expands analytical 72 

capability in studies of OxPLs, and enables functional investigations of OxPLs in physiology and 73 
disease. 74 

 75 

MATERIALS AND METHODS 76 

Cell Culture and Preparation for Lipidomics 77 

KP4 cell (passage 15–20) was a generous gift from Dr. Mandar Muzumdar (Yale University). 78 

Cells were cultured in 6-well plates in high-glucose Dulbecco’s modified Eagle’s medium (Gibco, 79 

11965-092), supplemented with 10% fetal bovine serum (Gibco, A56708-81) and 1% penicillin 80 

streptomycin (Gibco, 15140-122), and maintained in an incubator containing 5% CO2 at 37 °C. 81 

KP4 cells at 70% confluence were washed twice with 2 mL ice-cold phosphate-buffered saline 82 

(PBS, Gibco, 10010-023) and scraped into 400 μL of PBS, immediately flash-frozen on dry ice, 83 
and stored at −80 °C until use. 84 

 85 

Preparation of Oxidized Lipid References 86 

Fenton reactions were conducted following a previously reported protocol with some 87 

modifications.37 First, 400 μL of cell suspension in PBS from one well of the 6-well plates was 88 

thawed on ice. Next, 25 μL of 10 M H2O2 (Thermo Fisher Scientific, L14000.AP) and 75 μL of 89 

333.33 mM of FeCl2 (Sigma, 44939-50G) were added to cell suspension for a final concentration 90 

of 500 mM of H2O2 and 50 mM of FeCl2. For H2O2-only reactions, the same amounts of thawed 91 

cell suspension in PBS and H2O2 were used, and an additional 75 μL of PBS was used to 92 
substitute for FeCl2 solution. Samples were subsequently incubated at 37 °C in the dark for 0 93 

min, 1 min, 20 min, 4 h, 24 h, and 72 h. Following incubation, samples were immediately 94 

processed for lipid extraction. 95 

 96 

Lipid Extraction  97 

Lipids were extracted using a 2-phase, liquid-liquid extraction system – a modified Folch 98 

method.38 All samples were randomized prior to extraction. All chemicals used for extraction 99 

were LC/MS grade unless otherwise indicated. First, 300 μL of methanol (Fisher chemical, 100 

A456-4) containing 0.5 μL of deuterated internal standards (EquiSPLASH® mix, Avanti Polar 101 
Lipids, 330731), 0.5 μL of cardiolipin standard (Avanti Polar Lipids, 791108C), 0.5 μL of oleic 102 
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acid standard (Cayman chemical, 9000432), and 0.1 mg/mL 2,6-Di-tert-butyl-4-methylphenol 103 

(BHT, Thermo Fisher Scientific, 112992500) were added to 400 μL of cell suspension in PBS. 104 

The mixture was sonicated for 30 sec in a water bath ultrasonicator (VWR, 97042-960) and then 105 

rested on ice for 30 sec, repeated three times. Then 600 μL of ice-cold chloroform (VWR, 106 

BDH83627.400) was added to each sample. The resulting mixture was vortexed at 4 °C for 30 107 
min. Phase separation was subsequently achieved by centrifugation at 3,000 RPM for 10 min at 108 

4 °C. The lower organic phase was collected and dried under a stream of nitrogen. Dried lipids 109 

were then reconstituted in 150 μL of a 9:1 (v/v) methanol/toluene (Fisher chemical, T290-1) 110 

solution for liquid chromatography–tandem mass spectrometry (LC-MS/MS) analysis.  111 

 112 

LC-MS/MS Lipidomics 113 

Lipidomic analysis was conducted in accordance with guidelines of the Lipidomics Standards 114 

Initiative (LSI) (https://lipidomicstandards.org/), and all lipidomics-related information is included 115 

in the accompanying LSI reporting checklist39 (Table S1). LC-MS/MS analysis was performed on 116 

a Vanquish UPLC system coupled to an Orbitrap Exploris 120 mass spectrometer (Thermo 117 
Fisher Scientific). Samples were randomized prior to analysis. Lipid separation was achieved on 118 

a Hypersil GOLD C18 HPLC column (100 mm × 1 mm, 1.9 μm, Thermo Fisher Scientific, 119 

25002-101030) with a flow rate of 120 μL/min. The column temperature was maintained at 120 

45 °C, and the injection volume was 1.5 μL. Mobile phase A is composed of 60:40 (v/v) 121 

acetonitrile (Fisher chemical, A955-4)/water (Fisher chemical, W6-4), and mobile phase B is 122 

composed of 88:10:2 (v/v/v) isopropanol (Fisher chemical, A461-4)/acetonitrile/water. Both 123 

mobile phases were supplemented with 0.1% formic acid (Fisher chemical, A117-50) and 7.5 124 

mM ammonium acetate (Fisher chemical, 198759). The chromatography gradient was as 125 

follows: 0–3 min, 10% B; 3–5 min, 10–43% B; 5–5.1 min, 43–55% B; 5.1–15.1 min, 55–65% B; 126 
15.1–21.1 min, 65–85% B; 21.1–23.1 min, 85–100% B; 23.1–28.1 min, 100% B; 28.1–28.2 min, 127 

100–10% B; 28.2–31.2 min, 10% B. The expected LC peak width was set to 8 sec. Mass 128 

spectra were acquired in both positive and negative ion modes in two different runs using a 129 

heated electrospray ionization (HESI) source. The spray voltages were set to 3,500 V and 2,500 130 

V for positive and negative modes, respectively. The sheath, auxiliary, and sweep gas flow rates 131 

were set to 35, 7, and 0 (arbitrary units), respectively. MS1 full scans and MS2 tandem mass 132 

spectra were acquired in all samples. For MS1 full scans, the resolution was set to 120,000, with 133 

a scan range of 200–1700 m/z and an RF lens of 70%. The microscan number was set to 1, 134 

with the automatic gain control (AGC) target set to “Standard” and the maximum injection time 135 
set to “Auto.” Data were acquired in profile mode. Precursor ions with intensities greater than 136 
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2.0 × 10⁴ were selected for fragmentation using Top 4 data-dependent acquisition. MS2 scans 137 

were acquired at a resolution of 30,000 with the auto-extended scan range mode enabled. The 138 

isolation window was set at 1.2 m/z. Stepwise normalized collision energies of 20%, 30%, and 139 

40% were used for fragmentation. The microscan number was set at 1. The automatic gain 140 

control (AGC) target was set to "Standard," and the maximum injection time was set to "Auto." 141 
Data were acquired in profile mode. A dynamic exclusion of 8.5 s was applied to prevent 142 

repeated fragmentation of the same precursor ion. For quality control, a pooled sample was 143 

repeatedly injected after every 10 samples throughout the analytical runs, and the coefficient of 144 

variation (CV) of internal standard intensities was used to assess the stability of the LC-MS 145 

system. Calculated CVs of all internal standards in this study were <6%. Retention time drift 146 

was monitored by the retention time of internal standards. Calculated retention time drift was 147 

between 0.01–0.03 minutes. 148 

 149 

Identification of Non-Oxidized Lipids Using MS-DIAL 150 

Lipidomics data files were processed using MS-DIAL software (version 5.5.250221) for the 151 
identification of non-oxidized lipids. The analysis was conducted within the software's lipidomics 152 

framework. Centroid data type was selected for both MS1 and MS2. The MS1 and MS2 tolerance 153 

were set at 0.01 and 0.025 Da, respectively. The minimum peak height was set to 1000 154 

amplitude, and the mass slice width was set to 0.05 Da. Linear weighted moving average was 155 

used as the smoothing method, with a smoothing level of 3 scans and minimum peak width of 5 156 

scans. The non-oxidized lipids were identified using the built-in default spectral library 157 

(Msp20250218112233_NCDK_conventional_converted_dev_1) in MS-DIAL. For lipid 158 

identification, thresholds for dot product score were set at 150, weighted dot product score was 159 

set at 150, reverse dot product score was set at 500, matched spectrum percentage was set at 160 
0%, and minimum number of matched spectra was set at 1. HCOONH4 was selected as the 161 

solvent type for searching, as we observed that phospholipids with [M+HCOO]- adducts have 162 

higher intensities than those with [M+CH3COO]- adducts during ionization, likely due to the 163 

presence of formic acid in mobile phases.40, 41 For positive mode, [M+H]+, [M+NH4]+, [M+Na]+, 164 

and [M+H-H2O]+ adducts were selected for annotation. For negative mode, the [M-H]-, 165 

[M+HCOO]-, and [M+CH3COO]- adducts were selected for annotation. Samples were aligned to 166 

the pooled sample, with a retention time tolerance of 0.1 min and MS1 tolerance of 0.015 Da. To 167 

minimize misannotation, all identified lipids were manually validated by inspecting the tandem 168 

mass spectra for fragment ions diagnostic of the assigned headgroup and fatty acyl chains (in 169 
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the accompanying LSI reporting checklist [Table S1] and Table S2). All non-oxidized lipids were 170 

reported at the molecular species level (see “Lipidomics Nomenclature” below). 171 

 172 

Construction of Sample-specific OxPL Spectral Library  173 

Sample-specific OxPL spectral library was constructed from identified lipids of the following 174 
classes: phosphatidylcholine (PC), ether-linked phosphatidylcholine (PC-O), 175 

phosphatidylethanolamine (PE), ether-linked phosphatidylethanolamine (EtherPE-O), ether-176 

linked phosphatidylethanolamine (EtherPE-P), phosphatidylglycerol (PG), phosphatidylinositol 177 

(PI), phosphatidylserine (PS), lysophosphatidylcholine (LPC), ether-linked 178 

lysophosphatidylcholine (EtherLPC-O), lysophosphatidylethanolamine (LPE), and ether-linked 179 

lysophosphatidylethanolamine (EtherLPE-O). The list of identified non-oxidized lipids with their 180 

lipid classes was imported into LPPtiger 2 for in silico oxidation, with a maximum number of 181 

modification sites set at 3, and the maximum number of O, OH, oxo, OOH, and epoxy 182 

modifications set at 4, 2, 1, 1, and 0, respectively. The resulting theoretical tandem mass 183 

spectral library, exported from LPPtiger 2 in JSON format, was organized to include the 184 
diagnostic ions corresponding to oxidized lipid precursor ion, headgroup fragment, unoxidized 185 

fatty acyl chain(s), and oxidized fatty acyl chain(s) of the OxPLs, and converted to MSP format 186 

using a custom script in R (version 4.5.0). For example, for PC(16:0_16:1<OH>), the following 187 

diagnostic ions are included: m/z 224.0682-headgroup, m/z 255.2330-unoxidized side chain 188 

(16:0), m/z 269.2122-oxidized side chain (16:1<OH>), m/z 251.2017-oxidized side chain with 189 

H2O loss (16:1<OH> − H2O), m/z 792.5396-precursor (PC(16:0_16:1<OH>) with [M+HCOO]- 190 

adduct), and m/z 732.5185-precursor with neutral loss of CH3COOH. 191 

 192 

Identification of OxPLs in Fenton and H2O2-only Oxidized Lipid References  193 
OxPL identification in separate Fenton and H2O2-only references: Lipidomics data files obtained 194 

from Fenton or H2O2-only reactions were analyzed separately in MS-DIAL. Parameters used 195 

were identical to those described above for non-oxidized lipids, except that the sample-specific 196 

OxPL spectral library constructed above was used in place of the default spectral library. All 197 

identified oxidized lipids were manually validated by inspecting the tandem mass spectra for 198 

fragment ions diagnostic of the assigned headgroup and fatty acyl chain(s) (Table S1 and Table 199 

S2). OxPLs were reported at the molecular species level when both fatty acyl chains were 200 

identified in the spectra and at the species level when only one fatty acyl chain was identified. 201 

Only OxPLs that were detected in at least three samples across different time points of each 202 
reference type were kept. To minimize false annotation of background noise, coefficient of 203 



 8 

variation (CV)-based filtering was applied separately to non-oxidized lipids and OxPLs. Non-204 

oxidized lipids were retained if they had a CV <20% for at least one treatment time point 205 

(including 0 h) in either Fenton or H2O2-only references. OxPLs were retained if they had a CV 206 

<20% for at least one treatment time point (excluding 0 h) in either reference set. Calculation of 207 

CV values is described below in “Quantification of Non-oxidized and Oxidized Lipids in Fenton 208 
Reaction and H2O2-only Oxidized Lipid References”. Identified lipids from the 2 separate 209 

analyses after the removal of potential in-source fragmentation (ISF) products (see “Hydrogen-210 

based Kendrick Mass Defect (H-KMD) Analysis” below) were used to generate the Venn 211 

diagram in Figure 2B.  212 

 213 

OxPL identification by combined analysis of Fenton and H2O2-only references: Lipidomics data 214 

files from the Fenton reactions, H2O2-only reactions, and ML210-treated samples (see “ML210 215 

treatment” below) were analyzed together in MS-DIAL for integrative analysis and identification. 216 

This approach was used to ensure consistent OxPL annotation based on retention time and m/z 217 

matching across biological samples and oxidized lipid references. The MS-DIAL settings and 218 
lipid validation steps were identical to those described above for OxPL identification. This 219 

workflow provides a list of OxPLs detected in Fenton reaction and H2O2-only reference samples. 220 

Only OxPLs that were detected in at least three samples across different time points of each 221 

reference type were kept. Similarly, CV-based filtering was applied separately to non-oxidized 222 

lipids and OxPLs. Non-oxidized lipids were retained if they had a CV <20% for at least one 223 

treatment time point (including 0 h) in either Fenton or H2O2-only references. OxPLs were 224 

retained if they had a CV <20% for at least one treatment time point (excluding 0 h) in either 225 

reference set. The resulting filtered OxPLs from the Fenton and H2O2-only references after the 226 

removal of potential ISF products were used to generate the Venn diagram in Figure 3A. 227 
 228 

Hydrogen-based Kendrick Mass Defect (H-KMD) Analysis 229 

H-KMD analysis was performed to visualize the differences of retention time and H-KMD 230 

between oxidized phospholipids and their corresponding non-oxidized precursors. For each 231 

lipid, the observed m/z was first multiplied by the nominal-to-exact hydrogen mass ratio 232 

(1.000000/1.007825032) to calculate the Kendrick mass, which was subsequently rounded to 233 

the nearest integer to obtain the nominal Kendrick mass. H-KMD was then calculated as the 234 

difference between the Kendrick mass and the nominal Kendrick mass. The resulting H-KMD 235 

values of the OxPLs were plotted against their retention times. OxPLs were annotated as 236 
potential ISF products if they met any of the following criteria: (1) they had the same (within a 237 
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±0.05 min tolerance) or a later retention time than the corresponding non-oxidized lipids; (2) 238 

they had the same retention time (within a ±0.05 min tolerance), as lipids with the same 239 

backbone but more labile oxidative modifications; or (3) their retention times were significantly 240 

later (>2 min) than the corresponding isomers with the same modifications. 241 

 242 
Quantification of Non-oxidized and Oxidized Lipids in Fenton Reaction and H2O2-only 243 

Oxidized Lipid References 244 

We observed that peak areas of deuterated internal standards included in the Fenton- and 245 

H2O2-only samples showed large variation between replicates, likely due to degradation in the 246 

presence of H2O2 and/or Fe2+. Therefore, we used relative quantification by normalizing each 247 

lipid to the total peak area of all detected lipids in analyzing oxidized and non-oxidized lipids 248 

from these samples. Peak integration of all OxPLs was manually inspected. When a peak was 249 

only partially integrated by MS-DIAL, the peak start and end points were manually adjusted to 250 

cover the entire chromatographic peak, using samples with clearly defined peak boundaries as 251 

references. 252 
 253 

For cardiolipin (CL), PE, LPE, PG, PI, PS, FA, EtherPE-O, oxidized PE (OxPE), oxidized PG 254 

(OxPG), and oxidized PS (OxPS), quantification was done using [M−H]⁻ adduct. For PC, LPC, 255 

EtherPC-O, EtherPE-P, EtherLPC-O, and EtherLPE-O, quantification was done using [M+H]⁺ 256 

adduct. For DG and TG, quantification was done using [M+NH4]⁺ adduct. For OxPC with 257 

oxidative modifications other than carboxy (<COOH>) modification and oxidized EtherPC 258 

(OxEtherPC), quantification was done using [M+HCOO]⁻ adducts rather than [M+H]⁺ adducts 259 

(as used in their non-oxidized counterparts) because the detected lipid intensity is higher in 260 
negative mode owing to oxidation modifications.42 For oxidized PC (OxPC) with carboxy 261 

(<COOH>) modifications, quantification was done using [M−H]⁻ adducts, because the carboxyl 262 

group provides an acidic site that facilitates deprotonation in negative-ion mode.43, 44 CV values 263 

were calculated separately for each lipid at each treatment time point using normalized 264 

intensities across replicates. 265 
 266 

Lipidomics Nomenclature 267 

Lipids were annotated according to the nomenclature of LIPID MAPS 268 

(https://www.lipidmaps.org/). At the molecular species level, lipids were reported with their 269 

constituent fatty acyl chains, with carbon number and double bond number separated by a colon 270 

(e.g., PC(16:0_18:1)). At the species level, lipids were reported by the summed carbon number 271 

https://www.lipidmaps.org/
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and double bond number of all acyl chains (e.g., PC(34:1<oxo>)). For phospholipids, the fatty 272 

acid side chains were separated by an underscore (“_”), indicating that the sn-position of side 273 

chains were not specified. Using our mass spectrometry setup, alkyl-linked LPE and LPC 274 

species (e.g. LPE(O-18:1)) exhibited the same tandem mass spectra as alkenyl-linked LPE and 275 

LPC species with 1 less double bond (e.g. LPE(P-18:0), as previously reported.45 For those 276 
species, both annotations are listed and separated by “or” (e.g. LPE(O-18:1) or LPE(P-18:0)). 277 

Oxidative modifications were indicated in angle brackets (“<>”), where OH, oxo, OOH, and 278 

COOH denote hydroxy, keto, hydroperoxy, and carboxy modifications, respectively. Isomeric 279 

species with identical chemical formula but distinct retention times were distinguished by 280 

assigning alphabetical suffixes (e.g., (a), (b), (c)) in the order of increasing retention time.  281 

 282 

Lipidomics Reporting 283 

The lipidomic data were uploaded to Metabolomics Workbench (Study ID ST004800; DataTrack 284 

ID 7357) and can be accessed at: http://dx.doi.org/10.21228/M8NP12 285 

 286 
Ferroptosis-induced Cytotoxicity Assay 287 

KP4 cells were seeded onto 96-well plates at approximately 5000 cells per well. 24 hours later, 288 

cells were treated with ML210 (Sigma, SML0521) dissolved in dimethyl sulfoxide (DMSO) at 289 

different concentrations as indicated and incubated for 24 hours. For rescue assay, 5 μM 290 

ferrostatin-1 (Sigma, SML0583) solution in DMSO was co-administered with different 291 

concentrations of ML210 for 24 hours. Following the treatment, 10 μL of CCK-8 solution (Cell 292 

Counting Kit 8, abcam, ab228554) was added to each well and the absorbance at 460 nm was 293 

measured using a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific) after 294 

1 hour of incubation at 37 °C. 295 
 296 

ML210 Treatment  297 

KP4 cells were cultured in 6-well plates. When reaching 70% confluence, cells were treated with 298 

10 μM ML210 in culture medium for 0, 20, 45, 80, 120, or 270 minutes. Following treatment, 299 

medium was aspirated, and cells were washed with 2 mL ice-cold PBS twice. For untargeted 300 

lipidomic analysis, one well of cells was collected for each biological replicate, with three 301 

biological replicates prepared for each time point, and analyzed by LC-MS/MS following the 302 

protocols described above.  303 

 304 
Cell Viability Assay by Flow Cytometry 305 
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The viability of cells treated with 10 μM ML210 in culture medium for 0, 20, 45, 80, 120, or 270 306 

minutes was assessed using flow cytometry. Debris was first excluded based on forward and 307 

side scatter characteristics, followed by removal of doublets using singlet gating. Live cells were 308 

defined as DAPI-negative events, and cell viability was calculated as the percentage of DAPI-309 

negative cells within the singlet population. 310 
 311 

Identification of Non-oxidized and Oxidized Lipids in ML210-treated Samples 312 

Non-oxidized lipids from ML210-treated samples were identified following the same protocols as 313 

described above.  For OxPL identification, lipidomics data files from ML210-treated samples 314 

were analyzed in MS-DIAL either alone or together with lipidomics data files from oxidized lipid 315 

reference samples through four independent analyses: 1) ML210-treated samples alone; 2) 316 

ML210-treated samples combined with Fenton reference samples; 3) ML210-treated samples 317 

combined with H2O2-only reference samples; and 4) ML210-treated samples combined with 318 

both Fenton and H2O2-only reference samples. The MS-DIAL settings and lipid validation 319 

procedures were identical to those described above for OxPL identification (in “Identification of 320 
OxPLs in Fenton and H2O2-only Oxidized Lipid References” section). CV-filtering was applied to 321 

minimize false annotation of background noise. Non-oxidized lipids were retained if they had a 322 

CV <20% for at least one treatment time point (including 0 min). OxPLs were retained if they 323 

had a CV <20% for at least one treatment time point (excluding 0 min). The calculation of CV 324 

values is described below in “Quantification of Non-oxidized and Oxidized Lipids in ML210-325 

treated cells”. Identified lipids after the removal of potential ISF products (see “Hydrogen-based 326 

Kendrick Mass Defect (H-KMD) Analysis” above) were used to generate the stacked bar plot for 327 

comparison of number of identified OxPLs. 328 

 329 
Protein Quantification in ML210-treated Samples  330 

Aqueous phase was removed following Folch extraction. The remaining protein interphase was 331 

washed once with 400 μL ice-cold methanol at room temperature, then centrifuged at 3000 332 

RPM for 10 min at 4 °C and dried down under nitrogen stream, before dissolving in 100 μL of 333 

5% SDS (Thermo Fisher Scientific, J63394.AK). Protein content was measured using a Pierce 334 

BCA assay kit (Thermo Fisher Scientific, 23225) as previously reported following vendor’s 335 

instructions.46 336 

 337 

Quantification of Non-oxidized and Oxidized Lipids in ML210-treated cells 338 
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Non-oxidized endogenous lipids were reported in molar concentrations based on the intensity 339 

ratio of the same ion adduct between endogenous lipids and the deuterated lipid standard within 340 

the same lipid class with known concentration. The lipid adducts used for quantification of non-341 

oxidized lipids were the same as those used in Fenton and H2O2-only references. Furthermore, 342 

lipid molar concentrations were then normalized to cellular protein content and expressed as 343 
nmol/mg protein to account for variation in sample preparation. CV values were calculated 344 

separately for each lipid at each treatment time point using normalized molar concentrations.!345 

!346 

Peak integration of all OxPLs was manually inspected. Manual peak integration was performed 347 

as described above (in “�4�X�D�Q�W�L�I�L�F�D�W�L�R�Q���R�I���1�R�Q���R�[�L�G�L�]�H�G���D�Q�G���2�[�L�G�L�]�H�G���/�L�S�L�G�V���L�Q���)�H�Q�W�R�Q���U�H�D�F�W�L�R�Q��348 

�D�Q�G���+���2�����R�Q�O�\���2�[�L�G�L�]�H�G���/�L�S�L�G���5�H�I�H�U�H�Q�F�H�V”). Molecular concentrations of oxidized lipids were 349 

calculated based on the intensity ratio of the same ion adduct between oxidized lipids and the 350 

deuterated lipid standard within the same lipid class with known concentration. The lipid adducts 351 

used for quantification of OxPLs were the same as those used in Fenton and H2O2-only 352 

references. CV-filtering was applied to minimize false annotation of background noise. CV of 353 
normalized molar concentrations was calculated across replicates at each treatment time point 354 

(excluding 0 h). OxPLs were retained if their CV was below 20% for at least one of the time 355 

points.!356 

!357 

�3�U�L�Q�F�L�S�D�O���&�R�P�S�R�Q�H�Q�W���$�Q�D�O�\�V�L�V�����3�&�$�����R�I���/�L�S�L�G�R�P�L�F���'�D�W�D�V�H�W�V!358 

PCA was performed using the prcomp() function in R (version 4.5.0) on log2-transformed data 359 

of normalized peak area for oxidized reference samples, and log2-transformed data of 360 

normalized lipid molar concentration for ML210-treated cells. All PCA plots were made to 361 

visualize samples on principal component 1 (PC1) and principal component 2 (PC2).!362 
!363 

�. ���P�H�D�Q�V���&�O�X�V�W�H�U�L�Q�J���R�Q���2�[�3�/�V!364 

K-means clustering was performed on Z scores of OxPL abundance using the kmeans() 365 

function in R (version 4.5.0). Specifically, Z score, the number of standard deviations a data 366 

point is away from the mean, was calculated for each OxPL across all replicates and time 367 

points, and the mean Z score at each time point was used for clustering. For oxidized reference 368 

samples, total abundances of normalized peak area of commonly detected 57 OxPLs from 369 

Fenton and H2O2-only references were used as input. K-means clustering was then performed 370 

on the Z score-transformed data with the number of clusters set to 9. For ML210-treated cells, 371 
normalized lipid molar concentrations of 22 identified OxPLs were used as input. K-means 372 
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�5�H�O�L�D�E�O�H���G�H�W�H�F�W�L�R�Q���D�Q�G���D�F�F�X�U�D�W�H���D�Q�Q�R�W�D�W�L�R�Q���K�D�Y�H���O�R�Q�J���E�H�H�Q���D���F�K�D�O�O�H�Q�J�H���L�Q���W�K�H���I�L�H�O�G�����D�V���W�K�H�V�H��")' !

�O�R�Z���D�E�X�Q�G�D�Q�F�H���O�L�S�L�G�V���R�I�W�H�Q���I�D�L�O���W�R���J�H�Q�H�U�D�W�H���V�X�I�I�L�F�L�H�Q�W�O�\���L�Q�I�R�U�P�D�W�L�Y�H���W�D�Q�G�H�P���P�D�V�V���V�S�H�F�W�U�D��")( !

���0�6���0�6�����W�K�D�W���D�U�H���Q�H�F�H�V�V�D�U�\���I�R�U���V�W�U�X�F�W�X�U�D�O���D�Q�Q�R�W�D�W�L�R�Q�����)�L�J�X�U�H�����$�������7�R���R�Y�H�U�F�R�P�H���W�K�L�V���F�K�D�O�O�H�Q�J�H����")) !

�Z�H���U�H�D�V�R�Q�H�G���W�K�D�W���F�U�H�D�W�L�Q�J���D���S�R�R�O���R�I���R�[�L�G�L�]�H�G���S�K�R�V�S�K�R�O�L�S�L�G���U�H�I�H�U�H�Q�F�H�V���Z�R�X�O�G���\�L�H�O�G���K�L�J�K���T�X�D�O�L�W�\��")" !

�V�S�H�F�W�U�D�O���G�D�W�D�����7�K�L�V���U�H�I�H�U�H�Q�F�H���S�R�R�O���Z�D�V���G�H�V�L�J�Q�H�G���W�R���H�Q�U�L�F�K���2�[�3�/���V�S�H�F�L�H�V���S�U�H�V�H�Q�W���L�Q���J�U�H�D�W�H�U��")* !

�Q�X�P�E�H�U���D�Q�G���D�E�X�Q�G�D�Q�F�H�����Z�K�L�F�K���L�V���F�U�L�W�L�F�D�O���I�R�U���W�K�H���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���R�W�K�H�U�Z�L�V�H���G�L�I�I�L�F�X�O�W���W�R���G�H�W�H�F�W��")+ !

�2�[�3�/�V���I�U�R�P���E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H�V�����:�H���J�H�Q�H�U�D�W�H�G���2�[�3�/���U�H�I�H�U�H�Q�F�H�V���E�\���V�X�E�M�H�F�W�L�Q�J���D���V�X�E�V�H�W���R�I��")$ !

�E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H�V���W�R���W�Z�R���F�K�H�P�L�F�D�O���U�H�D�F�W�L�R�Q�V���±���)�H�Q�W�R�Q���U�H�D�F�W�L�R�Q�����Z�K�L�F�K���L�V���L�Q�L�W�L�D�W�H�G���E�\���)�H�������D�Q�G��")%!

�+���2�������������������D�V���Z�H�O�O���D�V���W�U�H�D�W�P�H�Q�W���Z�L�W�K���+���2�����D�O�R�Q�H�����:�H���X�V�H�G���W�K�H�V�H���W�Z�R���U�H�D�F�W�L�R�Q�V���E�H�F�D�X�V�H���L�W���K�D�V��")& !

�E�H�H�Q���U�H�S�R�U�W�H�G���W�K�D�W���)�H�Q�W�R�Q���U�H�D�F�W�L�R�Q���L�Q�G�X�F�H�V���V�W�U�R�Q�J���D�Q�G���Q�R�Q���V�H�O�H�F�W�L�Y�H���R�[�L�G�D�W�L�R�Q���E�\���S�U�R�G�X�F�L�Q�J��""# !



! �í�ñ!

�K�L�J�K�O�\���U�H�D�F�W�L�Y�H���K�\�G�U�R�[�\�O���U�D�G�L�F�D�O�V���Y�L�D���I�H�U�U�R�X�V���L�R�Q���P�H�G�L�D�W�H�G���U�H�D�F�W�L�R�Q�V������ ������ ���Z�K�H�U�H�D�V���R�[�L�G�D�W�L�R�Q���E�\��""# !

�+���2�����D�O�R�Q�H�����+���2�����R�Q�O�\���K�H�U�H�D�I�W�H�U�����S�U�R�F�H�H�G�V���X�Q�G�H�U���P�H�W�D�O���O�L�P�L�W�H�G���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���L�V���W�K�H�U�H�I�R�U�H��""$ !

�F�R�P�S�D�U�D�W�L�Y�H�O�\���P�L�O�G�H�U�����O�L�N�H�O�\���U�H�O�\�L�Q�J���R�Q���H�Q�G�R�J�H�Q�R�X�V���P�H�W�D�O���L�R�Q�V���S�U�H�V�H�Q�W���L�Q���E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H�V������ ������ ��""%!

�7�K�H�U�H�I�R�U�H�����F�K�H�P�L�F�D�O�O�\���H�Q�U�L�F�K�H�G���2�[�3�/���U�H�I�H�U�H�Q�F�H���S�R�R�O�V���I�U�R�P���W�K�H�V�H���W�Z�R���U�H�D�F�W�L�R�Q�V���Z�L�O�O���O�L�N�H�O�\���H�[�S�D�Q�G��""" !

�W�K�H���U�H�I�H�U�H�Q�F�H���U�H�S�H�U�W�R�L�U�H���D�Q�G���H�Q�K�D�Q�F�H���R�X�U���D�E�L�O�L�W�\���W�R���L�G�H�Q�W�L�I�\���D�Q�G���D�Q�Q�R�W�D�W�H���2�[�3�/�V����!""& !

�:�H���U�H�I�H�U���W�R���W�K�L�V���P�H�W�K�R�G���D�V���5�H�I�H�U�H�Q�F�H���$�V�V�L�V�W�H�G���,�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���6�D�P�S�O�H���V�S�H�F�L�I�L�F���2�[�L�G�L�]�H�G��""' !

�3�K�R�V�S�K�R�O�L�S�L�G�V�����5�,�6�2�3�������5�,�6�2�3���L�Q�W�H�J�U�D�W�H�V���I�R�X�U���V�W�H�S�V�����)�L�J�X�U�H�����%�������F�R�P�E�L�Q�L�Q�J���H�P�S�L�U�L�F�D�O��""( !

�U�H�I�H�U�H�Q�F�H���V�S�H�F�W�U�D���Z�L�W�K���D�Q���L�Q���V�L�O�L�F�R�±�G�H�I�L�Q�H�G���V�H�D�U�F�K���V�S�D�F�H���W�R���H�Q�D�E�O�H���D�Q�Q�R�W�D�W�L�R�Q���R�I���O�R�Z���D�E�X�Q�G�D�Q�F�H��"") !

�2�[�3�/�V���W�K�D�W���Z�R�X�O�G���R�W�K�H�U�Z�L�V�H���O�D�F�N���L�Q�W�H�U�S�U�H�W�D�E�O�H���0�6���0�6���H�Y�L�G�H�Q�F�H�����������8�Q�W�D�U�J�H�W�H�G���O�L�S�L�G�R�P�L�F��""* !

�S�U�R�I�L�O�L�Q�J���R�I���W�K�H���E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H�����/�L�S�L�G�V���D�U�H���H�[�W�U�D�F�W�H�G���D�Q�G���S�U�R�I�L�O�H�G���E�\���/�&���0�6���0�6�����Q�R�Q��"&+!

�R�[�L�G�L�]�H�G���O�L�S�L�G�V���D�U�H���D�Q�Q�R�W�D�W�H�G���D�J�D�L�Q�V�W���H�V�W�D�E�O�L�V�K�H�G���O�L�E�U�D�U�L�H�V���D�Q�G���X�V�H�G���W�R���G�H�I�L�Q�H���W�K�H���V�D�P�S�O�H�
�V��"&#!

�Q�D�W�L�Y�H���S�K�R�V�S�K�R�O�L�S�L�G���F�R�P�S�R�V�L�W�L�R�Q�����������*�H�Q�H�U�D�W�L�R�Q���R�I���F�K�H�P�L�F�D�O�O�\���H�Q�U�L�F�K�H�G���2�[�3�/���U�H�I�H�U�H�Q�F�H��"&$!

�S�R�R�O�V�����,�Q���S�D�U�D�O�O�H�O�����D���V�X�E�V�H�W���R�I���W�K�H���E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H���L�V���V�X�E�M�H�F�W�H�G���W�R���W�Z�R���R�[�L�G�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V����"&%!

�)�H�Q�W�R�Q�����)�H���������+���2�������D�Q�G���+���2�����R�Q�O�\�����(�D�F�K���R�[�L�G�D�W�L�R�Q���U�H�D�F�W�L�R�Q���L�V���V�D�P�S�O�H�G���D�W���P�X�O�W�L�S�O�H���W�L�P�H���S�R�L�Q�W�V���W�R��"&" !

�F�D�S�W�X�U�H���2�[�3�/�V���D�F�U�R�V�V���D���U�D�Q�J�H���R�I���R�[�L�G�D�W�L�R�Q���G�H�S�W�K�V���D�Q�G���D�E�X�Q�G�D�Q�F�H�V�����������������5�H�I�H�U�H�Q�F�H���V�D�P�S�O�H�V���D�U�H��"&&!

�S�U�R�I�L�O�H�G���E�\���/�&���0�6���0�6���R�Q���W�K�H���V�D�P�H���S�O�D�W�I�R�U�P���D�V���W�K�H���E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H�����S�U�R�Y�L�G�L�Q�J���H�P�S�L�U�L�F�D�O��"&' !

�0�6���0�6���V�S�H�F�W�U�D���D�Q�G���U�H�W�H�Q�W�L�R�Q���W�L�P�H���D�Q�F�K�R�U�V���I�R�U���2�[�3�/���I�H�D�W�X�U�H�V���D�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���V�X�I�I�L�F�L�H�Q�W���I�R�U��"&( !

�F�R�Q�I�L�G�H�Q�W���V�W�U�X�F�W�X�U�D�O���D�Q�Q�R�W�D�W�L�R�Q�����������&�R�Q�V�W�U�X�F�W�L�R�Q���R�I���D���V�D�P�S�O�H���V�S�H�F�L�I�L�F���L�Q���V�L�O�L�F�R���2�[�3�/���V�S�H�F�W�U�D�O��"&) !

�O�L�E�U�D�U�\�����1�R�Q���R�[�L�G�L�]�H�G���S�K�R�V�S�K�R�O�L�S�L�G���D�Q�Q�R�W�D�W�L�R�Q�V���I�U�R�P���6�W�H�S�������D�U�H���S�D�V�V�H�G���W�R���/�3�3�W�L�J�H�U���������������������Z�K�L�F�K��"&*!

�S�H�U�I�R�U�P�V���L�Q���V�L�O�L�F�R���R�[�L�G�D�W�L�R�Q���W�R���J�H�Q�H�U�D�W�H���S�U�H�G�L�F�W�H�G���2�[�3�/���V�W�U�X�F�W�X�U�H�V���D�Q�G���W�K�H�L�U���W�K�H�R�U�H�W�L�F�D�O���0�6���0�6��"'+ !

�V�S�H�F�W�U�D�����7�K�H���O�L�E�U�D�U�\���L�V���W�K�H�U�H�I�R�U�H���F�R�Q�V�W�U�D�L�Q�H�G���W�R���S�O�D�X�V�L�E�O�H���2�[�3�/�V���G�H�U�L�Y�H�G���I�U�R�P���W�K�H���S�K�R�V�S�K�R�O�L�S�L�G��"'# !

�V�S�H�F�L�H�V���D�F�W�X�D�O�O�\���S�U�H�V�H�Q�W���L�Q���W�K�H���V�D�P�S�O�H�����I�R�F�X�V�L�Q�J���W�K�H���D�Q�Q�R�W�D�W�L�R�Q���V�H�D�U�F�K���R�Q���W�K�H���P�R�V�W���E�L�R�O�R�J�L�F�D�O�O�\��"'$ !

�U�H�O�H�Y�D�Q�W���V�S�H�F�L�H�V���D�Q�G���P�L�Q�L�P�L�]�L�Q�J���I�D�O�V�H���D�Q�Q�R�W�D�W�L�R�Q�����������������������5�H�I�H�U�H�Q�F�H���D�V�V�L�V�W�H�G���2�[�3�/��"'%!

�D�Q�Q�R�W�D�W�L�R�Q�����2�[�3�/�V���L�Q���W�K�H���E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H���D�U�H���L�G�H�Q�W�L�I�L�H�G���Z�K�H�Q���W�K�H�\���P�D�W�F�K�����L�����W�K�H���U�H�W�H�Q�W�L�R�Q���W�L�P�H��"'" !

�D�Q�G���P���]���R�I���D�Q���2�[�3�/���I�H�D�W�X�U�H���L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���U�H�I�H�U�H�Q�F�H���S�R�R�O�����D�Q�G�����L�L�����W�K�H���S�U�H�G�L�F�W�H�G���0�6���0�6��"'& !

�V�S�H�F�W�U�X�P���I�U�R�P���W�K�H���V�D�P�S�O�H���V�S�H�F�L�I�L�F���L�Q���V�L�O�L�F�R���O�L�E�U�D�U�\�����&�U�L�W�L�F�D�O�O�\�����E�\���L�Q�F�O�X�G�L�Q�J���V�X�S�S�R�U�W�L�Q�J���0�6���0�6��"'' !

�V�S�H�F�W�U�D���I�U�R�P���W�K�H���U�H�I�H�U�H�Q�F�H���S�R�R�O���Z�K�H�Q���W�K�H���V�S�H�F�L�H�V���L�V���E�H�O�R�Z���W�K�H���0�6���0�6���T�X�D�O�L�W�\���W�K�U�H�V�K�R�O�G���L�Q���W�K�H��"'( !

�E�L�R�O�R�J�L�F�D�O���V�D�P�S�O�H���L�W�V�H�O�I�����5�,�6�2�3���U�H�F�R�Y�H�U�V���D�Q�Q�R�W�D�W�L�R�Q�V���I�R�U���2�[�3�/�V���W�K�D�W���F�R�Q�Y�H�Q�W�L�R�Q�D�O���X�Q�W�D�U�J�H�W�H�G��"') !

�O�L�S�L�G�R�P�L�F�V���Z�R�X�O�G���P�L�V�V��!"'* !

!"(+ !

�2�[�L�G�L�]�H�G���3�K�R�V�S�K�R�O�L�S�L�G�V���,�G�H�Q�W�L�I�L�F�D�W�L�R�Q���L�Q���)�H�Q�W�R�Q���D�Q�G���+���2�����R�Q�O�\���5�H�I�H�U�H�Q�F�H�V!"(# !

�:�H���X�V�H�G���)�H�Q�W�R�Q���U�H�D�F�W�L�R�Q���D�Q�G���+���2�����R�Q�O�\���W�U�H�D�W�P�H�Q�W���W�R���J�H�Q�H�U�D�W�H���R�[�L�G�L�]�H�G���S�K�R�V�S�K�R�O�L�S�L�G�����2�[�3�/����"($ !

�U�H�I�H�U�H�Q�F�H�V�����:�K�L�O�H���P�R�V�W���S�U�H�Y�L�R�X�V���V�W�X�G�L�H�V���K�D�Y�H���X�V�H�G���U�H�D�F�W�L�R�Q���W�L�P�H�V���R�I���������W�R���������K�R�X�U�V�����������������Z�H��"(%!

�L�Q�F�O�X�G�H�G���P�X�O�W�L�S�O�H���W�L�P�H���S�R�L�Q�W�V���I�R�U���E�R�W�K���U�H�D�F�W�L�R�Q���W�\�S�H�V���W�R���F�D�S�W�X�U�H���D���E�U�R�D�G�H�U���U�D�Q�J�H���R�I���R�[�L�G�D�W�L�R�Q��"(" !



! �í�ò!

�S�U�R�G�X�F�W�V���L�Q���G�L�I�I�H�U�H�Q�W���L�Q�W�H�Q�V�L�W�L�H�V�����:�H���W�K�H�Q���S�H�U�I�R�U�P�H�G���X�Q�W�D�U�J�H�W�H�G���O�L�S�L�G�R�P�L�F���D�Q�D�O�\�V�L�V���E�\���/�&���0�6���0�6��"#$!

�W�R���R�E�W�D�L�Q���W�K�H���J�O�R�E�D�O���O�L�S�L�G�R�P�H���R�I���R�[�L�G�L�]�H�G���D�Q�G���Q�R�Q���R�[�L�G�L�]�H�G���O�L�S�L�G�V���L�Q���D�O�O���U�H�I�H�U�H�Q�F�H���V�D�P�S�O�H�V�����)�L�J�X�U�H��"#%!

���$�����7�D�E�O�H���6�������D�Q�G���7�D�E�O�H���6���������2�X�U���O�L�S�L�G�R�P�L�F�V���S�O�D�W�I�R�U�P���G�H�P�R�Q�V�W�U�D�W�H�V���D�Q�D�O�\�W�L�F�D�O���S�U�H�F�L�V�L�R�Q���D�Q�G��"##!
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�U�H�I�H�U�H�Q�F�H���D�V�V�L�V�W�H�G���D�S�S�U�R�D�F�K���V�X�E�V�W�D�Q�W�L�D�O�O�\���H�[�S�D�Q�G�V���2�[�3�/���D�Q�Q�R�W�D�W�L�R�Q���Z�K�L�O�H���S�U�H�V�H�U�Y�L�Q�J��"(# !

�L�Q�I�R�U�P�D�W�L�Y�H���G�L�I�I�H�U�H�Q�F�H�V���L�Q���P�R�G�L�I�L�F�D�W�L�R�Q���S�U�R�I�L�O�H���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���R�[�L�G�D�W�L�R�Q���F�K�H�P�L�V�W�U�L�H�V��!"(& !
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�O�L�P�L�W�H�G���Q�X�P�E�H�U���R�I���2�[�3�/�V�����3�U�L�Q�F�L�S�D�O���&�R�P�S�R�Q�H�Q�W���$�Q�D�O�\�V�L�V�����3�&�$�����R�Q���2�[�3�/�V���U�H�Y�H�D�O�H�G���W�K�D�W���)�H�Q�W�R�Q��"() !

�U�H�I�H�U�H�Q�F�H���V�D�P�S�O�H�V���Z�L�W�K���Y�D�U�\�L�Q�J���U�H�D�F�W�L�R�Q���W�L�P�H���I�R�U�P�H�G���G�L�V�W�L�Q�F�W���F�O�X�V�W�H�U�V���W�K�D�W���Z�H�U�H���F�O�H�D�U�O�\��"(" !
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�R�Q���L�G�H�Q�W�L�I�L�H�G���2�[�3�/�V���W�R���X�Q�F�R�Y�H�U���J�U�R�X�S�V���R�I���2�[�3�/�V���W�K�D�W���H�[�K�L�E�L�W���V�L�P�L�O�D�U���W�H�P�S�R�U�D�O���W�U�D�M�H�F�W�R�U�\����������������"#" !
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�S�U�H�G�R�P�L�Q�D�Q�W�O�\���I�R�X�Q�G���L�Q���H�L�W�K�H�U���)�H�Q�W�R�Q���R�U���+���2�����R�Q�O�\���U�H�I�H�U�H�Q�F�H�V�����)�L�J�X�U�H�����)�������6�S�H�F�L�I�L�F�D�O�O�\�����F�O�X�V�W�H�U�V��"#) !

�������������D�Q�G�������Z�H�U�H���P�R�V�W�O�\���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���W�K�H���)�H�Q�W�R�Q���U�H�D�F�W�L�R�Q�����Z�K�H�U�H�D�V���F�O�X�V�W�H�U�V�������D�Q�G�������Z�H�U�H��"#* !

�H�Q�U�L�F�K�H�G���X�Q�G�H�U���+���2�����R�Q�O�\���R�[�L�G�D�W�L�R�Q�����L�Q�G�L�F�D�W�L�Q�J���G�L�Y�H�U�J�H�Q�W���2�[�3�/���I�R�U�P�D�W�L�R�Q���G�\�Q�D�P�L�F�V���E�H�W�Z�H�H�Q��""+ !

�W�K�H�V�H���W�Z�R���W�\�S�H�V���R�I���R�[�L�G�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V�����7�K�X�V�����W�K�H�V�H���U�H�V�X�O�W�V���L�Q�G�L�F�D�W�H�G���W�K�D�W���R�[�L�G�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V���R�I��""$ !

�)�H�Q�W�R�Q���D�Q�G���+���2�����R�Q�O�\���W�U�H�D�W�P�H�Q�W�V���S�U�R�G�X�F�H���2�[�3�/�V���Z�L�W�K���G�L�I�I�H�U�H�Q�W���W�H�P�S�R�U�D�O���S�D�W�W�H�U�Q�V�����)�L�J�X�U�H�����)������""%!

�7�R�J�H�W�K�H�U�����D���U�H�I�H�U�H�Q�F�H���S�R�R�O���F�U�H�D�W�H�G���Z�L�W�K�������R�[�L�G�D�W�L�R�Q���U�H�D�F�W�L�R�Q�V���D�Q�G�������W�L�P�H���S�R�L�Q�W�V���H�[�S�D�Q�G�V���W�K�H��""& !

�F�R�Y�H�U�D�J�H���D�Q�G���G�\�Q�D�P�L�F���U�D�Q�J�H���R�I���2�[�3�/�V���W�K�D�W���Z�L�O�O���D�L�G���L�Q���H�Q�K�D�Q�F�H�G���L�G�H�Q�W�L�I�L�F�D�W�L�R�Q���R�I���2�[�3�/�V���L�Q��""# !
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�$�S�S�O�\�L�Q�J���5�,�6�2�3���L�Q���6�W�X�G�\�L�Q�J���)�H�U�U�R�S�W�R�V�L�V���D�V�V�R�F�L�D�W�H�G���/�L�S�L�G���3�H�U�R�[�L�G�D�W�L�R�Q!""( !

�7�R���G�H�P�R�Q�V�W�U�D�W�H���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���5�,�6�2�3���W�R���V�W�X�G�\�L�Q�J���O�L�S�L�G���S�H�U�R�[�L�G�D�W�L�R�Q�����Z�H���D�S�S�O�L�H�G���W�K�L�V���P�H�W�K�R�G��"") !

�W�R���L�Q�Y�H�V�W�L�J�D�W�H���I�H�U�U�R�S�W�R�V�L�V�����D�Q���L�U�R�Q���G�H�S�H�Q�G�H�Q�W���F�H�O�O���G�H�D�W�K���F�K�D�U�D�F�W�H�U�L�]�H�G���E�\���K�D�O�O�P�D�U�N���D�F�F�X�P�X�O�D�W�L�R�Q��""* !

�R�I���O�L�S�L�G���S�H�U�R�[�L�G�D�W�L�R�Q�����������������:�H���X�V�H�G���.�3�����F�H�O�O�V�����D���K�X�P�D�Q���S�D�Q�F�U�H�D�W�L�F���G�X�F�W�D�O���F�H�O�O���F�D�U�F�L�Q�R�P�D���F�H�O�O���O�L�Q�H��"'+ !

�Z�L�W�K���N�Q�R�Z�Q���V�X�V�F�H�S�W�L�E�L�O�L�W�\���W�R���I�H�U�U�R�S�W�R�V�L�V���D�V���R�X�U���P�R�G�H�O������ ���:�H���Y�H�U�L�I�L�H�G���W�K�D�W���W�K�H���Y�L�D�E�L�O�L�W�\���R�I���.�3�����F�H�O�O�V��"'$ !

�L�V���V�H�Q�V�L�W�L�Y�H���W�R���I�H�U�U�R�S�W�R�V�L�V���L�Q�G�X�F�H�U���0�/���������L�Q���D���G�R�V�H���G�H�S�H�Q�G�H�Q�W���P�D�Q�Q�H�U�����D�Q�G���F�D�Q���E�H���U�H�V�F�X�H�G���E�\��"'%!

�F�R���W�U�H�D�W�P�H�Q�W���Z�L�W�K���I�H�U�U�R�V�W�D�W�L�Q���������)�H�U�����������D���V�H�O�H�F�W�L�Y�H���L�Q�K�L�E�L�W�R�U���R�I���I�H�U�U�R�S�W�R�V�L�V�����)�L�J�X�U�H���6���$����������!"'& !
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���)�L�J�X�U�H�����$�����7�D�E�O�H���6���������7�K�H���G�R�V�H���D�Q�G���W�L�P�H���S�R�L�Q�W�V���Z�H�U�H���F�K�R�V�H�Q���D�W���Z�K�L�F�K���F�H�O�O�V���K�D�G���Q�R�W���\�H�W��"'' !

�X�Q�G�H�U�J�R�Q�H���I�H�U�U�R�S�W�R�V�L�V�����)�L�J�X�U�H���6���%�������E�X�W���P�D�\���K�D�Y�H���D�O�U�H�D�G�\���D�F�F�X�P�X�O�D�W�H�G���G�L�I�I�H�U�H�Q�W���O�H�Y�H�O�V���R�I���O�L�S�L�G��"'( !

�S�H�U�R�[�L�G�D�W�L�R�Q�����:�H���I�L�U�V�W���F�R�P�S�D�U�H�G���W�K�H���Q�X�P�E�H�U���R�I���2�[�3�/�V���L�G�H�Q�W�L�I�L�H�G���L�Q���0�/���������W�U�H�D�W�H�G���V�D�P�S�O�H�V��"') !

�D�O�R�Q�H���L�Q���W�K�H���D�E�V�H�Q�F�H���R�I���D�Q�\���U�H�I�H�U�H�Q�F�H�V�����R�U���I�U�R�P���F�R�P�E�L�Q�H�G���D�Q�D�O�\�V�H�V���X�V�L�Q�J���R�Q�H���R�U���E�R�W�K���W�\�S�H�V���R�I��"'* !
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