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ABSTRACT

Oxidized phospholipids (OxPLs) play critical roles in inflammation, ferroptosis, and other
oxidative stress-associated processes, yet their systematic characterization in biological
systems remains a major analytical challenge owing to their low abundance and vast structural
diversity. Here we report RISOP (Reference-Assisted Identification of Sample-specific Oxidized
Phospholipids), an untargeted LC-MS/MS workflow that leverages chemically enriched OxPL
reference pools to substantially improve OxPL annotation. Reference pools encompassing
diverse oxidative modifications and a wide abundance range were experimentally generated
using Fenton reaction and H2O; treatment, providing broad coverage of OxPLs. Reference-
assisted integrative analysis yielded a more than twofold increase in identified OxPL species in
biological samples under elevated oxidative stress, as demonstrated in ML210-treated cells, a
model of ferroptotic stress. We further show that the widely used BODIPY C11 lipid peroxidation
probe captures cellular oxidative burden in only a subset of OxPLs identified by RISOP,
highlighting the importance of untargeted, comprehensive OxPL profiling. Overall, RISOP
provides a versatile platform readily applicable to other classes of oxidized complex lipids for

comprehensive characterization in physiological and pathological contexts.

INTRODUCTION

Oxidized lipids are a structurally diverse group of molecules produced by chemical or enzymatic
oxidation of lipids." They can be broadly classified into oxidized free fatty acids (oxylipins) and
oxidized complex lipids, including oxidized phospholipids (OxPLs) and glycerol lipids.’* Among
oxidized complex lipids, OxPLs constitute one of the most structurally diverse classes of
oxidized lipids in biological systems.* OxPLs can be formed through lipid peroxidation, a free
radical chain reaction consisting of initiation, propagation, and termination steps.® ¢ During
initiation, reactive radicals abstract hydrogen atoms from the fatty acyl chains of phospholipids
to form lipid radicals (L¢). These lipid radicals can react with oxygen to generate lipid peroxyl
radicals (LOO¢), which propagate the reaction by abstracting hydrogen atoms from neighboring
lipids, producing lipid hydroperoxides (LOOH) and new lipid radicals. The resulting LOOH can
undergo rearrangement, truncation, or further modification, generating a variety of OxPL species
with hydroxy (<OH>), hydroperoxy (<OOH>), carboxy (<COOH>) or keto (<oxo0>)

modifications.% €

To evaluate lipid peroxidation in biological systems, several cellular assays have been

developed that detect intermediates formed during lipid peroxidation. For example, BODIPY C11
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reacts with lipid radicals,” whereas Liperfluo detects lipid hydroperoxides (LOOH).8 In addition,
secondary breakdown products from LOOH such as 4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA) can be detected by antibody-based assays.® '° However, these
methods only provide proxy measures of overall lipid peroxidation that do not distinguish the
contribution from each pool of oxidized lipids (e.g., oxylipins vs. OxPLs). Furthermore, these
assays do not provide identification of the oxidized lipids themselves, missing key information
about lipid class, the exact side chain(s) that were oxidized, and the types of oxidative
modifications, all of which are critical in understanding the diverse functional roles of OxPLs in

biological contexts.

OxPLs have been implicated in biological processes including inflammation,® ' 2 autophagy,
and cell death pathways'#'® that are closely associated with cardiovascular diseases,'”°
neurodegenerative diseases?” ?' and aging.?> 22 Mass spectrometry-based approaches remain
the gold standard in analyzing OxPLs.?* However, the extremely low abundance and extensive
chemical diversity pose significant challenges for detection and identification of OxPLs.
Moreover, while robust targeted lipidomics approaches have been widely used in the analytical
studies of oxylipins,?> 26 a similar workflow cannot be readily adopted for OxPL analysis. This is
primarily due to the greater structural complexity of OxPLs (>1000 predicted species)?’-2°
compared to oxylipins (~100),%° compounded by the lack of authentic chemical standards for
most OxPLs.*! Although mass spectrometry-based methods for OxPL analysis have been
reported,32-% these approaches are limited by some forms of narrow lipid class coverage,3? %
workflow or instrumentation complexity,? 3+ 3 and applicability restricted to cultured cell
systems.® Collectively, these limitations highlight a critical unmet need in developing a
streamlined, untargeted lipidomics strategy capable of comprehensive, high-coverage OxPL
detection and identification — one that can ultimately advance our mechanistic understanding of
OxPL biology.

In this study, we developed RISOP (reference-assisted identification of sample-specific oxidized
phospholipids). We established a platform for comprehensive and enhanced identification of
OxPLs in an untargeted lipidomics workflow. RISOP integrates two complementary
components. First, chemically enriched OxPL reference pools that are generated from the same
biological matrix using two oxidation reactions provide high-quality tandem mass spectra and
retention-time anchors for OxPLs that are otherwise too scarce to be annotated directly.

Second, an in silico spectral library, predicted from the non-oxidized lipids of each sample,
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constrains annotation to biologically plausible species and minimizes false annotation. In
addition, RISOP does not require modification of instrumentation or separate setup for data
acquisition. Moreover, the reference-generation strategy gives RISOP broad applicability and
allows it to be extended beyond cultured cell systems. Overall, this approach expands analytical
capability in studies of OxPLs, and enables functional investigations of OxPLs in physiology and

disease.

MATERIALS AND METHODS

Cell Culture and Preparation for Lipidomics

KP4 cell (passage 15-20) was a generous gift from Dr. Mandar Muzumdar (Yale University).
Cells were cultured in 6-well plates in high-glucose Dulbecco’s modified Eagle’s medium (Gibco,
11965-092), supplemented with 10% fetal bovine serum (Gibco, A56708-81) and 1% penicillin
streptomycin (Gibco, 15140-122), and maintained in an incubator containing 5% CO, at 37 °C.
KP4 cells at 70% confluence were washed twice with 2 mL ice-cold phosphate-buffered saline
(PBS, Gibco, 10010-023) and scraped into 400 uL of PBS, immediately flash-frozen on dry ice,

and stored at =80 °C until use.

Preparation of Oxidized Lipid References

Fenton reactions were conducted following a previously reported protocol with some
modifications.?” First, 400 uL of cell suspension in PBS from one well of the 6-well plates was
thawed on ice. Next, 25 pL of 10 M H2O, (Thermo Fisher Scientific, L14000.AP) and 75 L of
333.33 mM of FeCl, (Sigma, 44939-50G) were added to cell suspension for a final concentration
of 500 mM of H202 and 50 mM of FeCl,. For H.O2-only reactions, the same amounts of thawed
cell suspension in PBS and H,O, were used, and an additional 75 pL of PBS was used to
substitute for FeCl; solution. Samples were subsequently incubated at 37 °C in the dark for 0
min, 1 min, 20 min, 4 h, 24 h, and 72 h. Following incubation, samples were immediately

processed for lipid extraction.

Lipid Extraction

Lipids were extracted using a 2-phase, liquid-liquid extraction system — a modified Folch
method.®® All samples were randomized prior to extraction. All chemicals used for extraction
were LC/MS grade unless otherwise indicated. First, 300 pyL of methanol (Fisher chemical,
A456-4) containing 0.5 pL of deuterated internal standards (EQuiSPLASH® mix, Avanti Polar
Lipids, 330731), 0.5 uL of cardiolipin standard (Avanti Polar Lipids, 791108C), 0.5 L of oleic
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acid standard (Cayman chemical, 9000432), and 0.1 mg/mL 2,6-Di-tert-butyl-4-methylphenol
(BHT, Thermo Fisher Scientific, 112992500) were added to 400 L of cell suspension in PBS.
The mixture was sonicated for 30 sec in a water bath ultrasonicator (VWR, 97042-960) and then
rested on ice for 30 sec, repeated three times. Then 600 uL of ice-cold chloroform (VWR,
BDH83627.400) was added to each sample. The resulting mixture was vortexed at 4 °C for 30
min. Phase separation was subsequently achieved by centrifugation at 3,000 RPM for 10 min at
4 °C. The lower organic phase was collected and dried under a stream of nitrogen. Dried lipids
were then reconstituted in 150 pL of a 9:1 (v/v) methanol/toluene (Fisher chemical, T290-1)

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

LC-MS/MS Lipidomics

Lipidomic analysis was conducted in accordance with guidelines of the Lipidomics Standards
Initiative (LSI) (https://lipidomicstandards.org/), and all lipidomics-related information is included
in the accompanying LS| reporting checklist*® (Table S1). LC-MS/MS analysis was performed on
a Vanquish UPLC system coupled to an Orbitrap Exploris 120 mass spectrometer (Thermo
Fisher Scientific). Samples were randomized prior to analysis. Lipid separation was achieved on
a Hypersil GOLD C18 HPLC column (100 mm x 1 mm, 1.9 ym, Thermo Fisher Scientific,
25002-101030) with a flow rate of 120 yL/min. The column temperature was maintained at

45 °C, and the injection volume was 1.5 pL. Mobile phase A is composed of 60:40 (v/v)
acetonitrile (Fisher chemical, A955-4)/water (Fisher chemical, W6-4), and mobile phase B is
composed of 88:10:2 (v/v/v) isopropanol (Fisher chemical, A461-4)/acetonitrile/water. Both
mobile phases were supplemented with 0.1% formic acid (Fisher chemical, A117-50) and 7.5
mM ammonium acetate (Fisher chemical, 198759). The chromatography gradient was as
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;
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,
100-10% B; 28.2—-31.2 min, 10% B. The expected LC peak width was set to 8 sec. Mass
spectra were acquired in both positive and negative ion modes in two different runs using a
heated electrospray ionization (HESI) source. The spray voltages were set to 3,500 V and 2,500
V for positive and negative modes, respectively. The sheath, auxiliary, and sweep gas flow rates
were set to 35, 7, and 0 (arbitrary units), respectively. MS; full scans and MS; tandem mass
spectra were acquired in all samples. For MS; full scans, the resolution was set to 120,000, with
a scan range of 200-1700 m/z and an RF lens of 70%. The microscan number was set to 1,
with the automatic gain control (AGC) target set to “Standard” and the maximum injection time

set to “Auto.” Data were acquired in profile mode. Precursor ions with intensities greater than



137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

2.0 x 10* were selected for fragmentation using Top 4 data-dependent acquisition. MS, scans
were acquired at a resolution of 30,000 with the auto-extended scan range mode enabled. The
isolation window was set at 1.2 m/z. Stepwise normalized collision energies of 20%, 30%, and
40% were used for fragmentation. The microscan number was set at 1. The automatic gain
control (AGC) target was set to "Standard," and the maximum injection time was set to "Auto.”
Data were acquired in profile mode. A dynamic exclusion of 8.5 s was applied to prevent
repeated fragmentation of the same precursor ion. For quality control, a pooled sample was
repeatedly injected after every 10 samples throughout the analytical runs, and the coefficient of
variation (CV) of internal standard intensities was used to assess the stability of the LC-MS
system. Calculated CVs of all internal standards in this study were <6%. Retention time drift
was monitored by the retention time of internal standards. Calculated retention time drift was

between 0.01-0.03 minutes.

Identification of Non-Oxidized Lipids Using MS-DIAL

Lipidomics data files were processed using MS-DIAL software (version 5.5.250221) for the
identification of non-oxidized lipids. The analysis was conducted within the software's lipidomics
framework. Centroid data type was selected for both MS+ and MS,. The MS1 and MS; tolerance
were set at 0.01 and 0.025 Da, respectively. The minimum peak height was set to 1000
amplitude, and the mass slice width was set to 0.05 Da. Linear weighted moving average was
used as the smoothing method, with a smoothing level of 3 scans and minimum peak width of 5
scans. The non-oxidized lipids were identified using the built-in default spectral library
(Msp20250218112233_NCDK_conventional_converted_dev_1) in MS-DIAL. For lipid
identification, thresholds for dot product score were set at 150, weighted dot product score was
set at 150, reverse dot product score was set at 500, matched spectrum percentage was set at
0%, and minimum number of matched spectra was set at 1. HCOONH4 was selected as the
solvent type for searching, as we observed that phospholipids with [M+HCOO] adducts have
higher intensities than those with [M+CH3;COQ] adducts during ionization, likely due to the
presence of formic acid in mobile phases.*® ' For positive mode, [M+H]*, [M+NH.]*, [M+Na]*,
and [M+H-H2O]" adducts were selected for annotation. For negative mode, the [M-HJ,
[M+HCOQYT, and [M+CH3COO] adducts were selected for annotation. Samples were aligned to
the pooled sample, with a retention time tolerance of 0.1 min and MS+ tolerance of 0.015 Da. To
minimize misannotation, all identified lipids were manually validated by inspecting the tandem

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

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

Construction of Sample-specific OxPL Spectral Library

Sample-specific OxPL spectral library was constructed from identified lipids of the following
classes: phosphatidylcholine (PC), ether-linked phosphatidylcholine (PC-0),
phosphatidylethanolamine (PE), ether-linked phosphatidylethanolamine (EtherPE-O), ether-
linked phosphatidylethanolamine (EtherPE-P), phosphatidylglycerol (PG), phosphatidylinositol
(PI), phosphatidylserine (PS), lysophosphatidylcholine (LPC), ether-linked
lysophosphatidylcholine (EtherLPC-0), lysophosphatidylethanolamine (LPE), and ether-linked
lysophosphatidylethanolamine (EtherLPE-O). The list of identified non-oxidized lipids with their
lipid classes was imported into LPPtiger 2 for in silico oxidation, with a maximum number of
modification sites set at 3, and the maximum number of O, OH, oxo, OOH, and epoxy
modifications setat 4, 2, 1, 1, and 0, respectively. The resulting theoretical tandem mass
spectral library, exported from LPPtiger 2 in JSON format, was organized to include the
diagnostic ions corresponding to oxidized lipid precursor ion, headgroup fragment, unoxidized
fatty acyl chain(s), and oxidized fatty acyl chain(s) of the OxPLs, and converted to MSP format
using a custom script in R (version 4.5.0). For example, for PC(16:0_16:1<OH>), the following
diagnostic ions are included: m/z 224.0682-headgroup, m/z 255.2330-unoxidized side chain
(16:0), m/z 269.2122-oxidized side chain (16:1<OH>), m/z 251.2017-oxidized side chain with
H20 loss (16:1<OH> - H20), m/z 792.5396-precursor (PC(16:0_16:1<OH>) with [M+HCOO]
adduct), and m/z 732.5185-precursor with neutral loss of CH;COOH.

Identification of OxPLs in Fenton and H20.-only Oxidized Lipid References

OxPL identification in separate Fenton and H2O,-only references: Lipidomics data files obtained
from Fenton or H>O;-only reactions were analyzed separately in MS-DIAL. Parameters used
were identical to those described above for non-oxidized lipids, except that the sample-specific
OxPL spectral library constructed above was used in place of the default spectral library. All
identified oxidized lipids were manually validated by inspecting the tandem mass spectra for
fragment ions diagnostic of the assigned headgroup and fatty acyl chain(s) (Table S1 and Table
S2). OxPLs were reported at the molecular species level when both fatty acyl chains were
identified in the spectra and at the species level when only one fatty acyl chain was identified.
Only OxPLs that were detected in at least three samples across different time points of each

reference type were kept. To minimize false annotation of background noise, coefficient of
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variation (CV)-based filtering was applied separately to non-oxidized lipids and OxPLs. Non-
oxidized lipids were retained if they had a CV <20% for at least one treatment time point
(including 0 h) in either Fenton or H2O2-only references. OxPLs were retained if they had a CV
<20% for at least one treatment time point (excluding 0 h) in either reference set. Calculation of
CV values is described below in “Quantification of Non-oxidized and Oxidized Lipids in Fenton
Reaction and H»O2-only Oxidized Lipid References”. Identified lipids from the 2 separate
analyses after the removal of potential in-source fragmentation (ISF) products (see “Hydrogen-
based Kendrick Mass Defect (H-KMD) Analysis” below) were used to generate the Venn

diagram in Figure 2B.

OxPL identification by combined analysis of Fenton and H»Oz-only references: Lipidomics data
files from the Fenton reactions, H>O2-only reactions, and ML210-treated samples (see “ML210
treatment’ below) were analyzed together in MS-DIAL for integrative analysis and identification.
This approach was used to ensure consistent OxPL annotation based on retention time and m/z
matching across biological samples and oxidized lipid references. The MS-DIAL settings and
lipid validation steps were identical to those described above for OxPL identification. This
workflow provides a list of OxPLs detected in Fenton reaction and H2O-only reference samples.
Only OxPLs that were detected in at least three samples across different time points of each
reference type were kept. Similarly, CV-based filtering was applied separately to non-oxidized
lipids and OxPLs. Non-oxidized lipids were retained if they had a CV <20% for at least one
treatment time point (including 0 h) in either Fenton or H>Oz-only references. OxPLs were
retained if they had a CV <20% for at least one treatment time point (excluding 0 h) in either
reference set. The resulting filtered OxPLs from the Fenton and H2O2-only references after the

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

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

H-KMD analysis was performed to visualize the differences of retention time and H-KMD
between oxidized phospholipids and their corresponding non-oxidized precursors. For each
lipid, the observed m/z was first multiplied by the nominal-to-exact hydrogen mass ratio
(1.000000/1.007825032) to calculate the Kendrick mass, which was subsequently rounded to
the nearest integer to obtain the nominal Kendrick mass. H-KMD was then calculated as the
difference between the Kendrick mass and the nominal Kendrick mass. The resulting H-KMD
values of the OxPLs were plotted against their retention times. OxPLs were annotated as

potential ISF products if they met any of the following criteria: (1) they had the same (within a
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10.05 min tolerance) or a later retention time than the corresponding non-oxidized lipids; (2)
they had the same retention time (within a £0.05 min tolerance), as lipids with the same
backbone but more labile oxidative modifications; or (3) their retention times were significantly

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

Quantification of Non-oxidized and Oxidized Lipids in Fenton Reaction and H202-only
Oxidized Lipid References

We observed that peak areas of deuterated internal standards included in the Fenton- and
H.O»-only samples showed large variation between replicates, likely due to degradation in the
presence of H,O, and/or Fe?*. Therefore, we used relative quantification by normalizing each
lipid to the total peak area of all detected lipids in analyzing oxidized and non-oxidized lipids
from these samples. Peak integration of all OxPLs was manually inspected. When a peak was
only partially integrated by MS-DIAL, the peak start and end points were manually adjusted to
cover the entire chromatographic peak, using samples with clearly defined peak boundaries as

references.

For cardiolipin (CL), PE, LPE, PG, PI, PS, FA, EtherPE-O, oxidized PE (OxPE), oxidized PG
(OxPG), and oxidized PS (OxPS), quantification was done using [M—H]~ adduct. For PC, LPC,
EtherPC-O, EtherPE-P, EtherLPC-0, and EtherLPE-O, quantification was done using [M+H]*
adduct. For DG and TG, quantification was done using [M+NH4]* adduct. For OxPC with
oxidative modifications other than carboxy (<COOH>) modification and oxidized EtherPC
(OxEtherPC), quantification was done using [M+HCOO]"~ adducts rather than [M+H]" adducts
(as used in their non-oxidized counterparts) because the detected lipid intensity is higher in
negative mode owing to oxidation modifications.*? For oxidized PC (OxPC) with carboxy
(<COOH>) modifications, quantification was done using [M—-H]~ adducts, because the carboxyl
group provides an acidic site that facilitates deprotonation in negative-ion mode.** 44 CV values
were calculated separately for each lipid at each treatment time point using normalized

intensities across replicates.

Lipidomics Nomenclature
Lipids were annotated according to the nomenclature of LIPID MAPS

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

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

(e.g., PC(16:0_18:1)). At the species level, lipids were reported by the summed carbon number
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and double bond number of all acyl chains (e.g., PC(34:1<ox0>)). For phospholipids, the fatty
acid side chains were separated by an underscore (“ ), indicating that the sn-position of side
chains were not specified. Using our mass spectrometry setup, alkyl-linked LPE and LPC
species (e.g. LPE(O-18:1)) exhibited the same tandem mass spectra as alkenyl-linked LPE and
LPC species with 1 less double bond (e.g. LPE(P-18:0), as previously reported.*® For those
species, both annotations are listed and separated by “or” (e.g. LPE(O-18:1) or LPE(P-18:0)).
Oxidative modifications were indicated in angle brackets (“<>"), where OH, oxo, OOH, and
COOH denote hydroxy, keto, hydroperoxy, and carboxy modifications, respectively. Isomeric
species with identical chemical formula but distinct retention times were distinguished by

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

Lipidomics Reporting
The lipidomic data were uploaded to Metabolomics Workbench (Study ID ST004800; DataTrack
ID 7357) and can be accessed at: http://dx.doi.org/10.21228/M8NP12

Ferroptosis-induced Cytotoxicity Assay

KP4 cells were seeded onto 96-well plates at approximately 5000 cells per well. 24 hours later,
cells were treated with ML210 (Sigma, SML0521) dissolved in dimethyl sulfoxide (DMSO) at
different concentrations as indicated and incubated for 24 hours. For rescue assay, 5 uM
ferrostatin-1 (Sigma, SML0583) solution in DMSO was co-administered with different
concentrations of ML210 for 24 hours. Following the treatment, 10 yL of CCK-8 solution (Cell
Counting Kit 8, abcam, ab228554) was added to each well and the absorbance at 460 nm was
measured using a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific) after

1 hour of incubation at 37 °C.

ML210 Treatment

KP4 cells were cultured in 6-well plates. When reaching 70% confluence, cells were treated with
10 uM ML210 in culture medium for 0, 20, 45, 80, 120, or 270 minutes. Following treatment,
medium was aspirated, and cells were washed with 2 mL ice-cold PBS twice. For untargeted
lipidomic analysis, one well of cells was collected for each biological replicate, with three
biological replicates prepared for each time point, and analyzed by LC-MS/MS following the

protocols described above.

Cell Viability Assay by Flow Cytometry

10
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The viability of cells treated with 10 yM ML210 in culture medium for 0, 20, 45, 80, 120, or 270
minutes was assessed using flow cytometry. Debris was first excluded based on forward and
side scatter characteristics, followed by removal of doublets using singlet gating. Live cells were
defined as DAPI-negative events, and cell viability was calculated as the percentage of DAPI-

negative cells within the singlet population.

Identification of Non-oxidized and Oxidized Lipids in ML210-treated Samples
Non-oxidized lipids from ML210-treated samples were identified following the same protocols as
described above. For OxPL identification, lipidomics data files from ML210-treated samples
were analyzed in MS-DIAL either alone or together with lipidomics data files from oxidized lipid
reference samples through four independent analyses: 1) ML210-treated samples alone; 2)
ML210-treated samples combined with Fenton reference samples; 3) ML210-treated samples
combined with H,O2-only reference samples; and 4) ML210-treated samples combined with
both Fenton and H2O,-only reference samples. The MS-DIAL settings and lipid validation
procedures were identical to those described above for OxPL identification (in “Identification of
OxPLs in Fenton and H202-only Oxidized Lipid References” section). CV-filtering was applied to
minimize false annotation of background noise. Non-oxidized lipids were retained if they had a
CV <20% for at least one treatment time point (including 0 min). OxPLs were retained if they
had a CV <20% for at least one treatment time point (excluding 0 min). The calculation of CV
values is described below in “Quantification of Non-oxidized and Oxidized Lipids in ML210-
treated cells”. Identified lipids after the removal of potential ISF products (see “Hydrogen-based
Kendrick Mass Defect (H-KMD) Analysis” above) were used to generate the stacked bar plot for

comparison of number of identified OxPLs.

Protein Quantification in ML210-treated Samples

Aqueous phase was removed following Folch extraction. The remaining protein interphase was
washed once with 400 L ice-cold methanol at room temperature, then centrifuged at 3000
RPM for 10 min at 4 °C and dried down under nitrogen stream, before dissolving in 100 uL of
5% SDS (Thermo Fisher Scientific, J63394.AK). Protein content was measured using a Pierce
BCA assay kit (Thermo Fisher Scientific, 23225) as previously reported following vendor’s

instructions.*®

Quantification of Non-oxidized and Oxidized Lipids in ML210-treated cells

11
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Non-oxidized endogenous lipids were reported in molar concentrations based on the intensity
ratio of the same ion adduct between endogenous lipids and the deuterated lipid standard within
the same lipid class with known concentration. The lipid adducts used for quantification of non-
oxidized lipids were the same as those used in Fenton and H,O;-only references. Furthermore,
lipid molar concentrations were then normalized to cellular protein content and expressed as
nmol/mg protein to account for variation in sample preparation. CV values were calculated
separately for each lipid at each treatment time point using normalized molar concentrations.!
!
Peak integration of all OxPLs was manually inspected. Manual peak integration was performed
as described above (in“4XDQWLILFDWRRQIRHGRODQG 2[LGL]JHG /LSLGV LQ )HQV
DQG2+ RQO\ 2[LGL]JHG /L SL)Gubletutattbh@ertkhations of oxidized lipids were
calculated based on the intensity ratio of the same ion adduct between oxidized lipids and the
deuterated lipid standard within the same lipid class with known concentration. The lipid adducts
used for quantification of OxPLs were the same as those used in Fenton and H20»-only
references. CV-filtering was applied to minimize false annotation of background noise. CV of
normalized molar concentrations was calculated across replicates at each treatment time point
(excluding 0 h). OxPLs were retained if their CV was below 20% for at least one of the time
points.!
!
BULQFLSDO &RPSRQHQW $QDO\VLV 3&% RI /LSLGRPLF 'DWDVHWYV
PCA was performed using the prcomp() function in R (version 4.5.0) on log2-transformed data
of normalized peak area for oxidized reference samples, and log2-transformed data of
normalized lipid molar concentration for ML210-treated cells. All PCA plots were made to
visualize samples on principal component 1 (PC1) and principal component 2 (PC2).!
!

PHDQV &O0OXVWHULQJ RQ 2[3/V
K-means clustering was performed on Z scores of OxPL abundance using the kmeans()
function in R (version 4.5.0). Specifically, Z score, the number of standard deviations a data
point is away from the mean, was calculated for each OxPL across all replicates and time
points, and the mean Z score at each time point was used for clustering. For oxidized reference
samples, total abundances of normalized peak area of commonly detected 57 OxPLs from
Fenton and H>O;-only references were used as input. K-means clustering was then performed
on the Z score-transformed data with the number of clusters set to 9. For ML210-treated cells,

normalized lipid molar concentrations of 22 identified OxPLs were used as input. K-means

12
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FOXVWHULQJ ZDV WKHQ $SHRWRILDAHVA RRUP WK KB BWD ZLWK WKH QXPEH!
WR!

+HDWPDS 9LVXIDOL]DWLRQ

+HDWPDS YLVXDOL]DWLRQ ZDV SHUIRUPHG XVLQJ &RP$RBI[+HDWPD:
JHOQWRQ RQUHMHUHWRHVLQWHQVLW\ Rl HDFK 2[3/ ZDV QRUPDOL]JHG W
LQWHQVLW\ ZLWKLQ WKH VDPH VDPSOH W RQ FHDIDFFKX O Bl WO DEADLW I HD D \
DEXQGIRPAB/V ZIDWHUDJHG DFURVV WU HHWPODQAN. QUL PHLRRL QW V
YDOXHV ZHUH LPSXWHG ZLWK P IRMWIRH PR D Q 8 \@WR §QIDFEIDWH V
URZLVHVERUH WUDQVIRUPDWLRBRRUKW DHYN XWHGJIRU KHDWPDS YL\
ZLWK RULJLQDO PLVVLQJ YDOXHV LQGLFDWHG DV QRW GHWHFWHG
YDOXH¥®/V ZHUH JURXSHG DFFRUGLQJ WR R[LGDWLYH PRGLILFDWLR
JURXSHG E\ UHIHUHQFH W\SH

YRU 0/ WUHDW HFR PIOQORR Q FRIQ WIVADKWZRMY UDQVIRUPHG LQWR = VFRU
DFURVV VDRSS OHVXDOL]DWLRQ 5RZV ZHUHPHRXSHFOXEDNVNHGVRQ WKF
GHWHUPLQHG DERYH &ROXPQV ZMHUH \WWUH D GRHIG \BRLIQGWRDY L Q J
RUGHU

/ILSLG BHUR[LGDWLRQ $VVD\
JRU %2',3< & VWDLQLQJ FHOOV ZHUH LQFXEDWAHZS,Z«WK PHGLXP F

& 7KHUPR )LVKHU 6FLHQWLILF LQ '062 IRU PLQ DW f& &
E\ WU\SVBEQ*LEFR ZDVKHG ZLWK /BOOHD@AHG VDOW VRO
*LEFR DQG DQXOYUBED %' 6\PSKRQ\ IORZ F\WRPHWHU $W OH

HYHQWYV ZHUH DQDO\]HG IRU HDFK VDPSOH 5HGXFHG DQG R[LGL]HC
PHDVXUHG7HQDY(5HG FKDQQ®® DQG ),7& FKDQ@HO UHVSHFWLYHO\
SHUR[LGHORWIRMLYH FHOOV WHKWHSE R I RUALS RWL B/R S KO BWWR®/ D O

OLYH EBIOI®¥ RQ JDWLQJ GHWHUPLQHG IURP XQWUHDWHG FRQWURDO

&RUUHODWLRQ EHWEZXQIEQ QFHO6 06 D@BHUR[LGDWLYH %XUBHQ E\

& B3HUR[LGDWLRQ $¥WBUHDWHG &HOOV

3HDUVRQ FRUUHODWLRQ DQDO\VLV ZDV SHUIRUP H®R EHWZYHH B HOHIF
DQG WRWDO 2[3/ DEXQGDQFH 6SRIGEHFEQDNIWRRWDPSOH/RI LQGLYL
WLPH SRLQW ZDV ILUVW F D GRDFCDABHREB BU DFIR Q AR WODQ@JIL GRIQW L I L H G
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2[3/V 1HEfWFRUHV Rl WRWDO 2[3/ DEXQGDQFH ZHUH WKHQ FDOFXOD
WLPH SRIPQWHYORURH SHUR[LSOW MRQNHU FHBDOONG ZLWK 0/ ZHUH FDOI
DQBYHUDJHG ZLWKLQ HXEK MTXAHADREROP ®WORWRH S H U R [ LSROWLMRQ H
FHOOWARPSDUMXMWRHDORWIRI WRWDO 2[3/ DEXQGDQFH E\ 3HDUVRQ
!

3HDUVRQ FRUUHODWLRQ ZDV SHUIRUPHG EHSWHHNL %H UFFHHODWDD 8 R
RI WKH3/ FOXVIVGHHIOW L. IPHH® @V FOXYRWHHDEOBK PORWWEWFRQFHQWUDW |
2[3/V ZDV ILUVW EDDFXNODPREGERDDIPIRGBU FRQFHDWOO W GRIQWLILHG
2[3/V 1H[WFRUHV Rl WRWDO 2[3/ DEXQGDQFH ZHUH WKHQ FDOFXOD
WLPH SRVOWMDOKH PHI/GRUHV Rl SHIRJLBDWHRG OOV DFURVV 0/ WUFL
WLPKBWVFULEHQ HDER FIR P S DWKHG PHRYGRUHYV RI WRWDO R[IBHDEKQGDQ
2[3/ FOXEWHHDUVRQ FRUUHODWLRQ

!

BWDWLVWLFDO $QDO\VHV

)RU FRPSDULVRQV EHW ZHH®D WHE\R ZHERHK S\D O F X O DWWHHE W M RQ.D RZQ DK |
FRQILUPDWLRQ RI GDWD QRUPDOLW\ )RU FRPSDGYDRXHY ZHRGYLQ
FDOFXODWHG XWNAYWHIRFKJRZLQJ FRQILUPDWLRQ RI GDWD QRUPDO
FRPSDULVRQV XVLQXARKIHK EAHHQ ML KRR G

!

5(68/76 $1' ',6&866,21

SHIHUHRQ¥WLVWHG ,GHQWLILFDSHRIQLFI HBDBEPHE 3KRESIKROLSLG

,Q ELRORJLFDO WRDPGIOHG SKRY SKROLSLGV DFFRXQVR I RUK B S/ABR\R DL
PDPPDOLDQ OLSIQGRR®WUDVW R[LGL]JHG SKRVSKROLSLGV 2[3/V DL
DEXQGDQFH JHQHUDOO\ HYWLPDWHG VRRLEH]BEBVWRWEWEUSRUWYKHL
5HOLDEOH GHWHFWLRQ DQG DFFXUDWH DQQRWDWLRQ KDYH ORQJ [
ORZEXQGDQFH OLSLGVY RIWHQ IDLO WR JHQHUDWH VXIILELHQWO\ L
06 06 WKDW DUH QHFHVVDU\ IRYLVWUK F$R BF €& LDFRP RIVWDKALLVR DK D O C
ZH UHDVRQHG WKDW FUHDWLQJ D SRRO RI R[LGL]HG TOKRVISKROLSL
VSHFWUDO GDWD 7KLV UHIHUHQFH SRRO ZDV GHVLJQHG WR HQULF
QXPEHU DQG DEXQGDQFH ZKLFK LV FULWLFDO IRW@&HKWHFSHQWLILF
2[3/V IURP ELRORJLFDO VDPSOHV :H JHQHUDWHG 2[3/ UHIHUHQFHV
ELRORJLFDO VDPSOHV WR WIRQPKRO LFDDFWHBROWZRQFRQY LQLWLD\
+ 2 DV ZHOO DV WUHD \DPR@W ZHMKYHG WKHVH WZR UHDFWLRQV |
EHHQ UHSRUWHG WKDW )HQWRQ U H DVFHAOLHRRVIL @ 8 XFE[H G DAWLLRR® £ \DRUEGR
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KLJKO\ UHDFWLYH K\GUR[\O WPIHGLLAD/OWGY UBZKWURRY RRIQGDWLRQ E\
+2 DOR®BR RQO\ KHUSIDRWHHGV X QGHRLWHMEDFRQGLWLRQV DQG LV W
FRPSDUDWLYHO\ PLOGHU OLNHO\ UHO\LQJ RQ HQGRJHQRXV PHWDOC
7KHUHIRUH FKBPLFBEG\2[3/ UHIHUHQFH SRROV IURP WKHVH WZR U
WKH UHIHUHQFH UHSHUWRLUH DQG HQKDQFH RXU DELOLW\ WR LGH
'H UHIHU WR WKLV PHWSRWGLDW 156 | HOHHDF HI L¥ ®MALR QFRA [ B B B B-0GH
3KRVSKROLSLGV 5,623 5,623 LQWHIUBDWHRPELOQLYWHBSLULFDO
UHIHUHQFH VSHEQ VRGHM AREHIEQVHDUFK VSDFH WR H @EKXQHE DQBHR WD)
2[3/V WKDW ZRXOG RWKHUZLVH ODFN L QWSHU/SDHIWMEOG @6SALE RPLE
SURILOLQJ RI WKH ELRQRUGNDIDUWDHSAOHD FWHGOB @6 SPRQLOHG E\ /&
R[LGL]HG OLSLGYV DUH DQQRWDWHG DJDLQVW HVWDEOLVKHG OLEUTL
QDWLYH SKRVSKROLSL'GIGRPORMIRMQLRQFKHPLFDOO\ HQULFKHG 2[3/
SRRQY SDUDOOHO D VXEVHW RI WKH ELRORJLFDO VDPSOH LV VXENM
JHQWRQ #)H DQ<® RQO\ (DFK R[LGDWLRQ UHDFWLRQ LV VDPSOHG L
FDSWXUH 2[3/V DFURVV D UDQJH RI R[LGDW LRH) HHHBYFKIV VD@ G MHEK Q@
SURILOH®EGEDGE&R Q WKH VDPH SODWIRUP DV WKH ELRORJLFDO VDPSC
06 06 VSHFWUD DQWLPHWHFPKRRY IRU 2[3/ IHDWXUHV DW FRQFHQW!L
FRQILGHQW VWU XFW XLURDQDV W Q & RW DR\QL R®HF WD P\BICOIBF R/ SHFW U D O
OLEUDRR[LGL]HG SKRVSKROLSLG DQQRWDWLRQV IURP BMIHFX DUH .
SHUIRU@ W IRJLERWLRQ WR JHQHUDWH SUHGLFWHG 2[3/ VWUXFWXUH
VSHFWUD 7KH OLEUDU\ LV WKHUHIRUH FRQVWUDLQHG WR SODXVLE
VSHFLHV DFWXDOO\ SUHVHQW LQ WKH VDPSOH IRFXVLQJ WKH DQQ
UHOHYDQW VSHFLHV DQG PLQLPL]LEHI HVOBWL ¥ Y RW RWA/R Q
DQQRWIDRWA/RIQQ WKH ELRORJLFDO VDPSOH DUH LGHQWLILHG ZKHQ W
DQB JRI DQ 2[3/ IHDWXUH LQ WKH H[SHULPHQWDO UHIHUHQFH SRRO
VSHFWUXP I[URP WKHF VR WISMHFARD U\ &ULWLFDOO\ E\ LQFOXGLQJ VX
VSHFWUD IURP WKH UHIHUHQFH SRRO ZKH QTWEK®G LW HF K H ¥ \LK/R BHEO IRC
ELRORJLFDO VDPSOH LWVHOI 5,623 UHFRYHUV DQQRWDWLRQV IRU
OLSLGRPLFV ZRXOG PLVV

2[LGL]HG 3KRVSKROLSLGV ,GHQWLILF RWQIOR G HIH YHQWRY DQG +

‘H XVHG )HQWRQ UHDRMLRQQVDGI®WPHQW WR JHQHUDWH R[LGL]HG S
UHIHUHQFHV :KLOH PRVW SUHYLRXV VWXGLHV KDYH X2HHG UHDFWL
LQFOXGHG PXOWLSOH WLPH SRLQWV IRU ERWK UHDFWLRQ W\SHV W



"#8! SURGXFWV LQ GLIIHUHQW LQWHQVLWLHYV :H WKHQ SHOBRBPHG XQW
"#H%4 WR REWDLQ WKH JOREDO OLSIRGR®IH HRGE R[LSUGNA Q @® QLRIGHUHUHQFH
"“##! $ TDEOH 6 DQG 7IREXQWHOA SLGRPLFV SODWIRUP GHPRQVWUDWHY DC
"#& VA\VWHP VWDELOLW\ ZKLFK HQVXUHW OPBXWFIXW @ JUBIMIEKQ W H B QI RAUL B H
"# 1 )JLIXUH 6:H LGHQWLILHG D FRPELQHG QXPEHU RI 2H32VRIQAP )HQW
"&(! UHIHUHQFHV E\ XVLQSH¥FKH. NV2PBSOHSHFWUDO OLEUDU\ JHQHUDWHG
"&)! ,PSRUWDQWO\ EHFDXVH PDQ\ 2[3/V DUH Rl ORZ DEXQGDQFH ZH H[F
"&! UHSURGXFLEO\ GHWHFWHG DFURVV UHSOLFDWHV WR PLQLPL]H IDO!
"&H  FRHIILFLHQW RI YDULDWLRQ VHH OHWKRGV OHDYLQJ 2[3/V
"&'! R[LGL]HG OLSLGV DUH JHQHUDO OV FRXEAH HUDQBHRMIDWQRBVU JR) LQ
"€l DUWLIDFIWPIHRQWDWLRQ LQWURGXFHG GXULQJ GDWD DFTXLVLWLRQ
"% ELRORJLFDO WKMYBHXQGHVLUHG ,6) SURGXFWV RIWHQ H[KLELW LGt
"&# WLPHV FRPSDUHGRWRGWKIEBLERKRWHUSDUWY FRQWULEXWLQJ DQRW
"8 DQQRWDWIRRBLQLPL]H PLVRRQRWDMWIRPQ,6) SURGXFWV LGHQWLILHG
"& ! YLVXDOL]HG XVLQJ UHWHQWLRRVWMGPH @BUYVYRN RDOWRSGIRMAW +

"(! 7KLV DSSURDFK DOORZHG XV WR LGHQWLI\ DQG H[FOXGH SRWHQW
™! WLPH VHH OHWKRGV IURP WKH 2[3/V LR R{UBL§HG OLSLG UHIHUH
"L

"+! 7R FRPSDUH 2[3/V JHQHUDWHG E\ HDFK R[LGD2WRRQ \FUH FHWMQRAH YH G
"™ 1 ZHUH ILUVW DQDO\JHG LQGHSHQGHQWO\ 21 WKH 2[3/V LGHQWLILF
"$ | ZHUH XQLTXH WR )HQWRQ 2 ROON PQIGTRPWMR +ZHUH DQQRWDWH
"%! )JLIJXUH ®ZR GLVWLQFW VRXUFHV FRQWULEXWH WR WKLV OLPLWHG
"#! JHQHUDWH SDRYWHWDMIMSSARQ SURGXFW UHSHUWRLUHYV )RU H[DPSOH
"&! LGHQWLILHG RQO\ LQ )HOXNWRIQ SRQWVUNQHOW ZLWK WKH PRUH DJJUF
™ | FKHPLVWU\ RI WKH )HQWRQ UHDFWLRQ 6HFRQG 2[3/V SUHVHQW DV
$(! PD\IDLO WR \LHOG LQWHUSUHWDEOH 06 06 VSHFWUD DQG UHPDLQ
$)! IHDWXUH LWVHOI LV GHWHFWHG )RU LQVWDQFH 36 B R[R! ZD
$¢*! ERWK UHIHUHQFH W\SHV EXW ODFNHGGHUWL NS HFW H D H@F WK HZXHIM
$(+! DEXQGDQFH ZDVIRBAHBKH ODWWHU VRXUFH RI PLVVHG DQQRWDWL|
$"! WKBPRHPLFDPRMQGDWHYV WKH LQWHINIDAMMHGS WDHY B OMMVQVHR | 5,623

$($! !

$(% S5HIHUHR¥WLVWHG &RPELQHG $QDO\VLV RQ 2[3/ 5HIHUHQFHV ([SDQG
$#!' &RYHUDJH DQG '\QDPLF 5DIQJH RI 2[3/V
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7R WHVW ZKHWKBWVUMWHGE QR O\WLY FRXOG HQKDQFH 2[3/ LGHQWL
HLWKHU UHIHUHQFH W\SH \LHOGY DORQH ZH DQDO\]H@ DOO UHIHU
RQOAUHDWPHQWLWRUHWEHWKLY LQWHJUDWHG DQDO\VLY DQ 06 06
RQH UHDFWLRQ W\SH LV SHUPLWWHG WR VXSSRUW DQQRWDWLRQ R
PJLQ WKH RWKHU UHDFWLRQ W\SH SURYLGHG WKH VSHFWUXP DOV
WKH VDVPSIOFLQ F 202/FALEUDU\ 7KLV DGGUHVVHV D NH\ OLPLWDWLR
VHSDUDWH DRIXAANNHBDQ\ 2[3/ IHDWXUHV DUH SUHVHQW LQ ERWK Ut
EHORZ WKH DEXQGDQFH WKUHVKROG UHTXLUHG WR JHQHUDWH LQV
WKHP DQG DUH WKHUHIRUH OHIW XQDQQRWDWHG ZKHQ HDFK UHIH
&RQVLVWHQW ZLWK WKLV UDWLRQDOH LQWHJUDWHG DQDO\VLV \L}
WV\SHV UHSUHVHQWLQJ D PDUNHG LQFUHDVH IURP WKH RYHUODS
DQDOWUXUH ZAWKRXW FKDQJLQJ WKH XQLRQLRXUHLGKBWLILHG 2[3
H[SDQGHG RYHUODS WKHUHIRUH UHIO HFRWF\F DUDHQ WH. FLCDON M HERW K Dt
FKDQJH LQ WKH XQGHUO\LQJ 2[3/ UHSHUWRLUH GHPRQVWUDWLQJ \
WV\SHV ZLWKLQ 5,623 UHVEFXHVERQQRQPHNP2RBQVRWRBR®E ZRXOG RWKHU

PLVVHG

%H\RQG LGHQWLILFDWLRQ FRXQW WKH WZR UHDFWLRQ W'

PRGLILFDWLRQ WKH\ HQULFKHG $PRQJ WKH LGHQWLILHG 2[3/V V
PRGLILFDWLRQV 22+! SURGXFWV RI WKAHHB UWMHORD[WE B WQR © RADH/ F
DEXQGDQW LQ JHQWRQ UHIHUHQFHYV )HQWRQ UHIHUHQFHV DOVR FF
RI 2[3/V EHDULQJ WKUHH R[LGDWLYH PIRIXUIHF B®R QN QVWSHQWP R IOW K X
KLJK UHDFWLYLW)\ RI K\GUR[\O UDGLFDOV JHQHUDWHG LQ WKLV V\V
SURPRWHY PRUH HAROBONX®H BHWDWLRQ 7RJHWKHU WKHVH UHVXC
UHIHUPYWHVWHG DSSURDFK VXEVWDQWLDOO\ H[SDQGV 2[3/ DQQRW
LQIRUPDWLYH GLIIHUHQFHV LQ PRGLILFDWLRQ SURILOH EHWZHHQ V

(QKDQFHG 2[3/ LGHQWLILFD®[3R ® GIImO\FGINVWIOREDWUH RWKHUZLVH L
OLPLWHG QXPEHU RI 2[3/V 3ULQFLSDO &RPSRQHBD@W EQHONRIQV 3&$
UHIHUHQFH VDPSOHV ZLWK YDU\LQJ UHDFWLRQ WLPH IRUPHG GLVW
VHSDUDWHG |UR P+\® KRRY®\ RIHMKMHGEHY, & DGGRWICRQHG UHIHUHQFH
VDPSOHV ZHUH ZHOO VHSDUDWHG E\ UHDFWLRQ WLPH DORQJ SULQ
SURJUHVVLYH WHPSRUDO FKDQJHV LQ 2[3/ FRPSRROWLRILGCQGH R E |
FRQGLWLRQV ZKHQ DOO VDPSOMNM XHHH&WD RWS\DHIDO WROMEKHHDFWL

JLIXUH

8&% RQ RYHUR[L®IRE®G OLSLGV ODERGION WHIEFDGSLEXODW H
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R[LGDWLRQ UHDFWLRQ)DIX® W 6D WERXQVWIOREDO 2[3/ DQDO\VLV UH
WLEBHSHQGHQW SURJUHVVLYH FKDQJHV LQ 2[3/ SURILOHV XQGHU E

7R IXUWKHU H[DPLQH FKDQJHV RI 2[3ZH\§ HUQ 8 UPHGER D OF O X B WG D IHY F
RQ LGHQWLILHG 2[3/V WR XQFRYHU JURXSV RI 2[3/V WKDW H[KLELW
7KRXJK D IHZ FOXVWHUV FDSW X U3H 6 H8IGHQ WL KD QLUMNVOIDY WDWPHQ V L
WV\SHV RI UHIHUHQFHVY WKH PDMRULW\ RI LGHQWLILHG FOXVWHUV |
SUHGRPLQDQWO)\ IRXQG +£Q RIQWK W NH)IDMGREHRPSHFLILFDOO\ FOXV\

DQG ZHUH PRVWO\ WYWHRRM R ® WG ZEWKRQ ZKHUHDV FOXVWHU)
HQULFKHG XQREH R[LGDWLRQ LQGLFDWLQJ GLYHUJHQW 2[3/ IRUPE
WKHVH WZR W\SHV RI R[LGDWLRQ UHDFWRRIQNW 7RPLG DWHK IR DHUUHHDEX\C
JHOQWRQ* RQRQO\ WUHDWPHQWY SURGXFH 2[3/V ZLWKJXWHHYHQW WH
7RIHWKHU D UHIHUHQFH SRRO FUHDWHG ZLWK R[LGDWLRQ UHDFV
FRYHUDJH DQG G\QDPLF UDQJH RI 2[3/V WKDW ZLOO DLG LQ HQKDQ

ELRORJLFDO VDPSOHYV

$SSO\LQJ 5,623 LQ 6WXG\L@VNYRFURBWBV/IL\BLG! 3HUR[LGDWLRQ

7R GHPRQVWUDWH WE } DB/ROVWXGLR@I RILSLG SHUR[LGDWLRQ ZH C
WR LQYHVWLJDWH | HUHRSQERIVQW FHD OURKDWK FKDUDFWHULJHG E\
RI OLSLG SHUR[HGDWHICR@B FHOOV D KXPDQ SDQFUHDWLF GXFWDO |
ZLWK NQRZQ VXVFHSWLELOLW\ WRHINHURBWRBVWKDW WXbH RRBHEOOLYV
LV VHQVLWLYH WR IHUURSWRVIGHBE QBHIQWOP DQIQM D ®GRGHFDQ EH U
FRVUHDWPHQW ZLWKHIH UL RUWWOBRWOQYH LQKLELWRWHRE $HUURSWRVL\

‘H KDUYHVWHG .3 FHOOV WUHDWHG ZLWK 0/ DW GLIIHUHQW WLF
JLIXUH $ 7DEGKGRMVHQG WLPH SRLQWV ZHUH FKRERQ DMWZKLFK FH
XQGHUJRQH IHWURSMW RVERXYW PD\ KDYH DOUHDG\ DEFXPXODWHG GLII
SHUR[LGDWLRQ :H ILUVW FRPSDUHG WKH QX REHLD R/IHZ{ 3/ B PLSIHQM L
DORQH LQ WKH DEVHQFH RI DQ\ UHIHUHQFHV RU IURP FRPELQHG D
2[3/ UHIHUHQFHV WK UYRXIKH5 ,%23H[SHFWHG LQ WKH DEVHQFH RI )HC
RQO\ UHIHUHQFHV RQO\
VDPSOHV REWDLQHG IURP2HRYRH W YHOWRE QRN VXEVWDQWLDOO\ LQ
LGHQWLILFDWLRQ RI 2[3/V 1RWDEO\ WKH FRPELQHG XVH RI DOO U

QXPEHU RI 2[3/V IURP

WR

2[3/V ZHWUBHDIMHAW EHMGVL QQHRUSRUDWLI

GHPRQVWUDWLQJ WKH SRZHU RI 5,62



"“#'! LGHQWLILFDWLRQ RI R[LGL]HG OLSLGLVSHHALMHLPOROULROWRILFDO VDF
"#$! FRQFHQWRDPMLWRQIEDQWLILHG LQZRMXHNDRBOHMUHHPHQW ZLWK SUHY
"“##! UHSRUWHG HQGRJHQRXV OHYHOV RI R[LGL]JHG SKRVSKROLSLGV LQ
"#% 6SHFLILFDOO\ RXU WRWDRRD[FI SURWHLQ DQG WFRMWRO P[B(

"#& SURWHLQ DUH FRPSDUDEOH WR WKH WRWDO 2[3& DQG 2[3( TXDQW]|
"%'! PDFURSKDJHVU6EDOG&DIWHU SHIRMDOLPRQYHUVLRQ EDVHG RQ W\SLFDO
"%(! FHOOZKLFK IDOO ZLWKLQPARIOHPUDPHRWAE Q RUGHU RI PDIJQLWXGH (|
"%) IUDFWLRQ RI WKHLSTLJH@BKRRGKROLSLG SRRO RXU WRRDO 2[3& W
"% DQG WRWDO 2[3( WRWPAG( UDWLRV |DQO PR KLRDQWKHH\SLFDOO\
"%+ DVVRFLDWHG ZLWK HRMWKRQRINFIOIXRGHP E U RRO Q HFADWIHRDQ WKHVF
"%" FRPSDULVRQV LQGLFDWH WRBWWX[GXVDGHWRROWHGWHQW ZLWK SUHY
"%$ HQGRJHQRXV R[LGL]JHG SKRVSKROLSLG7RRIDWWHIYW E RDFRNPRODQ DQ F
"%# OLSLGRPH ZH SHUIRUPHG 3&$ RQ DO OWAJ B DMHXEHIBMRON GULQ 0/

"%% UHVXOWY UHYHDOHG VRPH VHSDUDWLRQ LQ FHOOV ZLWK ORQJHU C
"%& LQGXFHV FKDQJHV LQ 2[3/ FRPSRVLWLRRJL GRVHIEOL SD® B OAMKLLE RW Q
"& ! VLPLODU FOXVWHULQJ ZLWK LQFUHDVLQJ WUHDWPHQW WLPH VXJJ
"&(! EXUGHQ LV DFFRPSDQLHG E\ UHPR&8HGGLQH R IOWKIHG QHDAWLLYUHR QPRIQ W
"&)! JLIXUH !

"&*1
"&+  :H QH[W SHUIPHPDHGE/ . FOXVWHULQJ WR IXUWKHU FKDUDFWHUL]H WKH
"&"!" 'H REVHAWKIDW 2[3/V FRXOG EH FODVVLILHG LQWR WKUHH GLVWLQF'

"&$!' WUDMHFWRULHV DGDRKVHQKVE SDWQWHUQ RYHU WLPH 6SHFLILFDOO\
"&# UHODWLYHO\ VWDEOH DW WDRDQODWGPWKFRL GQWNUHDVHG DW ODWHU

"&8% PLQ &OXVWHU LQFUHDVHG RYHU WLPH SHDNHG DW PLQ DQG
"« VKRZHG DQ LQLWLDO GHFUHDVH IROORZHG E\ D PDUNHG LQFUHDVH
$" | J)LIXUH ( dPKHVH UHVXOWYV VXJJHVW WKDW OLSLG SHUR[LGDWLRQ

$(! HOHYDWHG FHOOXODU R[LGDWLYH EXUGHQ OHDGV WR GLVWLQFW U
$H! WKHVH UHVXOWY GHPRQWWWDWW HGKDQDONVHY HXYAEKJ 5,623 ZLWK R]
$*! UHIHUHQFHY PDUNHGO\ LPSURYHV LGHQWLILFDWLRQ RI 2[3/V LQ EL
$+! LQFUHDVHG R[L@DWLYH VWUHVYV

o

$$! /LSLG 3HUR[LGDWLRQ $VVHVVPHQW E\ %2',3k & DQG 2[3/ 3URILOLQ
$#! &XUUHQWO\ RQH RI WKH PRVW ZLGHO\ XVHG PHWKRGV IRU DVVHVV
$% WKH %2',3< & SUREH ZKLFK GHWHFWYV OLSLG UDWKBRAYK D SHURTI



"#$! R[LGDWLRQ RI LWV SRO\XQVDWXUDWHG & PRLHW\ OHDGLQJ WR D
"Uof UHGXFHG VWDWH a QP WR WKH RfREHMHUV W WH PDLQYPXQFOHD
"%% %2',3< & DFFXUDWHO\ UHIOHFWV WKH RYHUDOO EXUGHQ RI OLSLG
"%& DGGUHVV WKLV TXHVWLRQ ZH XVHG WKH VDPH WUHDWPHQW SDUD(
"%'! )JLIXUH 3QG SHUIRUPHG %2',3< & VWDLQ)LIQXEH | GRZQF VW RPHMAU \
"%(! 6 $ 7KHH®HO RI FHOOXODU SHUR[LGDWLRQ DVVHVVHG E\ %2',3< &
")) FHOOV WUHDWHG ZLWK 0/ IRU PLQ EHIRUH GHFUHDVLQJ WR D
"% WLPHIXUHV % & DQG )LYRUFHR®IDUH FKDQJHV LQ %2',3< & SHUR]
"%¥ WKH OHYHO RI WRWDO 2[3/ DEXQGDQFH E\ PDVV VSHFWURPHWU\ Z}
"%+ EHWZHHQ WKH SHUFHQWB RN LRV LSHHU RHIOGDWR @ Q WKH WRWDO DEXQG
"%$ WKH FRXUVH RI WUHDWPHQW WLPHV ,QW H U HS/RWLLQVIOR H VEKID GV FE3. R
"&# FRUUHODWH ZLWK WRWDO 2)[13J X0UEHX 6GOIQ A MW.IQQB HDIODW WKH %2',3<
"&% VLJQDO PD\ QRW UHIOHFW FKDQJHV LQ RYHUDOO 2[3/ DEXQGDQFH
"8 SHUR[LGIRVLRQYH FHOOV ZDV FRPSDUHG WR HDFK GLVWLQFW WHP.
"& ! LGHQWLMXUG © VLJQLILFDQW SRVLWLYH FRUUHODWLRQ ZDV REVHI
"&(!  )JLIXUH 3" 3HDUVRQ FRUUHODWLR Q #+RRFEEHWG E R UWHIQAMDIPRQ L
"&)! &OXVWHU FRQWDLQV D ODUJHU QXPEHU RI 2[3/V ZLWK K\GURSHUR
"€l RWKHU FPXMWHUYLYHQ WKDW OLSLGV ZLWK K\GURSHUR[\ PRGLILF
"1 GLUHFW SURGXFW RI WKH VDPH UDGLFDO FKHFWLYWWKMKBIVR A", 3<
"&H SODXVLEOH WKDW WKH DEXQGDQFH RI 2[3/V LQ &0XVWHU FRUUHO
"&$! 7KHVH UHVXOWV VXJJHVW WKDW %2',3< & PD\ RQO\ FDSWXUH WKH
"#1 2[3/V LQ OLYH FHOOV 7KH ODFN RI D JOREDO FRUUHODWLRQ EHWZ
"%! DEXQGDQFHV OLNHO\ DULVHV IURP WKHLU IXQGDPHQWDOO\ GLIIHU!
"&! UHSRUWV RQJPHEGILDGIGFDOSLG BKHIR] D& DOWLIER@RELF3/ DQDO\VLV
" | FDSWXUHV D EURDG VSHFWUXP RI R[LGL]HG (LG G/BWIRIGIXFWV LQF
"(| R[LGDWLRQ SUHRENMKEWRRLIJKW WKH QHHG IRU FRPSUHKHQVLYH LG
"1 LQ XQGHUVWDQGLQJ WKHLU FRQWULEXWLRQ WR NH\ FHOOXODU SU
oy

" | &21&/86,216

"+1 ,Q WKLV VWXG\ ZH GHYHORSBG\SL¥NMH® DSHSHWRBEORKHRU HQKDQFHG |
"$! R[LGL]JHG SKRVSKROLSLGV 2[3/V LQ DQ XQWDW& HW HTKB LFSRIGHRP L FV
"#! DGYDQFH RI 5,623 LV WR JHQHUDWH FKHPLFDOO\ HQULFKHG 2[3/ UH
"(%! ELRORJLFDO PDWUL[ XYLRQOHGWR®\WOQRQ+ BYRYLWLQ6 BREJKSHFWUD
"&! DQG UHWMIORMLRQFKRUV IRU 2[3/V WKDW DUH RWKHUZLVH WRR VFDL
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VKDULQJ 06 06 HYLGHQFH DFURVV WKH WZR UHDFWLROQSWKSHW DQG
LQ VIVIHFRVUDO OLEUDU\ 5,623 UHFR YHENQIGEHHFWM L2 [F/NVWIKRQWH IRU
FRQVWUDLQLQJ WKH VHDUFK WR ELRORJLFDOO\ SODXVLEOH VSHFL
QXPEHU RI 2[3/V LGHQWLILGGXER GHBURSWAVLZLWKRXW UHTXLULQJ
LOQVWUXPHQWDWLRQ RU GDWD DFTXLVLWLRQ %H\RQG PHWKRG GHY
%2',3< & OLSLG SHUR[LGDWLRQ SUREH FDSWXUHV R[LGDWLYH EXU
OLYH F¥@®WUVFRULQJ WKH QHHG IRU FRPSUHKHQVLYH XQWDUJHW
ODQGVFDSH LQ ELRORJLFDU SH@FHD®HM 5062 B Q\GR ADVOXBH HVS 8O L H C
GLIIHUHQW FHOO DQG WLVVXH W\SHV EH\RQG FXOWXUHG FHOO V\V'
LQYHVWLIJDWH RWKHU FODVVHV RI R[ILGL]JHG FRPSOH[ OLSLGV LQF!
EURDGO\ DSSOLFDEOH SODWIRUP IRU OLSLGRPLFV VWXGLHV 7KH L
HVWDEOLVKHG KHUH OD\V WKH JURXQGZRUN IRU IXWXUH PHFKDQL\
UROHV RI R[LGL]JHG FRPSOH[ OLSLGWV LQ SK\VLRORJ\ DQG GLVHDVH
!

$87+25 ,1)250$7!21

&RUUHVSRQGLRJ $XWKRU

'LDRDL SKBEDUWPHQW RI &RPSDUDWLYH OHGLFLQH <DOH 6FKRRO F
&RQQHFWLFXW <DOM&HQWHU IRU OROHFXODU DxP® i \&/FMKHRARO ORIW D F
OHGLFLQH 1HZ +DYHQ &RQQHFKWAVAXW,QVWLS6$WH <DOH 6FKRRO RI
1HZ +DYHQ &RQQHFWLFRW LG RB6S$ (PDLO

[LDRDL JKDR#\DOH HGX

!

$XWKRUV

=L[LQJ &KMGDUWPHQW RI &RPSDUDWLYH OHGLFLQH <DOH 6FKRRO F
&RQQHFWLFXW RUFLS®BRUJ !

$QGUHZ (ULFNM\SODQUWPHQW RI &RPSDUDWLYH OHGLFLQH <DOH 6FKRF
+DYHQ &RQQHFWLFXRWFLG R8BS ]

1IDWDOLHHSMRWPHQW RI &RPSDUDWLYH OHGLFLQH <DOH 6FKRRO RI
&RQQHFWLFXW! 86%

!

$XWKRU &RQWULEXWLRQ

= & GHVLJQHG WKH SURMHFW XQGHU WKH JXLGDQFH RI ; = = & S|
DQDO\WHV $ ( FRQGXFWHG LQGHSHQGHQW FRGH(FEBBNLQJ DQG DF



"#'! SURYLGHG IHHGEDFN RQ JUDSKLF GHVLJQ DQG WKH ZULWWHQ PDQ>
“HH =

"H$! !

"8 $FNQRZOHGMPHQW

"$&!' 7KLV ZRUN ZDV VXSSRUWHG E\ D WUDQVODWLRQDO JHURVFLHQFH S
"$ 1 3HSSHU 20GHU $PHULFDQV ,QGHSHQGHQFH &HQWHU ; = DQG OF&L
"$(! WKDQN 'U 0DQGDU O0X]XPGDU DW <DOH 6FKRRO RIWKIGLFH@® IRU JH
"$)! OLQH XVHG LQ WKLV VWXG\ :H WKDQN <DOH )ORZ &\WRPHWU\ IRU W
"$*1 DQDO\VLV 6FKHPDWLF GLDJUDPV ZHUH!FUHDWHG ZLWK %LR5HQGH !
"$+ |

"$"! 'DWD DYDLODELOLW\

"$#! 7KH OLSLGRAPH B HS R H/®RIMHAWIE RVRRPUFREHQW X G\6 7' 'DWD7UDFN
"$$! DF®Q EH DFFHNWWG DW[ GRL RUJ ! 013

"$98 !

"%& &RGH DYDLODELOLW\

"%'l  7KH BFULSVOWMWUDWH & WREID\WW KEN DFFHKWWGWWILWKXE FRP =KDR/DE
"%(! <DOH 5,623B3BFRGH

Yol 1

"0pM |

"%+ SHIHUHQFEHV

"' 'XUDQG ( /DJXHUUHDBD OQPROXBOLHKFRPWH - 9LOOHQHXYH 3
"0o## FRPSOH[LW\ Rl OLSLG R[LGDWLRQ DQG DQWLR[LGDWLRQ $ UHYLH
"%$ DSSURDBKRY /LSLG 5HV !

"%% 'DQJ 0 <DQJ % 6KDR 3 -LH ) <DQJ : /X % 6WHUROV DQ
#&& (IIHFW RI 'LHWDU\ ,QWDNH RQ 7L VIIXLHQWUGEHMF.RQR® $KRP

#H&'! * !

#&(! %URZQ $ - 'HDQ 5 7 -HVVXS : JUHH DQG HVWHULILHG R[\VV
#&)! R[LGDWLRQ Rl ORZ GHQVLW\ OLSRSURW-HUQSRGGHX8SWDNH £\ PDFUR
#H&M !

#HE&H 5HLV $ 2[LGDWLYH 3KRVSKROLSLGRPLFV LQ KHDOWK DQG GLVFE
#&" KRSHYHH 5DGLFDO %LRORJ\ DQG OHGLFLQH
H#&H <LQ + ;X /' 3RUWHU 1 $ )UHH UDGLFDO OLSLG S&SKURHLGDWLR

#&$ BSHY

I+
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29"RQQHOO 9 % $OGURYDQGL O OXUSK\ §5 & LUIQNH  *
SKRVSKROLSLGY DVVXPH FHQWHU VWDJH DV HVVHQWLDO UHJXODV
6FLHQFH 6LJQDOLQJ HDDX!

1DJXLE < 0 $I10OXRURPHWULF PHWKRG IRU PHDVXUHPHQW RI SH
RI OLSRSKLOLF MWL R4 LB PKNPV + |

<DPDQDND . 6DLWR < 6DNL\DPD - 2KXFKL < 2VHWR ) 1R.
SUREH ZLWK KLJK VHQVLWLYLW\ DQG VHOHFWLYHS56&WIBNFIUDEFAWI O

+ 1

BSLFNHWW & 0 7KH OLSLG IS\WRIQRIWIQPD® SDBBBXEWHY LQ FKHP
DQDOBH&R[ ELRORJ\ + |

&KHQ - =HQJ / LD 7 /L 6 <DQ 7 :X 6 4LX * [LX =
R[LGDWLYH VWUHVV D IOXRUHVFHQW SUREH IRU H[RJHQRXV DQG |
FHOYXIQDO &KHP +

%LQGHU & OLCBIDFMDALF 1 :LW]JWXP - / ,QQDASHPHOQNHGLWRRH
LQ KHDOWK DQBWHXWH BWNLHZY ,PPXQRORM !

4XH ; +XQ@J 9OHDQJ & *RQHQ $ 3URKDVND 7 $ 6XQ ; 'LF
*DGGLV ' ( %RZGHQ . 2[LGL]HG SKRVSKROLSLGV DUH SURLQIOI
K\SHUFKROHVWHURDWXPHF PLFH +

+DEHUJHWWO 3 +LOO % * 2[LGL]HG OL SIHBHQ EW QWD WHQIHWF
VWLPXODWLQJ WKH HQGRSODVPLBHER[LEXRERIVWUHVN UHVSRQVH

/LQ = /RQJ ) .DQJ 5 .OLRQVN\ ' - <DQJ 0 7DQJ ' 7KH Ol
DXWRSKBXWRSKDJ\ +

7\XULQD < < .DSUDORY $ $ 7\XULQ 9 $ 6KXULQ * $PRVF
7LDQ + %XQLPRYLFK < / 1HIHGRYD < +HUULFN : * 5HGR[ SKR
IHUURSWRWLF GHDWK VLJQDOV LQ $ PHOIHERADWEROAV\LQ YLWU

!

JHL * =KXDQJ / *DQ % 7DUJHWLQJ IHUUR SIDRWXYHDVHLY LYK |
&DQFHU +

IJHH 6 %LUXNRY . * B5RPDQRVNL & ( 6SULQJVWHDG - 5 />
RI SKRVSKROLSLG R[LGDWLRQ SURIGNXRVO\D \VQRWEKHHRNEBDE URV LV

!

7VLPLNDV 6 :LW]JWXP - / 2[LGL]HG SKRVSKROUBSMBMIHQ FD
5HYLHZV &DUGLRORJ\ + |
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%RIID 0 % .RVFKLQVN\ O / 2[LGL]HG SKRVSKROLSLGV DV D X
DQG FDUGLRYDVFXDWXUGLYHDIVHHZY &DUGLRORJ\ !

'RQJ < <RQJ 9 : 2[LGL]HG SKRVSKROLSLGV DV QRYHO PHGL
7TUHQGV 1HXURVFL + |

'RQJ < 'fOHOOR & 3LQVN\ : J/RJLQVNL % O .DXVKLN '
%URZQ ' OHOR ) & =DQGHH 6 2[LGL]HG SKRVSKDWLG\OFKROL

OHVLRQV PHGLDWH QHXURGHJHQHUDWLRQ D\ G 1BIXKH RVHXWUDOL]HG
+ |

/LX - /L : &KHQ 5 OF,QW\UH 7 0 &LUFXODWLQJ ELRORJLFC
VKRZ RRLQJ DQG LQFUHDVHG R[LGDWLYH S5HGRYVWLROQRRIOGHU PDOH
+ |

3DOPLHUL 0 $OPHLGD 0 HRHRWHDGRZ + *RFHBK 7 ( 4XH ; 7\
6 6XQ :; ODQRODJDV 6 & :LWJWXP - / HW DO 1HXWUDOL]D
DWWHQXDMMHAMRBUBWHG ERQKM IO RVVEHD OLFHH !

6SLFNHWW & 0 3LWW $ 5 2[LGDWLYH OLSLGRPLFV FRPLQJ
R[LGL]JHG SKRVSKROLSLGV LQ SKXYWWRRRI DHGR$ BWKRIAR Jt

!

BWUDVVEXUJ . +XLMEUHFKWY $ 0 .RUWHNDDV . $ J/LQGHP
$ %HUJHU 5 %UHQNPDQ $ +DQNHPHLHU 7 YDQ 'X\QKRYHQ - 4

WKURXJK FRPSUHISH@DVDQWD 0&VLY DSSOLFDWLEBQO® BORGIQDFOV %W BiH
+

‘HOFK % 0 %RPPDULWR 3 $ &DQWRQZLQHKHLI( $0L@GQB © /
/ =HOGLQ ' & OHHNHU - ' OF(OUDWK 7 ) )HUJXVRQ
LQIODPPDWLRQ DQG R[LGDWLYH VWUHVV SIHHKZDGV FG XUILRA HMEO \

+

'DPLDQL 7 %RQFLDUHOOL 6 7KDOOLQJHU * * _RHKOHU 1
$ 3DXOLQJ - . 30XVNDO 7 1L = HW DO 6RIWDD D DG &RP ¢
(SLOLSLGRPLFV &KDOOH®QBY DE}HBROXWLRQV

6SLFNHWW & 0 )RUPDWLRQ RI R[LGDWLYHO\ PRGLILHG OLSLGV
JURQWLHUV LQ HQGRFULQRORJ\

6LP}HV & 6LOYD $ & 'RPLQJXHV 3 /DUDQMHLUD 3 3DLY
3KRVSKDWLG\OHWKDQRODPLQHV JO\FDWLRQ R[LGDWLRQ DQG JO

GHQGULWLF FHQEBO/OWURRERWR RWLRSK\V: |
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1D\HHP 0 $ 5ROH RI R[\OLSLQV LQ $PW B LRYDWFXFROOU 6LQHDV F
+
%DUNMHGD 7 & 9LOODVHSRDQR &RQYSBH]E *UDGLOODV ¢
%DUEDV & ,Q YLWUR JHQHUDWLRQ RI R[LGL]JHG VWDQGDUGV IRU Ol
OLSLG FRPSRKWBWIWRJIU $ !
ORUHO < -RQHV - : 80 OG]|DYERXURIWEANXEH LRQ PRELOLW\ I
LQWDFW R[LGL]JHGFRQWPKIQERQDWH FHURSKRYVSKRUILGD®H VRK D Q/K®|

$PHULFDQ 6RFLHW\ IRU ODVV 6SHFWWRPHWU\

$R\DJL 5 ,NHGD . ,VREH < $ULWD 0 &RPSUHKHQVLYH DQD¢
XVLQJ D PHDVXUHG 06 06 VSHSMWABHVLEUDU\ + !

*DU]JD 6 -DPHV * 3DUN + * %DNHU 3 5 %UHQQD - 7 ¢
SHUR[LGL]HG SKRVSKROLSLGV |WRPOE FOYQ® GI6LOH WAV J IDIX WER [L G L ] H
UHWLQD UHIHUHGRD O WK UGV + !

=KRX = +XDQJ :<=RXQJ6< :DQJ < 'RQJ 0 =KRX ' =KX %

VLOEBRGLFWHG G\QDPLF R[OLSLGRPLFWKORREGKSHKVWVWEUDBUVFRY.HK\
FKDUDFWHUL]I]DWLRQ RI XQNQBRQQ&KHBL]HG OLSLGV

2 'RQQHOO 9 % O0DVV VSHFWURPHWU\ DQDO\VLV RI R[LGL
SKRVSKDWLG\OHWKRRRICPDBLABK\V $FWD + |

=VFK|UQLJ . 6FKLOOHU - $ VLPSOH PHWKRG WR JHQHUDWH
DPRXQWY FORVH WRARIM BKOWYLAWBDEBYV =+ !

JROFK - /HHV 0 6WDQOH\ * 6 $ VLPSOH PHWKRG IRU WKH L
OLSLGHV IURP DQLPOL R WLEKNKRYV + |

JIHOHU + & $KUHQGV 5 %DNHU ( 6 (NURRV . +DQ ; + |

'HQN 0 5 J/LHELVFK * 5HFRPPHQGDWLRQNDMLGIBRSL SRBEBM FH L
5HV !

ODWVX]DZD < +LJDVKL < 7DNDQR . 7DNDKDVKL O <DPDGD
5 B6DLWR . 7VXJDZD + )RRG OLSLGRPLFV IRY $J WL L)FRKRIBNEKIHDO

+ |

BRNRO ( $OPHLGD %®DFK+DQQLEDRWRZVND ' O9RJW -  %DX
,ULVWLDQVHQ . 1LWVFK 5 .QXGVHQ - (MVLQJ & SKBVRILOLQ
OLTXLG FKURPDWRJUDSK\ QDQRHOHFWUWRVBUWUDSR QDY W LRIH FVQQ
$QDO %LRFKHP +

&DUSDQHGR / 5XQG . 0 :HQGH / 0O .DPSVFKX®0MH 1 6F
DQDO\VLV RI SKRVSKROLSLIGMBOHBKLOJ FRIWILSLQV
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1L = $QJHOLGRX * +RIIPDQQ 5 )HGRURYD O0VB¥BRLULAU VF

SUHGLFWLRQ DQG LGHQWLILFDWLRQ RD®R[GBWIDBEFISKERVSKROLSLGV
!

ODWVXRND < 7DNDKDVKL 0 6XJLXUD < ,]XPL < 1LVKL\DPD
0 %DPED 7 <DRDGWUXFWXUDO OLEUDU\ DQG YLVXDOL]DWLRQ
SKRVSKDWLG\OFKROLQHV XV IE@YVN RO W HERHDANT KPP O\

!

9HQWXUD * %LDQFR 0 &DOYDQR & ' /RVLWR , &DWDOGL
LQ XQWDUJHWHG OLSLGRPLFV D FDVH VWXG\ RO S HUQDKWHLLROID DO RK
RI OROHEXODU 6FLHQFHV !

6X + )RZOHU & ODVWHUV & / %DUQKDP . - 5HLG * ( 9H
WR HYDOXDWH WKH HQULFKPHQW Rl HIWUDFHOQID® BH\HVLFOHV Il

.RQWXVK $ /KRPPH 0 &KDSPDQ 0 - 8QUDYHOLQJ WKH FRPS(
- /ILSLG 5HV * !
=KDQX BKL # :DQJ & :DQJO< :HL + ;XH +& ODR=; =KDQJ

77 7DUJHWHG OLSLGRPLFV UHYHDO WKH HIIHFWV RI GLIIHUHQW SK
RI KHSDWLF PLWRFKRQGULD DQG HQG RS0 NUBNKFAMGUHWERRDEP LG
QRQDOFRKROLF IDWW\-O$YHUFG)RRBV&KAPFH  + !

5DYDQGL $ /HLEXQGJXW3DWH®QO O+XWFKLQV 3 0 O0XUSK\ 5
$ ODKPXG ( OLOOHU < , 'HQQLV ( $ 5HOHDVH DQG FDSWXUH R
DQG R[LGL]HG FKROHVWHU\O HVWHUV GXULQJ SHUFXWDQHRXV FRUF
LQ KXPPQ$P &ROO &DUGLRO + !

%RFKNRY 9 1 2VNRONRYD 2 9 %LUXNRQGHU &HYRGMQFNSC
*HQHUDWLRQ DQG ELRORJLFDO DFWLY $\WWL\R[RGRQWVG\L |H @ HSKRR VB K.

+ |

'HQGH / 0 &DUSDQHGR / 6FKRO] / .DPSVFKXOWH 1 :HVW
1 + AXDQWLILFDWLRQ RI HVWHULILK® FRYLRIBLY VRIR RO RZASKIGE +F Q &
5HV !

5HLY $ 'RPLQJXHV&RUUHUNH® 'RPLQJXHV 0 7DQGHP PDVV V¢

LQWDFW R[LGDWLRQ SURGXFWV RI GLDF\OSKRVSKDWLG\OFKROLQ!
R[LGDWLRQ Rl WKH SKRVSKRFKROLRMH KIHDFODYEVES HFHWUHBRMW L D

+ !
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'XFKp * 6DQGHUVRQ - 0 7KH FKHPLFDO U&KOHRVLSYHW\ RI PHPE

+ !
JUHLQELFKOHU : &ROLYLFFKL 0 $ O6WHIDQLQL & %LDQFKL
3 /LQHUW : 9DUH&OLMD ' 7LSWRQ . ) +LJKO\ UHDFWLYH R[\JH(

SRVVLEOH IZX8BWLRRY /LIH 6FL * !
*UDI ( ODKRQH\ - 5 %U\DQW 5FDWDIHDWRQ K\GURJRIUDGLFDO
6WULQIJHQW UHTXLUHPHQW IRU fUBWHRQ RERKARRUGLQBWLRQ VLWH

+DOOLZHOO % *AWWHULGJIH - 0 %ERORQIGHDWD \KUGDRH{ YD QMD
JHQHUDWLRQ $Q0X SE DMWH + |
=KDR = +\GUR[\O UDGLFDO JHQHUDWLRQV IRUP WWKHHUFHDFVFWREBRJ

JUHH 5DGLFDO %LRORJ\ DQG OHGLFLQH

8UVLQL ) ODLRULQR 0 /LSLG SHUR[LGDWLRQ DQG)UHHIRSWR\
5DGLFDO %LRORJ\ DQG OHGKEFLIQH

6DQWRYV 0 ODXULFLR 7 'RPLQJXHV 5 'RPLQJXHV 3
SKRVSKDWLG\OFKROLQH VXSSOHPHQWDWLRQ RQ WKHS$OERLGRPH
%LRFKHP %LRSK\V !

&ULVFXROR $ 1HSDFKOISXHROYEER 3 )*DDBUB 0 1L = %DURQL
* *RUDFFL / %OsKHU O )HGRURYD 0 $QDO\WLFDG HDSMEKFRPS
DQDO\VLV RI R[LGL]JHG FRPSOH[1IDWVEL&RPIRXGORRG SODVPD
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JLIXUBHIHUHMWH.VWHG LGHQWLIVBEWLLIRE® RILGRPISOHBKRVSKROLSLG
$ ,Q ELRORJLFDO VDPSOHV R[LGL]HG SKRVSKROLSLGV 2[3/V DUH
&RQVHTXHQWO\ WKHLU 06 VSHEFWUD DUH RIWW® BIQ® X W DFLIHRQQN O\ L
FKDOOHQJLQJ 7BHRWHIF@®RE WKLY FKDOOHQJH ZH H[SHULPHQWDOC
SRRO R| R[LGEMM GRPLGDWYRQ UHDFWLRQV 7KHVH UHIHUHQFHV DUH
R[LGL]JHG SKRVSKROLSLG 2[3/ VSHFLHV LQ JHWGIDEDHH Q YWR EHAD I/VQ &
RI OREXQGDQFH 2[3/V LQ ELRORJLFDO VDPSOHV W K URKK B UJHW HQW
UDWLR PDWFKLQJ WR WKH R[LGL]HG OL S%GRWHIMWRIZQRHY,6UBJKW SD
8QWDUJHWHG OLSLGRPLF SURILOLLCEI 8 R WIKH SELRRIQ Q BIVF R D ELIRPORIH F
ZHUH REWDLQHG E\ Q@ WO OLISWERPEPWHUDWLRQ Rl FKHPLFDOO\ HQU
UHIHUHQFH[BEBRI®\G OLSLG UHIHUHQFHYV ZHUH JHQHUDWHG E\ VXEMHI
ELRORJLFDO VDPSOHV WR 2 HQWHDW B H D FAVER®RORIURE GLITHUHQW UHI
WLPHV IROORBHE6 LKL GRPLF DIRIQOAWUX FW LR QY SRH AL @ YR Q@ A R

2[3/ VSHFW UDTX I HEU®RIIH QRM\G QIRIG SKRVSKROLSLGY LGHQWLILHG
VDPSOWRP VWHIH XVHG VERILERWLRQ VIBMIQHRUDWHG WDQGHP PDVV
VSHFWUD FRQWDLQLQJ GLDJQRVWLF LRQV RI HDFK 2[3/ VSHFLHV ZF
VSHFLILF R[LGL]HG SKRVSKROLSLG VZWFM/AWWHG L BUDJYE/R WDHVHR @ Q
IHDWXUHV ZHUH ILUVW GHWHFRVH®D ®\F KHYHBDMLROHYLPHRDRGLFDO
WKH H[SHULPHQWDO UHIHUHQFH SRROV 7KHVH IHDWXUHV ZHUH WK
H[SHULPHQWDO 06 06 VISH KOG DFFER YSIHBW@ DU DWRPGWKH VDPSOH
VSHFVBHFWUBP®@DPYYV LGHQWLILHG LQ ELRORJLFDO VDPSOHV ZHUH Ul
YDOLGDWLRQ WR UHPRYH!PLVDQQRWDWHG 2[3/V
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JLIXUHGHQWLIRFRGLBORYSKROLSLGV LQ2) RQVUHR 8 UHNG H V
3UHSDUDWBRQHRIHUHB®FRHWXVSHQVZRQH VXEMHFWHG WR )HQWRQ U}l
+2 RQODAUHDWPHQW IRU GLIIHUHQW UHDFWLRQ WLPH SRLQWV $W
VDPSOHV ZHUH KDUYHVWHG IRU ®AS6GRRLF DGEHQWILN EDW& R Q
VHSDUDWH ) HQWRQODH) BU HOHMIQY GLDUKPPLQJ WKH QXPEHU RI XQLTX
FRPPRQO\ LGHQWLILHG 2[3/¥ 2 URPOMIGWR @FBISUHVHQWDWLYH )HQV
XQLTXH+2QRQAQLTXH/ 2[BREG[WUDFWHG LRQ FKURRDWRRIDPV
UHSUHVHQWD®& YH B[3/V2+! OHDWG 36 B RURUJKW IURP )HQWRQ
UHIHUHQHAB PDRQOHIHUHQFHVLE®XM 5HSUHVHQWDWLYH WDQGHP
ZLWK GLDJQRVWLF LRQV IRU LGHQWLILFDW L RP@ VN¥DRHKDIWIH RJHDOWL. RL R
P ]DQBRUUHVSRQGLQJ IUDJPHQW LGHQWLWA\DRB HDWW HDDWE B O HR . §
S X U SXWHH HDQQ G HBH S U HYRIRW G L]H G VL GR{ LRXLJ HGVV L GOHL 5 K6 LROD V V
FKDUDFWHUDRDQ®URAROAMR UV RU SUHF XUV R U VUZHMWSH W XYVHID O YORRW W F
FKHPLFDO WWB&FWXBUH 2+! OHDWG 36 B RURUKW ZLWK LVRPHU
QRW VSHFLILHG $QQRWDWLRQV IROORZ WKH ULGHQWLFDO FRORU F|



JLIXUH
A

Identified OxPLs

Combined analysis of
Fenton and H,0.-only references

12 16 20 24 28
Retention time (min)

Intensity

Fenton

T
°
)
3
<

[0
| i

Keto — <oxo>

0 TNIT

R%BBEEBBE%S&BEB&&gS

Fenton

4 Hz202-only

| | |
I 4
|
|
[ __ |
=
==
[ |
I
P PEY
LPC(16:1<OH>)(a)
LPC(lS |<onl_;)(b)

T I PO
I PC

Hydroxy — <OH>

I
LIL [T

Hydroperoxy — <OOH>

ﬁlllll.

L0

I
H

Carboxy — <COOH> '

2 modifications I 1
___

i

EBBSS{%?@SS %?3333283383883

18:0_20:3<OH>)(a)
18:0_20:3<OH>)(b)
8:0_22:4<OH>)

160.16:1<00H:)
0_18:1<00H>)(a)

181_18:1<O0H>)(c)
(38:2<00H>)
[ PG(38:1<00H>)(a)
— PG(38:1<00H>)(b)
SN S I N  PC(16:0_9:0<COOH>)(a)
I | I N PC(16:0_18:3<20H>)
_—— PC{34:2<00H,COOH>)

PC(37:5<OH,0x0>)
PS(38:3<20H>)

34:4<0H,0x0,00H=)
35:4<0H,ox

3 modifications

,0x0.00H=)
7:5<0H.0x0.00H=)(b)
OH,00H>)

:4<20H,00H)
29:4<OH.cx000M>)

Zscore [N < Not detected

-11 0 19

Po(3s
. PO i 00H>;(a)

C PCA - oxidized phospholipids

6

4

N

PC2: 8.27%
o

H Conditions

! Fenton O h
' Fenton 1 min
'

Fenton 20 min
Fenton 4 h
Fenton 24 h
Fenton 72 h

A H;OxonlyOh
H20z-only 1 min

-10

D

PCA-

PSS A

PC1 70.44%

oxidized phosphollplds

PC2: 15.33%
o N
o o

®
o

&
o

\.t

R

-

or---zw

5
PC1: 62.07%
Cluster 1

(Fenton: 24, H,0,-only: 0)

Conditions

E PCA - oxidized phospholipids

Fenton 0 h
Fenton 1 min
Fenton 20 min

Conditions

A H;0z0nlyOh
H,0;-only 1 min

4 Hy0,-only 20 min

4 H0zonlydh

A H;0zonly24 h

A H,0zonly72h

Cluster 2
(Fenton: 3, H,0,-only: 30)

Cluster 3
(Fenton: 2, H,0,-only: 4)

SR A PN
S NP
Time
Cluster 4

(Fenton: 3, H;Oz-only: 8)

N & SO N, SIS
Q) \(& e@ B AV
L3
Time
Cluster 5

(Fenton: 4, H;0,-only: 6)

N - SR RN P
o & '19@ » PO
Time
Cluster 6

(Fenton: 0, H,0-only: 8)

Z score

oo
,-P » 'l«h «'\
Time
Cluster 7

(Fenton: 3, H,Oz-only: 1)

Cluster 8
(Fenton: 7, H,O,-only: 0)

& & o
\6,9‘(\\ ESON
Time

Cluster 9

(Fenton: 11, H,0-only: 0)

~

Z score

Z score

o

& &
X

A\ P
w

Time

NI
Q K> ,9@ B AV
Time

> S \\ NP
e

Time

Oxidized lipid references == Fenton mm H;O-only



YLIX UK HIHUHMWWHL \FRAHEL. @G O\VLV R® IM[BH QDWW GHQWLILFDWLRQ
FRYHUDJHB QRBLFQJH RI 2[8/¥[3/VLGHQWLILHG IURP FRPEH@WMBQ QD O\
DQG2r RQOHIHUHGFQMY GLDVKRELQJ WKH QXPEHU RI XQLTXH DQG FRP
LGHQWLILHG 2[3/V IURP RHOOMRBUN@EHHDWPDS Rl 2[3/V LGHQWLIL
JHQWRQ D QGURIUHY H@FAKVURZ UHSUHVHQWY RQH 2[3/ DQG HDFK FRC
LQGLYUBXOBAVDKWH)HQWR @RQO0\ UHIWWBHR@KXHPQV DUH UHRKBHGFH
W\SH QG URZV DUE\ JWRMHEGDWLYH PREVFIRFFADMVLBEBSUHVHQWLQJ WK
UHODWLYH OREXHDFXQBBHD OFXODWHG IURP QRUPDOL]HG 2[3/ LQWHQ
*UH\ VTXDUHV ZLWK FURVVHV LQGLFDWH &[3AVL YKIDSAD @ HFRHP RGH Q W
DQDO\VLVR@SBWUDQVIRBPROQQWERNLMRPPRQ3/V LGHQWLILHG LQ
JHOQWR®WQ VKDGH\D @G UHE\G 2+ R Q OW U L BIRQ O/HK D G H VDRI GE DUXHH\
UHIHUHQRRVXQWDUJHW H(@® BHESBW 06 RFRISY\VHQWY RQH VDPSOH DW D
SRLQW IURP HLWKER IRD-OQWRIQHR Y GBER@RWUDQVIRBPRBOL]HG
LQWHRNLWS/VLGHQWLILHG' LRQG QVBRQ GWQILH@ R® q\
UHIHUHQRRVXQWDUJHW H B FAISW 6 RFRISWHVHQWY RQH VDPSOH DW D
SRLQW IURP HLWKHU )ROW RQ UHIHUHQFHVIDQV FOXR@HULQJ
FRPPRQ3/VLGHQWRIERRGVK )HQ W RRQDOEGHUHQFHMQV FOXVWHULQJ ZDV
SHUIRUPB® WRRDOL]HGRIPWHYVWLQVUHIHUHQFH VDPSOHV IURP GLIIHUF
YHQWRQ2RRQ®\UHDWRHPEWU RI 2[3/V IURP+ PHEWEBBIRUHQFHV LQ HDFI
FOXVWHU LV=NV® BUAFDQGLG L G X D DU M3 ODQHW KRE OH W K HUG ZDLQWK U
EOXH OHSH\H\DMQEHDOVFRUH JHERRQ RDORQOHIHUH @AHMBHFWLYHO\
/ILQH WKLEWQRSRUWLRQDO WR WK B \QXPE ©OU RH 2 [BEVFDW] HV R



JLIXUH

A ML210
v .
) | T T T T 1 ﬁl
~Omin 20 min 45min 80 min 120 min 270 min Lipid
Cells ¥ Y. Y Y y Y.o» extraction --» LC-MS/MS
B Number of identified oxidized phospholipids
Analysis

Samples alone

Samples + Fenton references

M ML210-treated samples
M Additional OxPLs identified using Fenton references
I Additional OxPLs identified using H,0,-only references

les + -only ref
RISOP Samples + H,0-only references [ Additional OxPLs identified in both Fenton and H,O,-only references
Samples + both references
0 5 10 15 20
Count
C E Cluster 1 (n=5) Cluster2(n=9) Cluster 3 (n=8)
PCA - oxidized phospholipids 2d 2
(3 d o 14
50 ¢ : < :O; ! :0; 0t — = ==~ (S—.
| o 0T S .
R 25y i N 14 N 14
© DS * Time points Y 2 e
9 00k ----- e _¢--9 ¢ 0min 0 20 45 80 120270 0 20 45 80 120270 0 20 45 80 120270
g ’ N g # * . ig min Time (min) Time (min) Time (min)
min
o 'Y 3 .
25 ! : *1320"“", F Omin  20min  45min  80min 120 min 270 min
o + 270 min [— - e
50 -25 00 25 50 - --= | — PC(16:0_16:1<OH>)(f)
= PC(36:2<OH>)
PC1: 46.42% 2 - [0 PE(37:4<0x0>)
= [ | || . PE(40:7<20H,0x0>)
D CH | BN | B PS(18:0_22:4<OH>)
PCA - non-oxidized lipids | PC(16:0_18:1<0x0>)(c)
; || [ | | PC(37:5<0H,0x0>)
20 ! * o - | [ | PC(0-34:1<OH>) Z score
| 5 | | ] . || PC(0-36:1<OH>) 4
} ® | | PE(38:2<00H>) l »
2 ¢ : * 3 [ || PE(38:3<20H,00H>)
® of--® o T _] Time points ~ © \ [ ] PE(38:4<20H,00H>) 0
] 1 .
N ® &/ ¢ Omin = -\ = ggfgngw“)’ (@) -2
N ¢ 20 min 11<0x0>)
) | & 45min m PC(16:0_18:1<OH3)(c) =4
a -20 \ P & 80 min | PC(39:5<0x0>)
| * 120 mi M L [0 PC(39:6<0x0)
| min 8 || [ | PG(38:1<00H>)(b)
*, 4 270 min ] [ [ | PS(18:0_20:3<OH>)(a)
-20 -10 0 10 20 30 o - sggg:gég’-'k())b)(b)
. 0, X >)
PC1: 34.21% | I — PS(40-2<0x05)

-



JLIXUKMSSO\LQJ 5,8¥ X G\HQ@U R S DARWR NLMS\SEG R [L G BWALRMSDUDWLR Q
RO/ WUHDWHG FHOOV IZGIFHE RMWMIGO 0/ IRWLWUHDWPHQW WLPH
SRLGWWWKH HQG QRF XEIWWK PRIQSRLQW VDPSOHV ZHUH KDUYHVWHG IR
E\ /806 06 % 1XPEHU Rl L@HQJWIQLHGWUHDWHG MWK ®RHVZLWKR XW
5,623 6WDFNHG EDU SORW VKRZLQJ QXP BH U VWRJIHI®/GLIZBRSEH VH G
ZLWKRXW SX280H DQG DGGLWLRQDO 2[3/V LGHQWLIHRBG XVLQJ )H¢
RQO\ UHIHUHQFHV EOXH +RU RERO KU BARREABRHBIE N PDJHQWD
WKURXJK 5862BLQFLSDO FRPSRQHQW DQWODQAWI REBEIBARQ ORJ
FRQFHQWRDV[RQVGHQWLILHGNUG DWHG (DPECGEDMWD SRLQW UHSUHV
RQH VDRSOMHVWHG IURPPH SRIIGEWRQ ORMUDQVIREPBG
FRQFHQWRIDWQRRM GL]HG OLSLGV LG KQW DI\WHGDEFHODMWD SRLQW
UHSUHVHQWYV RQHWDPSIOGE | WRIPPB SIRLHEIWI D QV F O XK@/ FRY3/WJ
LGHQWRQILLHGNVUHDWHG VPABQMVWOXVWHULQJ ZDV SHUIRUPHG RQ PR
FRQFHQWRD®BRQVO/ WUHDWHG WDRBWHW IRU GLIIHQUHRMKGXUDWLR
FOXVWHU QXPEHU RI 2[8VVRWRIQGLEDW.IBEDO 2[3/V JUH\ OLQHV DI
WRJIJHWKHU ZLWK EURZQ OL GV H DEWIMHHRHIIR LVHK REG H\ND FK FO XV W H U
/ILQH WKLEWQRSRUWLRQDO WR WK B \QXPE Ol RH 2 BV HV R

) +HDWMRDS2[3/VLGHQWLILHGNWUMHDWHG MDFFKSORY UHSUHVHQWYV RQH
DQG HDFK FROXPQ UHSUHVHQWY RQH ELRORJLFDO UHSOLFDWH DW
SRLQW &ROXPQV DUH JURXSHG E\ WUHDWPHQW WLPH DQG RUGHUH
JURXSHG DFFRUGRIDQVRF®KWW HY YL GXUBGREBLMMUDQVIRUPHG
VFRURHP ROPRIQFHQWRDR®MBRQWRP HDFK L G HIQUSIUIH VA 6 QRYCERS/2) 3 U
LVRPHUV LQGLFDWHG ZS\WK HOMHWIHNVB W XWKHW DUWUBBWWGILHG LQ
VDPSOHV ZHUH LQFOXGHG
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JLIXUHLSISSBUR[LGDWHRQPHQW E\ %2',3< &SURQIG$RRRIHSDUDWLRQ RI
0/ WUHDWHG FHHOOV ZQIFMHE RWMIGO 0/ IRWLWUHDWPHQW WLPH SRL
$W WKH HQ G RAX-EDMWKPRIQSRLQW VDPSOHV %RUHB<K® U YNWDNLIRE QR U
IROORZHG E\ IORZ F\WBRHWSL®SBHOR(LEDWLRQ DVVHVVHG E\ %2',3
VDPSOHV WUHDWHG ZNVWRWUBHR ', 3< & VWDLQLQJ LQWFRDDWYHDQ

QP UHSUHVRQWLIHGEWRIWDRZ F\WRP HW U UHDHWKKORGEHG LQ JUHHQ
L QG L FOMUHRY L GTRVILRVQY Y& ' RMIOQIBKLVNHU SORWDQKREZLFDWLRQ RI
SHUR[LGIRVILRQ Y(HD FK QBGIBOLFDWH LMXRZAGIZDWKRWYRU EDUV UHS
PHDQ “ 6(0 Q $VWHUWIMN LIQEDRFWHRPSDUHG WRB WKH PLQ FR

3 "HOFKMWHVW ZLWK+#RFXEBPLUQLGMX TR WIDOQW [ 3/
DEXQGDQFH E\ FOXVWHU YV %2',3< & OLSLG SHUR[LGDWLRQ DVVEC
GHILQHG FOXVWHU IURP )LIJXUH ( ZDV FDOFXODWHG DQG WUDQVI
FOXVWHU LV SORWWHG OLQHV LQ ¥KPBHM RH BBHRZWDWMR RHWKHU Z|
SHUR[LGIRVILRVQ EN %HEQB®¥ & VWDLQLQJ )LIXUH & JUHHQ OLQH D
JLIXUH 6 6KDGHG DUHDQ Q RIF DWBYE®@NMRQ FRUUHODWLRQ DQDO
SHUIRUPHG WR DVVHVV WKH U H®HDSMLGREHEKW SFE B WY Z i HSIRWISW HRHL G D
FHOOV DQG WRWDO 2[3/ DEXQ&RNWMHO DY HOTEK BF Ik NHERID W H G
YDORIHHDF K F R UDUMNAB R WQBR Q QV QRINDLILFDQW
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JLIXUH+#%\GURBDYHG .HQGULFN PD¥V SOIRMAWRI+LGHQWLILHG R[LGL]I
SKRVSKROLSLGY DQG WRRRYLBR PG BORIGEHW@RLN UHSUHVHQWYV WKH
FKURPDWRJUDSKLF DHMHR@YHVR Q HV8IURH VHOQ'WFDWKEN ODWHG E\ VFDOLQ
PHDVXBH®R WKH QRPLQDO PDVV 8D WRLIWDR\NBHG V{DFW YV DAL ERGLYLG X
VSHFLHVR[LRBQ]HG SUHFXUVRU ORBIB YDUIRHLGK REQ@ Q PKIRGAWQD UH
SLRNSXUSOH 6KDGEHAD W H2E3/ IHQE GW HFXIUWIRQL YV PUMVXVHG ZKHQ
2[3/V DQG WKHLU FRUUHYV SR OUEBHR BLIFBDOUNRUW\ DF\O FRPSRVLWLR
GLVWSLLGHFAXUVRUV ZLWK IDWW\ DF\O FWRRBRSURIGRBW ®UHIUHQW IUR
UHSUHVHQWHG E\ VIXDUHV GILFOWRQWREIRBHMUWIDD® HQMMDWLRQ ,6)
SURGXBEMWRRYHG IURP GDMWM VARAQY DW LQYHUWHG WULDQJOHV LQ J
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JLIXUHIBR R[LGL]IMGEGRPLF SURILOHV RIRQI@WRR HISHREHYFLSDO
FRPSRQHQW DQDRWWRWUIXGVI RBPRBAIQWHBNILWFRPPRQ QRQ
R[LGL]HGLGHSLVBVI L HG GRWH @ MIRGH\D ®RG UG 2+ RQONULURQ O H
VKDGHV RDE® IWHNIHUHQF H&/D WDFBRISWVHQWY RQH VDPSOH DW D V
SRLQW IURP HLWKE IRDHOQWRIQHREEGBERD®RIWUDQVIRBRRBG L]
LOQOWHEBRILWQRR[LGL]HGLGHSIVELVILHGU RQG QURRPJLGL]HG OLSLGV
LGWQILH@ IRDG\ UHIHUH@AH/DWD SREQWVHQWY RQH VDPSOH DW D V
SRLQW IURP HLWKB R DHOQWRIQHRY GFHV
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JLIXUH&HOO YLDELOLW\ ZLWK 09LDBMWOHDWHRHQS FHOOV WUHDWHG .
FROQFHQWUDWLRQV RI 0/ IRU KRXUV LQ WKHEDRYRQFH PDJHQWI
IHUURVWDHWLQ@HDQ YLDELOLW\ GRW LV SUHVHQWHG WRJHWKHU ZL
% 9LDELOLW\ RWU3 DAMHO®DON RW K / DW GLIITHUHQW WQ PYH. B RIL QMNA
GRW LV SUHVHQWHG WRJHWKHU ZLWK HUURU EDUV *“ 6(0 Q
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JLIXUH%2',3< & L2 G SHURDPVGDWERQORZ FHIWRPHIWLQJ VWUDWHJ\
XVHG WR TXDQWLISBWUWRI G DRHIORI E\ % 2'& B0 WKW DWQAL/Q J
WUHDWRHBW\ZHIBIDWIQY H JDW MR HA/RMPMPERON WH IRU %2',3< &
SHUR[LGIRVILRVQ Y bb FHOMRIUDPV Rl %2',3< & VWBLDH[@YV LLHVBHQV LW
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Overall total OxPL abundance vs. BODIPY C11

Z score

ns

ns

ns

0

20

45

80

120 270

ML210 treatment time (min)

=#= Overall total OxPLs (R=0.216, P=0.681)

-®- Peroxidation—positive cells by BODIPY C11
(also shown in Figure 5D)



JLIXUH26YHUDOO WRWDO 2[3/ DEXQGDQFH YV %2',3< & WRISLG SHUI
WKIHHUFHQWDJH Rl SRVRWIGEMWRIRDDY & VWDUBHROVR VKRZQ LQ
JLIXUHDUSIORWWHG W RJHWWKRH UWARWIXO= 2V F/BIXN®NS 6 @ WVLDWWS O HV WUHDW
ZLWK 0/6WDWLVWLFDO VLJQLILFDQFW HDAMNIDOLEX WL FR SSVWRURIY ZDV

:H O F KMMWHZ/WW K % H @HREFRE®IIU J D G MXW W BR.QWL | LFKOBYGAH GVD U H D
LQGLFDWH 6 (BHDUVRQ FRUUHODWLRQ DQDO\VLV ZDV SHUIRUPHG W
EHWZHH@GWSRBABGHQW FKDQJHVSIRY ISWMURHLEIDAMARQP QG WRWDO 2[3/ D

&RUUHODWLR G FREGLDFADMEAK R Z Q



Supplementary Table

Table S1. Lipidomics Standards Initiative reporting checklist

$SFBUFE CZ p——
$POUFOUT PEiTBQPISBITB/QKB+bi M/ */bX\QF;S TphkX@ X R
4FQBSBUJPO 8PSL PX k

OWEFSBMM TUWEZXERXTIXOX X X X X X X X X X X X X X X X X X X X X x X
SJOJE FYUSRXDXJIJXOX X X X X X X X X X X X X X X X X X X X X X X X X
"OBMZUJDBM X¥MRUXPXNX X X X X X X X X X X X X X X X X X X X X X X
2VBMIUZ DXOIXSEXVM X X X X X X X X X X X X X X X X X X X X X X X X X
CFUIPE RVBMI DBUIJPO XOX WXEMWIEXUXPX X X X X X X X X X X X X X X X X X
IFQPSUXOX X X X X X X X X X X X X X X X X X X X X X X X X X X X

4BNQMF %FTDSJQUJPOT j
L DEMMT  JVNBO XSXMIXT X X X X X X X X X X X X X X X X X X X X X X X

-JQJE $SMBTT %FTDSJQUJPOT

RV 6 (J@>)@lE JEFOUXDXUXPX X X X X X X X X X X X X X X X X X X X X
RV 6 (J@>)@OJE RVBOUX DRUXPX X X X X X X X X X X X X X X X X X X X X
kV (JYL>9)Y fJQJE JEFOUXDXUXPX X X X X X X X X X X X X X X X X X X X
kV (JYL>9)Y fJQJE RVBOUX DEUXPX X X X X X X X X X X X X X X X X X X X
JV he(JYL=>9)Y fJQJE JEFOUXDXUXPX X X X X X X X X X X X X X X X X X X X
JV ho(JYL>9)Y {JQJE RVBOUX DRUXPX X X X X X X X X X X X X X X X X X X X
OV S (J@>)r@0JE JEFOUXDXUXPX X X X X X X X X X X X X X X X X X X X X
OV S (J@>)@0JE RVBOUX DEBLXPX X X X X X X X X X X X X X X X X X X X X

BV SA(J@>J@JE JEFOUX DXBXIPX X X X X X X X X X X X X X X X X X X X X
8V SA(J@>J@JE RVBOUXDEUXP X
eV Sa(J@>)@JE JEFOU XD KU XP X
eV Sa(J@>)@JE RVBOUX DBUXP &
dV S1(J@>)J@IE JEFOUX DR U XP X
dV S1(J@>)JIE RVBOUX DBUXPX
3V GS1(J@>Y@JE JEFOUXDXUXP X X X X X X X X X X X X X X X X X X X X
3V GS1(J@>Y@JFE RVBOUXDRUXPX X X X X X X X X X X X X X X X X X X X
NV ST S(JY>)YIQJE JEFOUX DEUXPR X X X X X X X X X X X X X X X X X X X
NV S1 S(JY>)YJIQJE RVBOUXDEXUX X X X X X X X X X X X X X X X X X X X X
RyV S1LP(J@>J@JE JEFOUXDXUXPX X X X X X X X X X X X X X X X X X X X
RyV S1P(J@>J@JE RVBOXIXOXXIXOX X X X X X X X X X X X X X X X X X X X X X X X X X X
RRV *G(J@>)@JE JEFOUX XBX XPR X X X X
RRV *G(J@>)@JE RVBOUX XEXUXPX X X X X
RKV S*(JY>)YJQJE JEFOUX XBXUXPX X X X
RKV S*(JY>)¥JQJE RVBOWI D KUXPOX X X
X
X

X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X

RjV S*(JY>*PP)@®JE JEF O WJ X0 XKUX POX
RjV S*(JY>*PP)@®JE RVBOXJIXDR X KOX
ROV GS*(JY>)YIDJE JEFOUX XBXIXPR X X X X X X X X X X X X X X X X X
ROV GS*(JY>)YIDJE RVBOUX XEXUXPXOX X X X X X X X X X X X X X X X X
R8V GS*(JY>*PP)EQUE JEFOUX XEXUXPXOX X X X X X X X X X X X X X X X

XX XXXXXXXXXXXXX

XX XXX XXXXXXXXXX

X

X
X
X
X
X

x x X X

R8V GS*(JY>*PP)@QHE RVBO XJ XD KUX XOX

ReV S* P(JY>)YJQJE JEFO WX Y KUY PXOX X
ReV S* P(JY>)YJQJE RVBOUX XBXIXPX X X X X X
RAV S* P(JY>*PPr@OJE JEFOUX XBXIXPX X X X X
RAV S* P(JY>*PP)@UJE RVBOUX X EXUXPXO X X X X
R3V 1i?2°GS*@P U1li?2 GS*@ SMJIEX)FFOUX KBU XP
R3V 1i?2°GS*@P U1i?2° GS*@ SMIIERYHEO U X XUX PO
RNV 1i?2°GS1@P Uli?2 ' GS1@SYIEYPEFOUX XBXYUXPR X
RNV 1i?2°GS1@P U1li?2°GS1@SWIEYRYBOUX ®BUXPO X X X X
kyV PtS*@UIQtQ=c IP>=c IPP>=c IkP>=V UKQH2+mH " bT2+B28QGI2HIEW
kyV PtS*@UIQtQ=c IP>=c IPP>=c IkP>=V UKQH2+mH * bT2+B2b5 QDD RVB
KRV PtS*@UI*PP>=V UKQH2+mH " bT2+B20Q H2pRHO UXAEBXDXPY X X X X
kRV PtS*@UI*PP>=V UKQH2+mH " bT2+B20Q H2RYB QU@L PE@IPOX X X X
kkV PtS1@UIQtQ=V UKQH2+mH " bT2+BQHEHPHREVIIBWBYEP® X X X X X
X X X
X X

x
XX sl s X X

x x X

X X X X
X X X X
X X X X
X X X X
X X X
X X

X X X X
X X X X
XX XX o s X
XX XX g s %
XX X X s %
XXX X g s %

s
3
i

><><><><><><><><><§
><><><><><><><><><><><
X x Xy XXxxaD

kkV PtS1@UIQtQ=V UKQH2+mH * bT2+BQbEHR | BIOWKD I BE PO X X
kKjiV PtSa@UIQtQ=c IP>=V UKQH2+mH  bT 2+BRIHEHIEHR G KJ XEEADEXD X
kKjV PtSa@UIQtQ=c IP>=V UKQH2+mH " bT2+BRIEHRYBBVE @ENSPR X X
KOV PtGS*@UIQtQ=c IP>=V UKQH2+mH * bT2+B2bJQIE2HHO UX* R BUEFO
KOV PtGS*@UIQtQ=c IP>=V UKQH2+mH  bT2+B2blD2E2RIWE DY OR)EN PO
k8V PtGS1@UIQtQ=c IP>=V UKQH2+mH " bT23@2E BIRF DHXI (O W ECTX X
k8V PtGS1@UIQtQ=c IP>=V UKQH2+mH " bT2302E RYBIHM( IBX)XPX X X X X X X X X X X X X
keV PtS*@UIQtQ=c IP>=c IP>-QtQ=c IP>-QtQ-PP>=c IkQtQ-PP>=V UbT2+BDWEHIEFOUIY>*PP)
DBUXNX X X X XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
keV PtS*@UIQtQ=c IP>=c IP>-QtQ=c IP>-QtQ-PP>=c IkQtQ-PP>=V UbT2+RZh HR2BI (JY>*PP)
UJDBIXIXAX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
kdV PtS*@UI*PP>=cIPP>-*PP>=V UbT2+B2b HZpPHYEF@ KXYERUWIKOX X X X X X X X X X X X )
kdV PtS*@UI*PP>=cIPP>-*PP>=V UbT2+B2b HZpPHR VBE@UXIKBRUXPXO X X X X X X X X X X X X

><><><><><><><><><fj

Xoxox X X X x x X
Hoxox X X X x B
X X e XX xx X
X X e X X x x
X X g XX % x
X X g X X % x

~y

R
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k3V PtS1@UIQtQ=c IPP>=c |kP>=c |kP>-QtQ=c IkP>-PP>=V UbT24RJIE H EFDHXI0OE X®@ KR
k3V PtS1@UIQtQ=c IPP>=c |kP>=c |kP>-QtQ=c IkP>-PP>=V UbT24BJIE RIEHWY IXGBX) RO
KNV PtS:@UIQtQ=c IPP>=V UbT2+B2b-HQAEHEFR@N @BUXPXO X X X X X X X X X
KNV PtS:@UIQtQ=c IPP>=V UbT2+B2b-BQHEHRWB AN ® KUXPOX X X X X
jyV PtSa@UIQtQ=c IkQtQ=c IkP>=V UbT 2+ B2bQH EpPEHRJ X@XP)RAM KOX X X
jyV PtSa@UIQtQ=c IkQtQ=c IkP>=V UbT2+B2IQH EpRWE QLA >K¥ BUFXPX
jRV Pt1i?2°S*@UIP>=V UbT2+B2b H2p2HYJEYIPPEY@ BB XPR X X
jRV Pt1i?2°S*@UIP>=V UbT2+B2b H2p2HYJEYRVBRU® B BUXPX X X

4FQBSBUJPO 8PSL PX
OWFSBMM TUVEZ EFTJHO

5JUMF PG UIF TUVEZ "OFX NFUIPE GPS UIFBOBMZTJT PG PYJEJ[FE QIPTQIPMJQJET
%PDVNFOU DSFBUJPO EBikkfkyke 1SsJODJQBM JOWFTUJHBUPS 9JBPBJ ;IBP
*OTUJUVUJIPO :BMF 60JWFSTJUZ $PSSFTQPOEJOH &NBJM 9
*T UIF XPSL PXUBSHFUFEUWBSSHFUFE $MJOJDBM /P

VOUBSHFUFE

-JOJE FYUSBDUJPO

&YUSBDUJPO NFUIPE QIBTF TZTUFN Q) BEKVTUNFOU /IPOF

QIBTF TZTUFN 'PMDI 4QFDJBM DPOEJUJPOT 51F BOUJ
JOUIF FYUSBDUJPO TPMVUJP
ABNQMFT VOEFSXFOU JOUFOT
NJYJOH BOE TPOJDBUJPO BU

%FSIJWBUJ[BUJPO /PUBQQMJIDBCMF 8FSERNOUFSOBM TUBOEBSET BEEF
FYUSBDUJPO

"OBMZUJDBM OMBUGPSN

*POJ[BUPO BEEJUJWFT "NNPOJVN BDFUBUF 'PSNJD BDJE /VNCFS PG TFQBSBUJPO E.
4FQBSBUJPO UZQF -$ 4FQBSBUJPO NPEF MJRVIJE 31
%FUFDUPS .BTT TQFDUSPNFUFS .4 UZQF 0SCJUSBQ
.4 WFOEPS 5IFSNP *PO TPVSDF &4*
.4 -FWFM LA .BTT SFTPMVUJPO GPS )BHUBEFUPK VYR OB
.4
SFTPMVUJPO BU N [ BU .4 .BTT BDDVSBDZ JO QQN BU .4
3FDPSEJOH NPEF PG SBDS EBWHBNRE.H .BTT XJOEPX GPS QSFDVSTPS JPO
JTPMBUJPO JO %B UPUBM JTPMBUJPO
XJOEPX
.BTT SFTPMVUJPO GPS )BHUBSFUPKVYROMRBW SFTPMVUJPO BU N [ BU .4
.4
.BTT BDDVSBDZ JO QQN BU .4 3FDPSEJOH NPEF PG SBDS E BWRB NRE.H

8BT 8FSF BEEJUJPOBM/P
EJNFOTJPO UFDIOJRVFT VTFE

2VBMJUZ DPOUSPM

#MBOLT FT 5ZQF PG #MBOLT &YUSBDUJPO CME
*OUFSOBM TUBOEBSE CMBOL
2VBMJUZ DPOUSPM FT 5ZQF PG 2$ TBNQMF 4BNQMF Q

.FUIPE RVBMJ DBUJPO BOE WBMJEBUJPO




.FUIPE WBMJEBUJPO FT -JQJE SFDPWFSZ /P

%ZOBNJD RVBOUJ DBUJPO SBOHF /P -JNJU PBE RVBOUJUBUJPO -02 -JNJLU
EFUFDUJPO -0%

1SFDJTJPO FT "DDVSBDZ FT

(VIJEFMJOFT GPMMPXFE /IPOF

SFQPSUJOH

"SF SFQPSUFE SBX EBUBVQMPBEFE JOUP -JOL UP SFQPTJUPSZ *% UP FOUSZ IUuQ

SFQPTJUPSZ

"SF NFUBEBUB BWBJMBCMF FT 4VNNBSZ EBUB 2VBOUJ |
EBUB

3BX EBUB VQMPBE FT

ABNQMF %FTDSJQUJPOT
, 1. DEMMT )JVNBO $FMMT

4UPSBHF BOE DPMMFDUJPO DPOEJUJPOT  "WBJMBCMF 1SPWJEFE QSFBOBMZUJ
NPOUI 1SFTFSWBUJPO NFUI

5FNQFSBUVSF IBOEMJOH PSJHJOBM TBNQMF %SZ JDF *OTUBOU TBNQMF QSFQBS

5JNF UP GSFF[F CFUXFFO BOE NJO 40BQ GSFF[JOH JO MJRVJE / /T

4UPSBHF UFNQFSBUVSF ps$ 4UPSBHF UJNF NPOUI

"EEJUJWFT /IPOF

-JQJE $SMBTT %FTDSJQUJPOT
RV 6 (J@>@@®IJE JEFOUJ DBUJPO

-JQJEDMBTT .4 -FWFM GPS JEFOUJ DBUJPO .4
*EFOUJ DBUJPO MFWFM 4QFDJFT MBWEWDU .4 <. )>
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE FT
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO
-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %r"- %BUB NBOJQVMBUJPO 4

/IPNFODMBUVSF GPS JOFWBDU MJQJE
NPMFDVMF

RV 6 (J@>)@®JE RVBOUJ DBUJPO

2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

E " TVCDMBTT

5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU BFTQPOTF DPSSFDUJPO

5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]




/IPSNBMJ[BUJPO UP SFGFSFODF

-JQJE 2VBOUJ DBUJPO 4PGUXBSF

#BUDI DPSSFDUJPO

-JQJEDMBTT % (

/P

.4 -FWFM GPS JEFOU4 DBUJPO

*EFOUJ DBUJPO MFWFM

.PMFDVMBSEG@GVDUFT MFWFM <.4) >

*TPUPQF DPSSFDUJPO BU .4

.4 BEEVDU <. /) >

'SBHNFOUT GPS JEFOUJ DBUJPO

) 0 /)
")
")

) 07)
) 0 /)

*TPUPQF DPSSFDUJPO BU .4

.4 WFSJ FECZTUBOEBSE FT

.4 WFSJ FECZ TUBOEBSE

FT #BDLHSPVQE DIFDL BU .4

#BDLHSPVOE DIFDL BU /R

%JE ZPV QSFTVNF BTTVRQUJPOT GPS
JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO

4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE

4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE

-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %r"- %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JOFWBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT ‘FT

NPMFDVMF

2VBOUJUBUJWF

FT

.4 -FWFM GPS RVBOUJ DBUJPO

*OUFSOBM MJQJE TUBOEBSE T

.4

% ( @

%( TVCDMBTT

5ZQF PG RVBOUJ DBUJPO

*OUFSOBM TUBOEBSE BNPVOU BFTQPOTF DPSSFDUJPO

5ZQF *JTPUPQF DPSSFDUJPO

/P -JNJU PG RVBOUJ DBUJPO 4]

/IPSNBMJ[BUJPO UP SFGFSFODF

FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF

#BUDI DPSSFDUJPO

-JQJEDMBTT 5(

/P

.4 -FWFM GPS JEFOU3# DBUJPO

*EFOUJ DBUJPO MFWFM

.PMFDVMBSBEQVFDUFT MFWFM <.4) >

*TPUPQF DPSSFDUJPO BU .4

.4 BEEVDU <. /) >

'SBHNFOUT GPS JEFOUJ DBUJPO

)0
)0

1)
1)



"o)o0 N

*TPUPQF DPSSFDUJPO BU .4

.4 WFSJ FECZTUBOEBSE FT

.4 WFSJ FECZTUBOEBSE ‘FT

#BDLHSPVQE DIFDL BU .4

#BDLHSPVOE DIFDL BU /B

%JE ZPV QSFTVNF BTTVRQUJPOT GPS
JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO

4JHOBM UISFTIPME

4FQBSBUJPO PG JTPCBSJD JTPNFSJD
JOUFSGFSFDF DPO SNFE

.PEFM GPS TFQBSBUJPO QSFEJDUJPO

-JQJE *EFOUJ DBUJPO 4PGUXBSF

L EER

%BUB NBOJQVMBUJPO

/IPNFODMBUVSF GPS JO:WBDU MJQJE
NPMFDVMF

2VBOUJUBUJWF FT

/IPNFODMBUVSF GPS GSBHNFOU JPOT

.4 -FWFM GPS RVBOUJ DBUJPO

*OUFSOBM MJQJE TUBOEBSE T .4

5( @ E @

5(TVCDMBTT

5ZQF PG RVBOUJ DBUJPO

*OUFSOBM TUBOEBSE BNPVOU

5ZQF *JTPUPQF DPSSFDUJPO /P

/IPSNBMJ[BUJPO UP SFGFSFODF

FT

#BUDI DPSSFDUJPO /P

-JQJEDMBTT 1( .4 -FWFM GPS JEFOU& DBUJPO
*EFOUJ DBUJPO MFWFM .PMFDVMBSEQVFDUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )$00>

'SBHNFOUT GPS JEFOUJ DBUJPO

*TPUPQF DPSSFDUJPO BU .4

.4 WFSJ FECZ TUBOEBSE FT

.4 WFSJ FECZ TUBOEBSE FT #BDLHSPVQE DIFDL BU .4

#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS
JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO /P 35 WFSJ FECZ TUBOEBSE

4FQBSBUJPO PG JTPCBSJD JTPNFSJD
JOUFSGFSFDF DPO SNFE

.PEFM GPS TFQBSBUJPO QSFEJDUJPO

-JQJE *EFOUJ DBUJPO 4PGUXBSF

4 %rr-

%BUB NBOJQVMBUJPO

/IPNFODMBUVSF GPS JO:BBDU MJQJE
NPMFDVMF

2VBOUJUBUJWF FT

/IPNFODMBUVSF GPS GSBHNFOU JPOT

.4 -FWFM GPS RVBOUJ DBUJPO

*OUFSOBM MJQJE TUBOEBSE T .4

35 WFSJ FECZ TUBOEBSE

FT

FT

3FTQPOTF DPSSFDUJPO
-JNJU PG RVBOUJ DBUJPO
-JQJE 2vBOUJ DBUJPO 4PGUXBSF

FT

FT

FT



1( E 1( TVCDMBTT

5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU B3FTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P

-JQJEDMBTT 1* .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSEQVDWUFT MFWFM <.4>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <.)>

'SBHNFOUT GPS JEFOUJ DBUJPO

"0

"0

)1~
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZTUBOEBSE ‘FT
.4 WFSJ FECZTUBOEBSE FT #BDLHSPVQE DIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %*"- %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JO:BBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT ‘FT
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4
*OUFSOBM MJQJE TUBOEBSE T .4

1= @ E 1* TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P
-JQJEDMBTT 14 .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSE@GVDUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>




'SBHNFOUT GPS JEFOUJ DBUJPO

(1
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE FT
.4 WFSJ FECZ TUBOEBSE FT #BDLHSPVOE DIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4IJHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %rn- %BUB NBOJQVMBUJPO 4
/PNFODMBUVSF GPS JOFEBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4
*OUFSOBM MJQJE TUBOEBSE T .4

14 @ E 14 TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 49
/PSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2VBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO P
-JQJE DMBTT 1& .4 -FWFM GPS JEFOU4 DBUJPO 4
*EFOUJ DBUJPO MFWFM .PMFDVMBSE@FDUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO AU .4 .4 BEEVDU <. )>
'SBHNFOUT GPS JEFOUJ DBUJPO

"0

"0

)(1&
*TPUPQF DPSSFDUJPO AU .4 .4 WFSJ FE CZ TUBOEBSE FT
.4 WFSJ FE CZ TUBOEBSE FT #BDLHSPVOE DIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %rn- %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JOFBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT

NPMFDVMF



dV S1(J@>)@QUJE RVBOUJ DBUJPO

2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

1& @ E 1& TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU BFTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/PSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P

3V GS1(J@>)@OE JEFOUJ DBUJPO

-JQJEDMBTT -1& .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSEQGVDWUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <.)>

'SBHNFOUT GPS JEFOUJ DBUJPO

"0

)(1&
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE FT
.4 WFSJ FECZ TUBOEBSE FT #BDLHSPVOE DIFDL BU .4
#BDLHSPVOE DIFDL BU /LB %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO ‘FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %t %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JO:FWBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT

NPMFDVMF

3VGS1(J@>)EIE RVBOUJ DBUJPO

2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

-1& E -1& TVCDMBTT
5ZQF PG RVvBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU SFTQPOTF DPSSFDUJPO
5Z2QF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P

NV S1 S(JY>)Y-§QJE JEFOUJ DBUJPO




-JQJEDMBTT 1& 1 .4 -FWFM GPS JEFOWJ DBUJPO .4

*EFOUJ DBUJPO MFWFM .PMFDVMBSEQGVDWUFT MFWFM <.4>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>

'SBHNFOUT GPS JEFOUJ DBUJPO

)(1&

" $)0
*TPUPQF DPSSFDUJPO AU .4 .4 WFSJ FE CZ TUBOEBSE /P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMPDIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 Y- %BUB NBOJQVMBUJPO 4
/PNFODMBUVSF GPS JO:FBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO 4
*OUFSOBM MJQJE TUBOEBSE T .4

1& @ E &UIFS1& 1 TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 49
/PSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2VBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P
-JQJE DMBTT 1& 0 .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSBE@GVWDUFT MFWFM <. 4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>
'SBHNFOUT GPS JEFOUJ DBUJPO

"0

)(1&
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMPDIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %rr. %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JO:FBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT

NPMFDVMF



2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

1& @ E &UIFS 1& TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU BFTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P
-JQJEDMBTT $- .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSEQGVFDUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>

'SBHNFOUT GPS JEFOUJ DBUJPO

"0

"0

"0

"0

)( 8-
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE FT
.4 WFSJ FECZTUBOEBSE FT #BDLHSPVOE DIFDL BU .4
#BDLHSPVOE DIFDL BU /R %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %*"- %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JO:WBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT ‘FT
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4
*OUFSOBM MJQJE TUBOEBSE T .4

$- @ @ @ E $- TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF

#BUDI DPSSFDUJPO /P

Ry



-JQJEDMBTT 1% .4 -FWFM GPS JEFOU4 DBUJPO .4

*EFOUJ DBUJPO MFWFM .PMFDVMBSEQVFDUFT MFWFM <.4>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>

'SBHNFOUT GPS JEFOUJ DBUJPO

)( 1%
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE FT
.4 WFSJ FECZ TUBOEBSE FT #BDLHSPVOQE DIFDL BU .4
#BDLHSPVOE DIFDL BU /R %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO ‘FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %t %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JOFWBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4
*OUFSOBM MJQJE TUBOEBSE T .4

13 @ E 1$ TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5Z2QF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P
-JQJEDMBTT 1% .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSE@GVFDUFT MFWFM <.4H$00>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )$00>
'SBHNFOUT GPS JEFOUJ DBUJPO

"0

"0

)( 1%
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE FT
.4 WFSJ FECZ TUBOEBSE FT #BDLHSPVOE DIFDL BU .4
#BDLHSPVOE DIFDL BU /R %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %t %BUB NBOJQVMBUJPO 4

RR



/IPNFODMBUVSF GPS JO:BBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT ‘FT
NPMFDVMF

RijV S*(JY>*PP)@JQJE RVBOUJ DBUJPO

2VBOUJUBUJWF /P /PSNBMJ[BUJPO UP SFGFSFODF /P

#BUDI DPSSFDUJPO /P

ROV GS*(JY>)Y-JQJE JEFOUJ DBUJPO

-JQJEDMBTT -1% .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSEGVDWUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <.)>

'SBHNFOUT GPS JEFOUJ DBUJPO

)( 1%
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE FT
.4 WFSJ FECZ TUBOEBSE FT #BDLHSPVOE DIFDL BU .4
#BDLHSPVOE DIFDL BU /LB %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %r"- %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JOFWBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT ‘FT

NPMFDVMF

ROV GS*(JY>)Y-JQJE RVBOUJ DBUJPO

2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

-1% E -1$ TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P

R8V GS*(JY>*PP)@Q@®JE JEFOUJ DBUJPO

-JQJEDMBTT -1% .4 -FWFM GPS JEFOU4 DBUJPO .4
*EFOUJ DBUJPO MFWFM .PMFDVMBSEQVDUFT MFWFM <.4H%$00>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )$00>

'SBHNFOUT GPS JEFOUJ DBUJPO

Rk



(18

"0
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE FT
.4 WFSJ FECZ TUBOEBSE FT #BDLHSPVOQE DIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %rr- %BUB NBOJQVMBUJPO 4
/PNFODMBUVSF GPS JO:FBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT
NPMFDVMF
2VBOUJUBUJWF /P /IPSNBMJ[BUJPO UP SFGFSFODF /P
#BUDI DPSSFDUJPO /P
-JQJE DMBTT 1$0 .4 -FWFM GPS JEFOU4 DBUJPO 4
*EFOUJ DBUJPO MFWFM .PMFDVMBSE@FDUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO AU .4 .4 BEEVDU <.)>
'SBHNFOUT GPS JEFOUJ DBUJPO

)( 1%
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE /P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMPDIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %t %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JO:FBDU MJQJE IPNFODMBUVSF GPS GSBHNFOU JPOT FT
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4
*OUFSOBM MJQJE TUBOEBSE T .4

1$ @ E &UIFS1$ 0 TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 49
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2VBOUJ DBUJPO 4PGUXBSF

#BUDI DPSSFDUJPO /P

Rj



-JQJEDMBTT 10 .4 -FWFM GPS JEFOU4 DBUJPO .4

*EFOUJ DBUJPO MFWFM .PMFDVMBSEQGVDWUFT MFWFM <.4H3%$00>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )$00>

'SBHNFOUT GPS JEFOUJ DBUJPO

"0
)FBE HSPVQ $ ) /01

*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE /P

.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMBDIFDL BU .4

#BDLHSPVOE DIFDL BU /R %JE ZPV QSFTVNF BTTVRQUJPOT GPS
JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE

4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO ‘FT

JOUFSGFSFDF DPO SNFE

-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %t %BUB NBOJQVMBUJPO

/IPNFODMBUVSF GPS JOFWBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT

NPMFDVMF

2VBOUJUBUJWF /P /IPSNBMJ[BUJPO UP SFGFSFODF
#BUDI DPSSFDUJPO /P

-JQJEDMBTT &UIFS-1%$ 0 &UIFS-1%$ 1 .4 -FWFM GPS4JEFOUJ DBUJPO
*EFOUJ DBUJPO MFWFM .PMFDVMBSEQVFDUFT MFWFM <.4>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>

'SBHNFOUT GPS JEFOUJ DBUJPO

(1%
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE /P
.4 WFSJ FECZTUBOEBSE /P #BDLHSPVOMDIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %*t- %BUB NBOJQVMBUJPO
/IPNFODMBUVSF GPS JO:BBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT FT

NPMFDVMF

R9



R3V 1i?2 ' GS*@P U1i?2 GS*@SVIIXE)RYBOUJ DBUJPO

2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

-1% E &UIFS-1$ 0 &UIFS-1$ 1 TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU BFTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/PSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P

RNV 1i?2 GS1@P U1li?2 GS1@SVQXEBEJYEFOUJ DBUJPO

-JQJEDMBTT &UIFS-1& 0 &UIFS-1& 1 .4 -FWFM GPSIJEFOUJ DBUJPO
*EFOUJ DBUJPO MFWFM .PMFDVMBSEQGVDWUFT MFWFM <.4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <.)>

'SBHNFOUT GPS JEFOUJ DBUJPO

/-PG$) /0 1BOE/-PGS$) /01

*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FECZ TUBOEBSE /P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMBDIFDL BU .4
#BDLHSPVOE DIFDL BU /LB %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO
-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FECZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %r"- %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JOFWBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT /P

NPMFDVMF

RNV 1i?72 GS1@P U1li?2 GS1@SVQXERVBOUJ DBUJPO

2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

-1& E &UIFS-1& 0 &UIFS-1& 0 TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/IPSNBMJ[BUJPO UP SFGFSFODF /P -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P

kyVPtS*@UIQtQ=c IP>=c IPP>=c IkP>=VUKQH2+mH " bT2+B2b H2p.
f-JOQJE JEFOUJ DBUJPO

R8



-JQJE DMBTT 0Y1$ PYP QW -FWFM GPSJEFOUJ DBUJRO 4
00) 0) NPMFDVMBS
TQFDJFT MFWFM

*EFOUJ DBUJPO MFWFM .PMFDVMBSEQGVDWUFT MFWFM <.4H$00>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )$00>

'SBHNFOUT GPS JEFOUJ DBUJPO

"0

PYJEJ[FE'™ 0 PSPYJEJ[FE'™™ 0 XJUIXBUFS MPTT

)( 1%
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE /P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMPDIFDL BU .4
#BDLHSPVOE DIFDL BU /R %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF LY EER %BUB NBOJQVMBUJPO 4
/PNFODMBUVSF GPS JOAWPBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT /P
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4
*OUFSOBM MJQJE TUBOEBSE T .4

1$ @ E 0Y1$ TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 49
/IPSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2VBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO P
-JQJE DMBTT 0Y1$ $00) NPMRMDAMMEBBS JEFOUJ DBUJIRO 4

TQFDJFT MFWFM

*EFOUJ DBUJPO MFWFM .PMFDVMBSE@GVWDUFT MFWFM <. 4>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>
'SBHNFOUT GPS JEFOUJ DBUJPO

"0

PYJEJ[FE'™ 0 PSPYJEJ[FE'™ 0 XJUIXBUFS MPTT

)( 1%
*TPUPQF DPSSFDUJPO AU .4 .4 WFSJ FE CZ TUBOEBSE /P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMPDIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE

Re



4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE

-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %rt- %BUB NBOJQVMBUJPO 4

/IPNFODMBUVSF GPS JOMPBDU MJIQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT /P
NPMFDVMF

KRV PtS*@UI*PP>=V UKQH2+mH " bT2+B2bJIE2RVBIO@I) @BUIP O

2VBOUJUBUJWF /P /IPSNBMJ[BUJPO UP SFGFSFODF /P

#BUDI DPSSFDUJPO /P

kkV PtS1@UIQtQ=V UKQH2+mH  bT2+B2bOH EpPHNG U@ DEUDP O

-JQJEDMBTT 0yli1& PYP N VADWW B®S JEFOUJ DBUJRO .4
TQFDJFT MFWFM

*EFOUJ DBUJPO MFWFM .PMFDVMBSEQGVDUFT MFWFM <.4>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <.)>

'SBHNFOUT GPS JEFOUJ DBUJPO

"0

PYJEJ[FE '™ 0 PSPYJEJ[FE'™™ 0 XJUIXBUFS MPTT

)(1&
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE /P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMDIFDL BU .4
#BDLHSPVOE DIFDL BU /R %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %t %BUB NBOJQVMBUJPO 4
/IPNFODMBUVSF GPS JOAWPBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT /P

NPMFDVMF

kkV PtS1@UIQtQ=V UKQH2+mH "~ bT2+B2bQH EpRWE QLA >D @UfJ P O

2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4

*OUFSOBM MJQJE TUBOEBSE T .4

1& @ E 0Y1& TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF *JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 4]
/PSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2vBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /P

Rd



-JQJEDMBTT 0yl4 PYP Oy -FWFM GPS JEFOUJ DBUJRO .4
NPMFDVMBS TQFDJFT MFWFM

*EFOUJ DBUJPO MFWFM .PMFDVMBSEQVDUFT MFWFM <.4>

*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <. )>

'SBHNFOUT GPS JEFOUJ DBUJPO

"0

PYJEJ[FE'™ 0 PSPYJEJ[FE'™™ 0 XJUIXBUFS MPTT

(1
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE P
.4 WFSJ FECZ TUBOEBSE /1P #BDLHSPVOMPDIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE
4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE
-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %rr- %BUB NBOJQVMBUJPO 4
/PNFODMBUVSF GPS JOAWPBDU MJQJE /IPNFODMBUVSF GPS GSBHNFOU JPOT /P
NPMFDVMF
2VBOUJUBUJWF FT .4 -FWFM GPS RVBOUJ DBUJPO .4
*OUFSOBM MJQJE TUBOEBSE T .4

14 @ E 0Y14 TVCDMBTT
5ZQF PG RVBOUJ DBUJPO *OUFSOBM TUBOEBSE BNPVOU 3FTQPOTF DPSSFDUJPO
5ZQF * JTPUPQF DPSSFDUJPO /P -JNJU PG RVBOUJ DBUJPO 49
/PSNBMJ[BUJPO UP SFGFSFODF FT -JQJE 2VBOUJ DBUJPO 4PGUXBSF
#BUDI DPSSFDUJPO /1P
-JQJE DMBTT 0Y-1$ PYP ®)-FWFM GPS JEFOUJ DBUJIRO 4

NPMFDVMBS TQFDJFT MFWFM

*EFOUJ DBUJPO MFWFM .PMFDVMBSBEGVDUFT MFWFM <.4$00>
*TPUPQF DPSSFDUJPO BU .4 .4 BEEVDU <.)$00>
'SBHNFOUT GPS JEFOUJ DBUJPO

PYJEJ[FE'™™ 0 PSPYJEJ[FE'™ 0 XJUIXBUFS MPTT

)(1%
*TPUPQF DPSSFDUJPO BU .4 .4 WFSJ FE CZ TUBOEBSE /P
.4 WFSJ FECZ TUBOEBSE /P #BDLHSPVOMPDIFDL BU .4
#BDLHSPVOE DIFDL BU /B %JE ZPV QSFTVNF BTTVRQUJPOT GPS

JEFOUJ DBUJPO

-JNJU PG EFUFDUJPO 4JHOBM UISFTIPME 35 WFSJ FE CZ TUBOEBSE

R3



4FQBSBUJPO PG JTPCBSJD JTPNFSJD .PEFM GPS TFQBSBUJPO QSFEJDUJPO FT
JOUFSGFSFDF DPO SNFE

-JQJE *EFOUJ DBUJPO 4PGUXBSF 4 %rt- %BUB NBOJQVMBUJPO 4
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