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� Oxidative stress effect on lipids of
subcellular fractions and exosome is
investigated.

� Size and population changes in sub-
cellular fractions and exosome are
examined by flow FFF.

� Oxidized phospholipids, TG, and Cer
in subcellular fractions and exosome
showed different patterns of
alteration.

� Flow FFF and nUHPLC-ESI-MS/MS can
be a powerful method to analyze
lipidomic perturbation in cellular
components.
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a b s t r a c t

We investigated the effect of oxidative stress (OS) on lipidomic perturbations in the subcellular fractions
and exosomes of human embryonic kidney (HEK) 293 cells using asymmetrical flow fieldeflow frac-
tionation (AF4) and nanoflow ultrahigh performance liquid chromatographyeelectrospray ionization
etandem mass spectrometry (nUHPLC-ESI-MS/MS). We treated HEK 293 cells with hydrogen peroxide
(H2O2) and fractionated the cell lysates using AF4 to determine the change in size and population of the
subcellular fractions and exosomes, and to obtain narrow size fractions for lipid analysis. A total of 438
lipids from 642 identified speciesdincluding oxidized lipidsdwere quantified. The relative amount of
secreted exosomes increased by 28% during OS, whereas the amount of subcellular species decreased by
35%. There was a significant increase in the level of oxidized phospholipids in the mitochondrion-
enriched subcellular fractions, but not in the exosomes. Most high-abundance triacylglycerol (TG) spe-
cies increased in the stressed cells, whereas they decreased in the exosomes. During OS, ceramides
involved in the apoptotic mitochondrial pathway were accumulated in the subcellular fractions, whereas
their levels were unaffected in the exosomes. The present study demonstrated that AF4 and nUHPLC-ESI-
MS/MS can be used to investigate lipid alterations in subcellular and extracellular species during OS, and
the pathological relationships in diseases caused by reactive oxygen species.
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1. Introduction

Oxidative stress (OS) is defined as a perturbation in the balance
between the production of reactive oxygen species (ROS) and the
protective capacity of antioxidants, which causes damage to lipids,
proteins, and DNA [1e3]. ROS such as the hydroxyl radical (∙OH),
the superoxide anion (O2

�), and hydrogen peroxide (H2O2) are
produced as by-products of biochemical processes, or from
oxidizing pollutants such as ozone or nitrogen dioxide, but also act
as signalling molecules to regulate physiological functions [2].
Because OS is closely associated with several lifestyle diseases such
as atherosclerosis [4], diabetes [5], cancer [6], and neurodegener-
ative diseases (Alzheimer's and Parkinson's disease) [7], numerous
researchers have attempted to identify biomarker candidates of
ROS and to elucidate the pathological relationships of diseases.

The generation of ROS and their removal by antioxidants are
closely associated with subcellular organelles. Mitochondria pro-
duce superoxide anions as a by-product of oxidative phosphoryla-
tion through the single electron reduction of O2, whereas the
mitochondrial outer membrane generates membrane-permeable
H2O2 by dismutation and also releases enzymes such as gluta-
thione peroxidase 4 (GPX4) to remove ROS [8e10]. The endo-
plasmic reticulum (ER) is a specialized membrane-bound organelle
that is involved in oxidative protein folding caused by the pro-
duction of ROS and is related to redox homeostasis [11]. Peroxi-
somes not only produce peroxisomal oxidase-derived ROS but also
provide protection from OS via strong ROS disposal enzymes such
as catalase [12]. Therefore, subcellular organelles are deeply
involved in generating and scavenging ROS. Once the balance of the
cell redox state has been disturbed by external ROS or other factors,
OS can also occur. Exosomes, extracellular vesicles of 30e100-nm
diameter, are secreted from cells and are not known to produce
ROS directly or participate in the redox mechanism. However,
during OS they transmit protective signals by transferring mRNA or
phosphoproteins to recipient cells [13,14].

OS in cells has been known to damage proteins, mRNA, DNA,
and lipids. In particular, the oxidation of lipids by ROS typically
occurs with phospholipids (PLs), in which oxidation begins with
the insertion of oxygen into the double bond of the fatty acyl chain,
generating a hydroperoxy radical that is further reduced to form
various types of oxidized phospholipids (Ox-PLs): PLs with hy-
droxy, keto, and hydroperoxy groups on the unsaturated fatty acyl
chain; PLs with shortened or cleaved acyl chains, etc. [15,16]. Ox-
PLs in the plasma membrane bilayer cause alterations in mem-
brane fluidity and permeability [17]. Ox-PLs are an important cause
of atherosclerosis because they stimulate the aggregation of
platelets during the oxidation of low-density lipoproteins (LDL) in
the blood and are associated with inflammatory diseases [18,19].
Complicated Ox-PL structures have been studied using liquid
chromatography with electrospray ionizationetandem mass spec-
trometry (LC-ESI-MS/MS) [20,21], including the Ox-PLs in LDL
[22,23], oxidatively stressed cells [24], and modified liposomes
[25,26]. However, there have been few investigations on the in-
fluence of OS on lipid oxidation in specific organelles such as
mitochondria and peroxisomes. The lipid oxidation profiles of
exosomes under OS have not been elucidated, although alterations
in mRNA content and the levels of phosphoproteins have recently
been reported [13,14]. A recent study showed that the size and size
distribution of human urinary exosomes from patients with pros-
tate cancer increase with significant changes in lipid profiles [27].
Therefore, the influence of OS on the quantity of subcellular species,
the secreted number of exosomes, and the systematic changes in
the degree of lipid oxidation is an interesting topic of research. A
selective method is required to isolate or purify subcellular and
extracellular species from cells. Organelles are isolated by
traditional centrifugation methods or affinity-based purification.
However, these two techniques have limitations: traditional
centrifugation requires the use of a high-density solution that ul-
timately needs to be removed [28,29], and affinity-based purifica-
tion requires organelle-specific antibodies or fluorescent proteins
[30,31].

Asymmetrical flow fieldeflow fractionation (AFlFFF or AF4) is an
elution-based separation method for the size-dependent fraction-
ation of nano-to micron-sized particles and macromolecules
[32,33]. AF4 separation is achieved in an empty rectangular channel
space by utilizing the interaction between two flow streams: a
migration flow directed along the channel axis to drive sample
components toward a detector, and a crossflow moving across the
thin flat channel. When particles are pushed toward the channel
wall by the crossflow, they migrate along the channel at different
velocities depending on their size. Small particles diffuse faster
while they are being pushed toward the channel wall by the
crossflow, and their diffusional layer against the channel wall be-
comes thicker than that of larger particles, whose layer becomes
more compact due to the slow diffusion. Therefore, the size-based
separation of sample components in AF4 is achieved according to
the increasing order (normal mode) of the hydrodynamic di-
ameters or molecular weights of the submicron-sized species [34].
However, typically the diffusion of particles or cells larger than
1 mm is negligible. Therefore, particle separation in this size range is
achieved according to decreasing order (steric/hyperlayer mode) of
diameter because the degree of exposure of the particles to a higher
stream velocity of migration flow will be greater for the larger
particles. Because AF4 utilizes biocompatible buffer solutions and
provides narrow size fractions of sample components for secondary
analysis, it has been widely used for various biological materials,
including proteins [35], protein aggregates [36], cells [37], bacteria
[38], lipoproteins [39], virus-like particles [40], subcellular species
[41], and exosomes [27].

In the present study, we investigated the effect of OS on the size,
population, and lipid distribution of subcellular species and exo-
somes from human embryonic kidney (HEK) 293 cells using AF4
and nanoflow ultrahigh performance liquid
chromatographyeelectrospray ionizationetandem mass spec-
trometry (nUHPLC-ESI-MS/MS). We induced OS in the HEK293 cells
by incubating them with H2O2. Cell homogenates containing sub-
cellular species were size-sorted using the steric/hyperlayer mode,
and exosome extracts were size-sorted using the normal mode of
AF4. During the separation of the cell homogenate, we collected
subcellular fractions with a narrow size distribution to investigate
quantitative changes in lipids including Ox-PLs under OS using
nUHPLC-ESI-MS/MS. The present study demonstrates that the
combination of AF4 and LC-MS/MS is a powerful technique for the
high-speed separation of subcellular species and for the study of
lipidomic alterations in subcellular and extracellular species during
OS.

2. Materials and methods

2.1. Materials and reagents

We purchased the following chemicals from Sigma-Aldrich (St.
Louis, MO, USA): low density lipoprotein (LDL) standard, 20,70-
dichlorodihydrofluorescein diacetate (H2DCFDA), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), MgCl2,
KCl, dithiothreitol (DTT), cOmplete™ mini ethylenediaminetetra-
acetic acid (EDTA)-free protease inhibitor cocktail, methyl tert-
butyl ether (MTBE), 0.4% trypan blue solution, and 3% H2O2 solu-
tion. Trypsin-EDTA; polystyrene (PS) standards with nominal di-
ameters of 46 nm, 102 nm, 203 nm, 1.999 mm, 4.000 mm, and
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6.007 mm (hereafter referred to as 50 nm, 100 nm, 200 nm, 2 mm,
4 mm, and 6 mm) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). We acquired HPLC-grade water, acetonitrile
(ACN), isopropanol (IPA), and methanol (MeOH) for nUHPLC-ESI-
MS/MS analysis from J.T. Baker Inc. (Phillipsburg, NJ, USA).
NH4HCO2, NH4OH, and CHCl3 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). A total of 15 lipid standards used for the
optimization of nUHPLC-ESI-MS/MS experiments were purchased
from Avanti Polar Lipid Inc. (Alabaster, AL, USA): lysophosphati-
dylcholine (LPC) 17:0, phosphatidylcholine (PC) 13:0/13:0, lyso-
phosphatidylethanolamine (LPE) 17:1, phosphatidylethanolamine
(PE) 17:0/17:0, lysophosphatidylserine (LPS) 17:0, phosphati-
dylserine (PS) 17:0/20:4, phosphatidylinositol (PI) 17:0/20:4, lyso-
phosphatidic acid (LPA) 17:0, phosphatidic acid (PA) 17:0/17:0,
lysophosphatidylglycerol (LPG) 17:1, phosphatidylglycerol (PG)
15:0/15:0, sphingomyelin (SM) d18:1/17:0, ceramide (Cer) d18:1/
17:0, hexosylceramide (HexCer) d18:1/17:0, and D5-triacylglycerol
(TG) 17:0/17:1/17:0. We used 15 lipid standards with odd-
numbered acyl chains as internal standards (ISs) as listed in
Table S1.

2.2. Cell culture, induction of oxidative stress, viability test, and ROS
detection

We obtained human embryonic kidney cell line 293 (HEK293)
cells from the Korean Cell Line Bank (Seoul, Republic of Korea). The
cells were cultured with minimum essential medium (MEM) from
Thermo Fisher Scientific with 10% exosome-depleted heat-inacti-
vated foetal bovine serum (FBS) from System Bioscience, LLC. (Palo
Alto, CA, USA), 1% penicillinestreptomycin, and non-essential
amino acid supplements in 100-mm culture dishes at 37 �C in an
incubator with 5% CO2. When approximately 90% cell confluency
was reached (within 72 h), subculture was performed by adding
0.25% trypsin-EDTA. To induce OS, we added H2O2 (5,10, 25, 50, and
100 mM) 24 h after subculture, then cultured the cells for a further
72 h. For the viability test, we mixed 100 mL of the cell suspension
with 100 mL of 0.4% trypan blue staining solution for 2min, then
counted the stained and non-stained cells using a haemocytometer
from INCYTO (Cheonan, Republic of Korea). The cellular ROS level
was determined using H2DCFDA according to the following pro-
cedures. The HEK293 cells (approximately 1.0� 104 cell/mL) were
treated with a specific concentration of H2O2 and then cultured in a
96-well plate. After 72 h, the culture mediumwas removed and the
remaining cells were incubated with 50 mL of 75 mMH2DCFDA for
30min in the dark at 37 �C. We washed the incubated cells with
0.1M phosphate-buffered saline (PBS) solution and measured the
fluorescence intensity at 480/545 nm using an Infinite® 200 PRO
plate reader from Tecan Ltd. (Zürich, Switzerland).

2.3. Cell homogenization and exosome isolation

We prepared cell homogenate samples containing equal
numbers (~8� 106 cell/mL) of control and oxidatively stressed cells
based on the cell counts. The detached cells were centrifuged at
300�g for 5min to remove trypsin-EDTA, washed twice with 0.1M
PBS, then centrifuged at 300�g for a further 5min. We diluted the
cell pellets to 4mL with a hypotonic lysis buffer containing 10mM
HEPES (pH 7.9), 1.5mM MgCl2, 10mM KCl, 0.5mM DTT, and cOm-
plete™ mini EDTA-free protease inhibitor cocktail, and incubated
the mixture at 4 �C for 5min. We then transferred the mixture to a
7-mL Dounce homogenizer fromWheaton Industries Inc. (Millville,
NJ, USA). After 30 strokes with a tight pestle, the homogenate was
centrifuged at 15,000�g for 10min, and 50 mL of the supernatant
was injected into the FlFFF channel for organelle separation [41].

We isolated exosomes from the culture media of both the
control and oxidatively stressed cells. For each group, the culture
media from the three flasks (approximately 30mL) were pooled
together. Each culture medium was centrifuged at 3000�g for
5min to remove cell debris, and the supernatant was centrifuged at
12,000�g for a further 15min at 4 �C. We then treated the final
supernatants using one of the following three isolation methods:
ultracentrifugation (UC) alone, 8% polyethylene glycol (PEG)-aided
isolation, or 8% PEG-aided isolationwith UC. For UC, we centrifuged
the final supernatant in a UC tube at 120,000�g and 4 �C for 70min
using an Optima LE-80K Ultracentrifuge equippedwith a Type 70 Ti
rotor from Beckman Coulter Inc. (Brea, CA, USA). We then removed
the supernatant liquid and dispersed the remaining exosome pellet
in 200 mL of 0.1M PBS solution. For PEG-aided isolation, we mixed
each supernatant medium with an equivalent volume of 16% PEG
solution (Mn¼ 6000 g/mol from Sigma-Aldrich) to produce a final
PEG concentration of 8%.We then stored themixture for 12 h at 4 �C
and centrifuged it at 12,000�g for 30min. The resulting pellet was
dispersed in 200 mL of 0.1M PBS solution for FFF injection. For the
third isolation option, we combined the 8% PEG-aided isolation and
UC methods according to a procedure described in the literature
[42]. The PEG-treated sample was centrifuged at 12000�g and the
resulting pellet was transferred to a UC tube with 25mL of 0.1M
PBS solution. We then centrifuged the mixture at 120,000�g and
4 �C for 70min, collected the exosome pellet, and dispersed it in
200 mL of 0.1M PBS solution. Each exosome sample (50 mL) was
injected into the FlFFF channel.

2.4. FlFFF

In the present study, we used a 275-mm long Eclipse LC asym-
metrical FlFFF (AF4) channel from Wyatt GmbH (Dernbach, Ger-
many) with a 190-mm-thick mylar spacer (a trapezoidal designwith
an initial breadth of 2.1 cm and a final breadth of 0.5 cm), and a
regenerated cellulose membrane (10-kDa molecular weight cut-
off) from Millipore (Danvers, MA, USA). We used a model 7125
injector (50 mL sample loop) from Rheodyne Inc. (Cotati, CA, USA) to
inject samples into an AF4 channel. Sample injection was carried
out in the focusing/relaxation mode in such a way that the injected
sample was focused at a position 1/10 along the channel length at a
total crossflow rate of 3.0mL/min for 5min. With regard to the AF4
carrier solutions, we used 0.1% FL-70 with 0.02% NaN3 to separate
the PS standards, and a 0.1M PBS solution for the cell homogenate
and exosome samples. All the carrier solutions were made from
ultrapure water (>18MU cm) and were filtered through a nitro-
cellulose membrane filter (0.22-mm pore size) from Millipore. We
used a model SP930D HPLC pump from Young Lin Instruments
(Seoul, Republic of Korea) to deliver the carrier solutions at an
outflow rate/crossflow rate ( _Vout = _Vc)¼ 1.8/1.2mL/min for the
exosomes, and at 2.0/2.5mL/min for the cell homogenate separa-
tions. The eluting materials were detected using a model YL9120
UV/Vis detector at 280 nm, and the detected signals were recorded
with Autochro-3000 software, both from Young Lin Instruments.
We collected fractions of cell homogenates 10 times in each group
(control/stressed) during AF4 separation for lipidomic analysis.

2.5. Lipid extraction

We extracted lipids from the AF4 fractions with MTBE:MeOH
using a method adapted from that described by Folch [43]. Before
extraction, each AF4 fraction was concentrated to ~200 mL using an
Amicon Ultra-15 Centrifugal Filter (30-kDa nominal molecular
weight limit) from Millipore, and lyophilized. The dried powder
was mixed with 300 mL of MeOH, and the mixture was vortexed
briefly and placed in an ice bath for 10min. We then added 1000 mL
of MTBE to the mixture, vortexed for 1 h, added 250 mL of MS-grade
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water to the mixture, and vortexed for a further 10min. The
mixture was then centrifuged at 2000�g for 5min. We collected
the upper layer in a new 2-mL tube and mixed the remaining
aqueous layer with 500 mL of a MeOH:MTBE solvent mixture (3:10,
v/v). This process was repeated twice, and the final organic extracts
were dried under nitrogen to prevent lipid oxidation using an
Evatros mini Evaporator from Goojung Engineering Co. Ltd. (Seoul,
Republic of Korea) [44]. Finally, we weighed the dried lipids,
reconstituted them in a CHCl3:MeOH solution (1:9, v/v), and further
diluted the solution to 5 mg/mL withMeOH:H2O (8:2, v/v). Amixture
of ISs was added to a diluted sample so that the final concentration
of each IS was 0.3 pmol/mL.
2.6. nUHPLC-ESI-MS/MS of lipids

We used a Dionex UltiMate 3000 RSLCnano LC system coupled
to an LTQ Velos ion trap mass spectrometer from Thermo Scienti-
fic™ (San Jose, CA, USA) for the nontargeted identification of lipids.
An analytical column was prepared in the laboratory by packing
1.7-mm ethylene-bridged hybrid C18 particles (130 Å) from Waters
(Milford, MA, USA) in a pulled-tip capillary column (7 cm� 100 mm,
internal diameter). A detailed description of the column prepara-
tion can be found in an earlier work [45]. The mobile phase solu-
tions were H2O/ACN (9:1, v/v) for A and MeOH/ACN/IPA (2:2:6, v/v/
v) for B, both of which were added to a modifier mixture (5mM
HCO2NH4 and 0.05% NH4OH) for both positive and negative ion
mode detection [46]. For lipid identification with nUHPLC-ESI-MS/
MS, we carried out separate runs in positive and negative ion
modes. We injected 3 mL of the lipid extract, and carried out sample
loading with 99% A for 10min at 0.9 mL/min. After sample loading,
we adjusted the column flowrate to 300 nL/min by splitting the
pump flow (7 mL/min) using a 10-port valve. We began gradient
elution by ramping the mobile phase B to 60% for 1min, gradually
increasing it to 80% for 10min, then to 99% for 24min, and main-
taining it at 99% for 5min. We then reduced it to 1% B and re-
equilibrated for 7min. The ESI voltage was set to 3.0 kV and 40%
normalized collision energy was applied for the data-dependent
collision-induced dissociation experiments. The mass-to-charge
ratio (m/z) range of a precursor MS scan was 350e1100 atomic
mass units. We identified the lipids using LiPilot [47] and LipidBlast
[48], then confirmed the structures manually.

For targeted lipid analysis, we used a nanoACQUITY UPLC sys-
tem from Waters coupled with a TSQ Vantage triple-stage quad-
rupole mass spectrometer from Thermo Scientific™ for the
quantitation of lipids based on a selected reaction monitoring
(SRM) method. The column and mobile phase solutions were the
same as those used for non-targeted identification. Sample loading
was performed with mobile phase A at 1 mL/min for 10min. After
loading, the pump flowrate was set to 25 mL/min with a 6-port
splitting valve to reduce the column flowrate to 500 nL/min. We
began gradient elution by increasing B to 75% for 3min, then to
100% for 15min, and maintaining it for 5min. The pump flow rate
was then reduced to 20 mL/min with 100% A within 0.1min and
maintained for 5min to recondition the column. The various types
of precursor ions and quantifier ions selected for different lipid
classes are listed in Table S1. The quantification of each lipid was
based on its relative peak area compared to that of each IS. Because
the concentration of each IS was adjusted to 0.9 pmol per injection,
the approximate amount of each lipid can be considered to be the
corrected peak area value in pmol. We carried out statistical anal-
ysis by the Student's t-test using SPSS software (version 20.0; IBM
Corp., Armonk, NY, USA), and principal component analysis (PCA)
using the Minitab 17 statistical software package (http://www.
minitab.com).
3. Results and discussion

3.1. Oxidative stress in HEK293 cells induced by hydrogen peroxide

We monitored the viability of HEK293 cells during treatment
with various concentrations of H2O2 by counting the stained cells at
different time-points, as shown in Fig. 1a. At 72 h, cell viability
remained at or above 80%when the final concentration of H2O2 was
up to 25 mM. However, it rapidly decreased after 12 h at H2O2
concentrations of 50 and 100 mM. The fluorescence measurements
represented in Fig. 1b show that the level of ROS increased by more
than six times at 25 mMH2O2, confirming that 25 mMH2O2 was
capable of inducing OS in the present study. The number of cells
counted after 72 h (Fig. 1c) reveals that the number of oxidatively
stressed cells (25 mMH2O2) was approximately half that in the
control group. Cell growth was possible when a low concentration
(3e15 mM) of H2O2 was added [49], but the 25 mMH2O2 used in the
present study inhibited the growth rate of the HEK293 cells.

3.2. FlFFF for subcellular species and exosomes during oxidative
stress

We optimized the isolation of exosomes from HEK293 cells
before determining exosome distribution during OS using FlFFF.
The same amount of cell culturemediumwas used in the treatment
with 8% PEG followed by centrifugation, the treatment by UC alone,
and the treatment with 8% PEG and UC, as was used in the washing
step [42]. Each resulting pellet was reconstituted to the same vol-
ume (200 mL), and 50 mL of each exosome solutionwas injected into
the FlFFF channel. Fig. 2a shows the superimposed fractograms of
the exosomes from the control cells using the three different
isolation methods. The PS standard particles were separated at the
same flow rate condition (outflow rate/crossflow rate ( _Vout = _Vc

)¼ 1.9/1.1mL/min) used for the exosomes. The fractograms in
Fig. 2a show that the exosomes were approximately 30e100 nm in
diameter, as shown by PS separation in Fig. 2b, which agreed with
the results from a previous report on FlFFF [27]. The latter study
demonstrated the presence of exosome in the collected fractions
using Western blot, therefore, a same confirmation was not carried
out. The significant differences in the elution of the three exosome
samples in Fig. 2a illustrate that far more exosomes were recovered
using the 8% PEG with UC method than with the other two
methods. Whereas PEG treatment reportedly results in the pres-
ence of unknown impurities and aggregates [50], an additional UC
step appears to further purify the exosomes, as evidenced by the
complete separation of the void peak at the beginning of the pro-
cess. In FlFFF, void peaks are usually caused by non-retained low-
molecular-weight species in the sample solution. Using the same
extraction method, we examined exosome extracts from stressed
cells under the same FlFFF run conditions, as shown in Fig. 2b.
During OS, the exosomes exhibited similar retention at the peak
maximum to the control exosomes, but the peak intensity and area
were greater, and the peak distribution was broader. The peak area
attributable to exosomes from the stressed cells increased by
28± 5% (n¼ 3), as listed in Table 1, suggesting that exosome
secretion increased during OS, which corroborates the results of an
earlier study in which more exosomes were released during OS
[51]. However, FlFFF analysis of the exosomes revealed a stress-
induced increase in exosome size distribution, in which the size
limit was increased to an approximate diameter of 130e150 nm
based on a comparison with PS separation shown in Fig. 2b.

We investigated subcellular species in the cell homogenates
from both the control and stressed cells using the steric/hyperlayer
elution mode of FlFFF (Fig. 3) operated at a flow rate condition of
_Vout = _Vc ¼ 2.0/2.5mL/min. The large particles were eluted earlier

http://www.minitab.com
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Fig. 1. a) Viability of HEK293 cells tested by varying the concentration of hydrogen peroxide (H2O2) in the culture media, b) 20 ,70-dichlorodihydrofluorescein diacetate (H2DCFDA)
assay for the amount of reactive oxygen species (ROS) at various H2O2 concentrations based on fluorescence detection, and c) cell counts per mL of control cells and cells treated
with 25 mMH2O2 after 72 h.

Fig. 2. a) Flow fieldeflow fractionation (FFF) fractograms of exosome samples obtained by different isolation methods: ultracentrifugation (UC) alone, centrifugation after treating
with 8% polyethylene glycol (PEG) overnight, and a combination of the two, b) superimposed fractograms (top) of controls (solid line), exosomes subjected to oxidative stress
(dashed line), and polystyrene (PS) standard mixtures (bottom) of nominal diameters 50 nm, 100 nm, and 200 nm. The flow rate conditions were _Vout = _Vc ¼ 1.9/1.1mL/min. The
crossflow was turned off after 15min.
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than the small ones. Fig. 3 shows the superimposed fractograms for
cell homogenates from the control and stressed cells (two repeated
runs for each sample), for a blank run, and for PS separation. We
carried out the blank run to determine if there was any unwanted
adsorption of the sample components at the channel membrane;
the peaks at 12min are nearly the same regardless of sample in-
jection, revealing that there was a system pulse caused by the
Table 1
Ratios of peak area values of exosomes in Fig. 2a and each fraction in Fig. 2b.

Fraction Time (min) Area ratio (stressed/control) (n¼ 3) p-value

Exosome 0.9e11.0 1.28± 0.05 <0.01

F1 0.5e3.0 1.01± 0.03 0.67
F2 4.0e6.0 0.87± 0.11 0.015
F3 6.0e8.5 0.65± 0.09 <0.01
pressure change when the crossflow was turned off ( _Vc¼ 0). The
fractograms of the cell homogenates shown in Fig. 3 are nearly the
same as those obtained in an earlier study. We presume that the
three prominent peaks in Fig. 3 are attributable to homogenates
that contained nuclei and some proteins (F1), mitochondria-
enriched fraction (F2), and peroxisome-enriched fraction (F3).
Because the elution profile was the same as the previous results
which were confirmed with Western blots and nLC-ESI-MS/MS-
based proteomic analysis [41]. The three replicate runs of each
cell homogenate were carried out by adjusting the injection
amount so that there was approximately the same number of cells
in the control as in the stressed group. The peak areas of the first
peak (F1) were almost the same in both groups. However, there
were reproducible reductions in the peak areas of F2 and F3 in the
stressed group. The peak area of F2 decreased by 13% (p¼ 0.015
according to the Student's t-test), as shown in Table 1. In contrast,



Fig. 3. Superimposed fractograms of cell homogenates (top) from controls (solid line)
and oxidatively stressed (dashed line) HEK293 cells including a blank run, and poly-
styrene (PS) standard mixtures (bottom) of diameters 2 mm, 4 mm, and 6 mm. The flow
rate condition was _Vout = _Vc ¼ 2:0=2:5mL=min: The crossflow was turned off after
11min.
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the peak area of F3 decreased by 35% (p< 0.01). Mitochondria and
peroxisomes are the main organelles that dispose ROS produced in
the cell. Organelle degradation may be due to the damage caused
by H2O2 or the need for cellular degradation following the disposal
of ROS [52e54]. Whereas the relative amount (approximately
number) of exosomes increased during OS, the number of subcel-
lular species decreased. This was further investigated by examining
the changes in the amounts of lipids in the fractions during OS.

3.3. Lipidomic changes in subcellular fractions and exosome during
oxidative stress

We used nUHPLC-ESI-MS/MS to determine the lipidomic
changes in the subcellular fractions (F1eF3) collected during the
FlFFF runs, the exosomes, and cells that had been subjected to OS or
had received no treatment. Lipid separation was demonstrated by
the base peak chromatograms (BPCs) of the lipid standards ob-
tained in both positive and negative ion modes of nUHPLC-ESI-MS/
MS, as shown in Supplementary Fig. S1. The BPCs of the lipid ex-
tracts from the cells and exosomes are shown in Fig. S2. We
determined the molecular structures of the lipids from the data-
dependent collision-induced dissociation spectra, which identi-
fied 642 lipid species including PLs, sphingolipids (SLs), glycer-
olipids (GLs), cholesteryl esters (CEs), and Ox-PLs. Among them,
438 species were selected for targeted quantitation by SRM mode.
The calculated stressed/control ratio (S/C) of each lipid species in
the cells, F1, F2, and F3 fractions, and the exosomes are listed in
Table S2, based on the corrected peak area (vs that of the IS specific
to each lipid class) of each species according to nUHPLC-ESI-MS/
MS. The quantified results for PC, PE, and the TG species are
expressed as the total number of carbon atoms in the acyl chains
and double bonds, because the geometrical isomers of the three
lipid classes were not differentiated by SRM quantification. How-
ever, the molecular structures of the isomers determined by non-
targeted identification are listed in Table S3.

High-abundance PL species were sorted out from the quantified
results, and the level change (log2(S/C)) in each species during OS
was compared among the different subcellular fractions in Fig. S3. A
high-abundance lipid species was defined as a lipid with a relative
abundance higher than 100%/number of lipids within the class. The
plots in Fig. S3 are grouped into high abundance lysophospholipids
(LPLs)dwhich are short chain products, saturated, mono-
unsaturated, and polyunsaturated acyl chain types. The log2(S/C)
values of the high abundance LPLs in Fig. S3 increased to some
degree, but there were no significant changes in the log2(S/C)
values of the saturated and monounsaturated PLs. However, the
log2(S/C) values of the polyunsaturated species gradually decreased
as the number of double bonds increased: the log2(S/C) values of
species with more than five double bonds decreased by more than
twofold. This tendency was prominent in subcellular fractions F2
and F3 compared to the others.

Oxidative stress results in the oxidative modification of lipids to
produce Ox-PLs. Such modifications include the hydroperoxylation
or hydroxylation of unsaturated acyl chains (producing long-chain
products (LCPs)); the truncation of acyl chains into shorter chains
terminated with either aldehyde or carboxyl groups (producing
short-chain products (SCPs)); and the production of LPLs. It is
interesting to trace the levels of Ox-PLs, although they are very
complicated to monitor thoroughly. We identified a total of 93 Ox-
PL species (Table S4); there were 46/29 LCP/SCP species in the
stressed cells, and 27/33 species in the control cells. In the exo-
somes, 40/23 species were found in the stressed condition, whereas
22/24 species were identified in the controls. The number of
identified oxidized products increased during OS in both the cells
and exosomes, mainly due to the increase in LPCs. Fig. 4 is a plot of
the relative amounts of Ox-PLs during OS according to the different
polar head groups of the PLs based on a peak area comparison
between the total Ox-PLs of each PL class and their corresponding
intact PLs. It demonstrates that significant amounts of Ox-PLs were
produced during OS in all six PL classes: 2e8 timesmore than in the
controls. Moreover, the relative amounts of oxidized products
during OS were much larger in fractions F2 and F3 than in the
exosomes, inwhich the proportionwas less than 1%. The degrees of
oxidation were found to be larger in PC, PA, and PI than other PL
classes, however, reasons for the preferred oxidation are not clear
and should be further investigated. Although the plots in Fig. 4
were based on the total peak areas of the identified Ox-PLs, the
degrees of hydroxylation or hydroperoxylation in a few high-
abundance PL species were calculated. Table 2 shows the S/C ra-
tios of some high-abundance species in the cells, F1, F2, and F3
fractions, and exosomes, and the relative increases in hydroxylation
(þO) as RI(OH) and of hydroperoxylation (þOO) as RI(OOH) during
OS. The relative increase in hydroxylation, RI(OH), was calculated
by taking the increased amount of a specific Ox-PL (e.g. PC
16:0_16:1 þ O in Table 2) during stress and dividing it by the
amount of intact PL (e.g. PC 32:1). Decreases in the S/C ratio in
Table 2 represent decreases in the amount of intact species due to
oxidative modification; the S/C ratio decreased to a greater extent
in highly unsaturated PL species (e.g. PC 36:5, PE 38:6, and PI 18:0/
20:4). These results corroborate those from other studies, demon-
strating that lipid peroxidation occurs more readily as the number
of double bonds increases [16,55]. The relative increase in hy-
droxylation was much higher in the F2 and F3 fractions, whereas it
did not increase significantly in the exosomes. For instance, the RI
value of PE 18:1_22:6 þ O was calculated to be 1.73% in the cells,
increased to 5.45% in F2 and 10.83% in F3, andwas found to be 2.01%



Fig. 4. Relative amounts (%) of oxidized phospholipids (Ox-PLs) in each PL group quantified from different subcellular fractions and exosomes by comparing control cells to cells
subjected to oxidative stress.

Table 2
Ratios of stressed/control peak area values (S/C) of intact phospholipids (PLs) and the relative increase (RI) of hydroxylated (RI(OH))) or hydroperoxylated (RI(OOH)) products
after oxidative stress compared to the original PL molecule.

Class Chain m/z Cell F1 F2 F3 Exosome

PC 32:1 732.5 S/Ca 0.78± 0.08 0.87± 0.15 0.65± 0.10 0.73± 0.07 0.74± 0.07
16:0_16:1 þ O 748.5 RI(OH)b 1.50± 0.14 0.71± 0.43 2.80± 0.30 3.59± 0.86 1.10± 0.30
36:5 780.5 S/C 0.78± 0.10 0.71± 0.09 0.54± 0.05 0.60± 0.12 0.81± 0.14
16:1_20:4 þ O 794.5 RI(OH) 3.01± 0.52 4.83± 3.61 6.46± 1.97 4.12± 1.13 1.06± 0.36
36:4 782.5 S/C 0.75± 0.1 0.62± 0.14 0.67± 0.06 0.74± 0.16 0.93± 0.11
16:1_20:3 þ O 798.5 RI(OH) 1.6± 1.27 5.7± 1.21 6.72± 2.21 3.46± 3.09 0.58± 0.3
36:3 784.5 S/C 0.82± 0.20 0.80± 0.19 0.72± 0.07 0.86± 0.13 0.90± 0.22
18:1/18:2 þ O 800.5 RI(OH) 1.2± 0.66 1.8± 1.99 4.17± 1.69 4.57± 1.04 0.97± 0.3
36:2 786.4 S/C 0.87± 0.08 0.99± 0.38 0.83± 0.06 0.90± 0.22 0.95± 0.08
18:1_18:1 þ O 802.5 RI(OH) 0.11± 0.03 0.47± 0.2 1.6± 0.37 2.03± 1.29 0.07± 0.03
38:4 810.6 S/C 0.76± 0.25 0.88± 0.27 0.73± 0.07 0.63± 0.07 0.96± 0.33
18:0/20:4 þ O 826.5 RI(OH) 2.36± 2.68 0.86± 0.67 2.78± 0.42 4.41± 1.09 1.47± 0.64

PE 36:2 744.5 S/C 0.84± 0.05 0.84± 0.16 0.80± 0.11 0.96± 0.09 0.95± 0.12
18:1_18:1 þ OO 774.6 RI(OOH) 0.6± 0.25 1.18± 0.41 1.17± 0.3 1.61± 1.43 0.26± 0.17
38:6 764.5 S/C 0.53± 0.08 0.78± 0.12 0.44± 0.32 0.46± 0.14 0.60± 0.09
16:0_22:6 þ OO 794.6 RI(OOH) 2.62± 1.13 0.29± 0.15 1.28± 1.07 3.03± 0.82 1.61± 0.77
40:7 790.5 S/C 0.63± 0.03 0.48± 0.15 0.37± 0.15 0.49± 0.16 0.51± 0.10
18:1_22:6 þ O 806.6 RI(OH) 1.73± 0.83 2.86± 1.55 5.45± 3.17 10.83± 2.85 2.01± 0.77

PI 18:0/20:4 885.4 S/C 0.44± 0.13 0.56± 0.24 0.81± 0.30 0.49± 0.24 0.31± 0.07
18:0/20:4 þ O 901.5 RI(OH) 0.59± 0.22 1.1± 0.33 N.D. N.D. 0.06± 0.19
18:0/20:3 887.5 S/C 0.54± 0.17 0.64± 0.10 0.51± 0.14 0.57± 0.12 0.31± 0.17
18:0/20:3 þ O 903.5 RI(OH) 2.62± 1.24 2.42± 1.43 N.D. N.D. 1.19± 0.73

PG 18:0/16:1 747.5 S/C 0.97± 0.13 0.84± 0.17 0.81± 0.15 0.87± 0.37 0.94± 0.07
18:0/16:1 þ O 763.5 RI(OH) 1.24± 0.6 1.15± 0.24 3.75± 1.32 4.55± 1.42 1.96± 0.38
18:1/18:1 773.5 S/C 0.64± 0.14 0.41± 0.04 0.64± 0.20 0.84± 0.23 1.03± 0.08
18:1_18:1 þ O 789.5 RI(OH) 5.43± 1.11 4.79± 0.82 4.03± 1.53 2.05± 1.57 6.88± 1.27
18:1/22:6 819.5 S/C 0.40± 0.11 0.46± 0.14 0.32± 0.14 0.34± 0.18 0.48± 0.37
18:1/22:6 þ O 835.5 RI(OH) 2± 0.36 16.01± 3.09 2.01± 1.61 1.75± 2.11 7.25± 1.49

PA 18:1/20:1 727.5 S/C 1.11± 0.37 1.33± 0.40 1.48± 0.14 1.22± 0.68 1.16± 0.73
18:1/20:1 þ O 743.5 RI(OH) 0.81± 0.19 0.53± 1.96 3.4± 1.3 5.8± 3.56 4.67± 1.83

a Ratio (S/C) of corrected peak area.
b Relative increase of hydroxylated products produced after oxidative stress compared to the amount of the original PL molecule in the control.
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in the exosomes. PE is the second most abundant PL in mitochon-
dria and is involved in mitochondrial function [56]. A recent report
showed that the PE level decreased significantly in the mitochon-
dria of aged muscle [57]. Because fractions F2 and F3 are enriched
with mitochondria and peroxisomes, respectively [41], the increase
in Ox-PE species in the two fractions suggests oxidative damage to
the mitochondria. However, the Ox-PL levels in the exosomes did
not increase as much as expected from the subcellular fractions.
This may have occurred because exosomes transfer protective sig-
nals to recipient cells during OS [14]. However, the oxidative
changes in exosome lipids have not been investigated, and more
studies are required to elucidate lipid stability in exosomes during
OS. The S/C ratios of PA 18:1/20:1 increased during stress, possibly
due to the generation of PA by the dissociation of the polar head



Fig. 5. Principal component analysis (PCA) plots representing the difference before
and after oxidative stress at the level of whole cells, F2, F3, and exosomes based on the
quantified results for 438 lipids. Data for controls and stressed subjects are represented
by filled and open symbols, respectively. Data for whole cells, F2, F3, and exosomes are
represented by rectangles, triangles, reversed triangles, and circles, respectively. Filled
and open symbols represent controls and stressed subjects, respectively.
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groups of other PLs with the same acyl chains. The possibility that
the head groups of PL were lost during ESI can be excluded here
because lipid quantitation was based on the SRM-targeted detec-
tion of molecular ions and quantifier ions at a time interval (±1min
of the retention time), and the retention time of an intact PA is
different from that of a PA product derived from in-source
fragmentation.

The differences in the overall lipid profiles during OS can be
visualized using principal component analysis (PCA) plots obtained
for all the quantified lipid species (Fig. 5). The plots reveal that there
was a significant difference in the level of lipids in the whole cells
but there was less change in the exosome lipids. Whereas the levels
Fig. 6. Ratios of stressed/control peak area values (S/C) of high-abun
of most PL species decreased in the cells during OS, as represented
in Fig. S3, high-abundance TG species increased by> 1.5-fold in the
whole cells, and the four TGs (52:4, 52:3, 54:4, and 54:3) increased
by> 3-fold, as shown in Fig. 6. However, the increase in the sub-
cellular fractions was not as great as in the whole cells. The accu-
mulation of TGs due to ROS can induce non-alcoholic liver failure
[58] or chronic kidney disease [59]. TG accumulation can also be
caused by sterol regulatory element-binding protein 1c (SREBP1c),
which regulates fatty acid biosynthesis during OS [60]. Therefore,
the observed increase in TG may be attributed to the increased
levels of ROS. We expected stimulated TG species to be enriched in
the plasma membrane because they increased in the whole cells
more than in the subcellular fractions. Although OS did not influ-
ence the levels of PLs in the exosomes in the present study, the
levels of the four TGs decreased in the exosomes but increased in
thewhole cells. The authors of a recent study reported that the total
TG levels in exosomes decreased by 40% when rat alveolar
epithelial (R3/1) cells were treated with H2O2 [61]. There is a sig-
nificant reduction in the TG levels in exosomes isolated from the
urine of patients with prostate cancer [27]. These results suggest
that decreases in TG levels in exosomes could be a sign of patho-
genic development. Plasmalogen species are known to protect cells
against damages from OS and its regulation against OS is closely
related to peroxisome metabolism [62]. While the overall amount
of PE plasmalogen species was not significantly changed upon OS in
this study, the fraction F3 that was enriched with peroxisome
showed some increases of high abundance PE plasmalogen species
(PE p16:0/20:4 and PE p18:0/20:4 by 26e42% with p< 0.01)
compared to the other fractions (Table S2).

We investigated alterations in the SM and Cer levels by
comparing the S/C ratios of individual species sharing a common
acyl chain structure (d18:1/xx:x). Fig. 7 shows that Cer species with
sn-2 acyl chain types 18:0 and 22:1 increased by> twofold in
subcellular fractions F2 and F3, and thosewith chain types 22:0 and
24:0 increased by 4- and 2.5-fold, respectively, whereas the cor-
responding changes were not significant in the whole cells (<1.5-
fold) and were negligible in the exosomes. Studies have shown
that Cer is associated with the activation of a mitochondrial
apoptotic pathway, and it becomes more abundant with age,
inducing cell apoptosis [63e65]. In the present study, we detected
dance triacylglycerol (TG) species in cells, F2, F3, and exosomes.



Fig. 7. Ratios of stressed/control peak area values (S/C) of high-abundance sphingomyelin (SM) and ceramide (Cer) species with the same acyl chain based on a d18:1/xx:x structure.
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an increase in Cer levels, especially in the F2 and F3 fractions,
whereas SM levels decreased to some degree. Moreover, large in-
creases in the levels of Cer in F2 and F3 suggest that OS stimulates
the Cer synthesis pathway in mitochondria and peroxisomes.
Because Cer can also be produced by the hydrolysis of SM by
sphingomyelinase, the increase in Cer levels can be attributed to the
substantial decrease in SM. However, the present study demon-
strated that Cer levels increased markedly, suggesting that Cer
production is probably stimulated by other pathways during OS.
The Cer levels in the exosome did not alter significantly, suggesting
that during OS exosomes transmit protective signals to recipients
through lipids and mRNA [14].
4. Conclusions

The present study demonstrated that an off-line combination of
FlFFF and nUHPLC-ESI-MS/MS can be used to study the alterations
in size, population, and lipid profiles of subcellular and extracellular
species during OS. Treating HEK293 cells with H2O2 caused no
significant change in the retention times of the peaks attributable
to eluted subcellular species, assuming no alteration in the size or
size distribution of those species. However, the subcellular species
population decreased, whereas the number of secreted exosomes
increased during OS. Lipidomic analysis of whole cells, subcellular
fractions, and exosomes detected relatively large amounts of
oxidized lipids in themitochondria-enriched fractions, whereas the
degree of oxidation in the exosomes was less significant during OS.
Among the lipid classes, we found that the levels of most TGs
increased in the stressed cells, whereas they were not significant in
the subcellular fractions, and even decreased in the exosomes
secreted from stressed cells. The reduction in the Ox-PL and TG
levels in the exosomes during OS can be regarded as being due to a
minimization of their transport to recipient cells, caused by the
delivery of protective signals through lipids and mRNA [14].
Moreover, Cerdwhich is associated with mitochondrial apoptotic
pathwaysdincreased by at least 2e3 times in the subcellular
fractions containing mitochondria and peroxisomes, suggesting
that OS induces an increase in Cer to stimulate apoptosis. The
present study demonstrated that size-sorting by FlFFF and lip-
idomic analysis using nUHPLC-ESI-MS/MS can be used in combi-
nation to investigate the influence of OS on the subcellular and
extracellular components of cells. The systematic investigation of
subcellular species during OS can be achieved once the separation
resolution of subcellular species is improved by the stepwise sep-
aration of collected fractions in different elution modes, and this
warrants further investigation.
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