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Abstract

Through free radical-mediated peroxidation, cyclooxygenase (COX) can metabolize dihomo-vy-
linolenic acid (DGLA) and arachidonic acid(AA) to form well-known bioactive metabolites,
namely, the 1-series of prostaglandins (PGs1) and 2-series of prostaglandins(PGs2), respectively.
Unlike PGs2, which are generally viewed as pro-inflammatory and pro-carcinogenic PGs, PGs1
may possess anti-inflammatory and anti-cancer activity. Previous studies using ovine COX along
with spin trapping and the LC/ESR/MS technique have shown that certain exclusive free radicals
are generated from different free radical reactions in DGLA and AA peroxidation. However, it has
been unclear whether the differences were associated with the contrasting bioactivity of DGLA vs.
AA. The aim of this study was to refine the LC/MS and spin-trapping technique to make it
possible for the association between free radicals and cancer cell growth to be directly tested.
Using a colon cancer cell line, HCA-7 colony 29, and LC/MS along with a solid phase extraction,
we were able to characterize the reduced forms of radical adducts (hydroxylamines) as the free
radicals generated from cellular COX-catalyzed peroxidation. For the first time, free radicals
formed in the COX-catalyzed peroxidation of AA vs. DGLA and their association with cancer cell
growth was assessed (cell proliferation via MTS and cell cycle distribution via Pl staining) in the
same experimental setting. The exclusive free radicals formed from the COX-catalyzed
peroxidation of AA and DGLA were shown to be correlated with the cell growth response. Our
results indicate that free radicals generated from the distinct radical reactions in COX-catalyzed
peroxidation may represent the novel metabolites of AA and DGLA that correspond to their
contrasting bioactivity.
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INTRODUCTION

Cyclooxygenase (COX) is an enzyme that catalyzes peroxidation of dietary and membrane
polyunsaturated fatty acids (PUFAs). COX exists as two isoforms, the constitutive isoform
COX-1 and the inducible isoform COX-2 [1-2]. Unlike COX-1, which is expressed in
nearly all mammalian tissues, COX-2 is often up-regulated at inflammatory sites and in
various tumor tissues, and thus has received much research attention for its role in
inflammation-derived diseases and various cancers [3-8]. It was reported that COX-2 is over
expressed ~40% in human adenomas and ~80% in adenocarcinomas relative to normal
mucosa in colon tissues [9-10].

Arachidonic acid (AA, 20:4), a major PUFA in mammalian cells, and its upstream PUFA,
dihomo-y-linolenic acid (DGLA, 20:3), are both long-chain -6 PUFAs and the substrates
of COX. A high intake of ©»-6 PUFAs was found to enhance tumorigenesis and metastasis in
the development of colon, breast, and prostate cancers [11-16] presumably via COX-
catalyzed AA peroxidation to generate pro-inflammatory and pro-carcinogenic 2-series
prostaglandins (PGs2). Prostaglandin E, (PGE>), a member of PGs2, is the major AA-
derived PG from COX. PGE,could stimulate colorectal carcinogenesis by activating the pro-
survival signaling pathways, including extracellular-signal-regulated kinases, cyclic
adenosine monophosphate/protein kinase A, and epidermal growth factor receptor [17-19].

Unlike its downstream PUFASs (e.g. AA), however, DGLA may possess anti-inflammatory
and anti-cancer activities by virtue of increasing the production of the 1-series of
prostaglandins (PGs1) through its COX-catalyzed peroxidation. For example, prostaglandin
E, (PGEq)was reported to inhibit vascular smooth muscle cell proliferation, reduce vascular
cell adhesion, and attenuate the development of atherosclerosis [20-23]. PGE; also exerted
an inhibitory effect on the growth of melanoma cells and HeLa cells [24-25].

It is well-known that COX metabolizes AA and DGLA through a series of free radical
reactions [26]. As the most reactive intermediates, however, the AA- and DGLA-derived
free radicals formed from COX-catalyzed peroxidation have never been identified and
characterized until a novel technique, the combined technique of spin-trapping and
LC/ESR/MS, was recently developed [27-32]. According to the free radicals that have been
characterized in COX-catalyzed AA and DGLA peroxidation using an ovine COX-2 enzyme
(cell-free) in vitro system [29, 32], some pathways of AA and DGLA oxidation could be
similar to each other while others occur for only one of these substrates. In the free radical
reactions that are due to the shared structural moiety (C-8 to C-20) of AA and DGLA, some
identical or analogous free radicals are formed from C-15 oxygenation (Schemes 1-2).
However, unique carbon-carbon double bond (®C=C) free radicals were formed only in
COX-catalyzed AA peroxidation; no similar free radical could be detected in C-15
oxygenation of DGLA [29, 32]. In addition, DGLA can also be oxidized by C-8 oxygenation
due to its C-1 to C-7 structural moiety, which is different from the corresponding section of
AA. The C-8 oxygenation thus leads to the formation of two exclusive DGLA-derived free
radicals from its COX-catalyzed peroxidation(Scheme 2B) [32].
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In order to investigate the possible association between cancer cell growth and exclusive
free radicals generated from COX-catalyzed AA vs. DGLA peroxidation, we made the first
effort in this study to characterize the free radicals formed from a human colon cancer cell
line (i.e,, HCA-7 colony 29, the cells that express high COX-2). Our refined LC/MS
technique along with solid phase extraction (SPE) allowed us for the first time to profile free
radicals under normal cell growth conditions in which the cell’s growth responses could also
be assessed in the same experimental setting and at the same time points. We accomplished
this profiling by monitoring reduced POBN radical adducts (e.g.. hydroxylamines, Scheme
3), with their structures confirmed by both dual spin-trapping and LC/MS? analysis. This
study thus provides a new way to screen free radicals generated in cells, particularly under
normal cell culture conditions. Our new protocol allowed us to directly study the free
radical-associated PUFAS’ bioactivity, thus improving our understanding of COX-catalyzed
lipid peroxidation in cancer biology.

MATERIALS AND METHODS

Reagents and Cell Line

Ammonia hydroxide (NH4OH, 5N), ethyl acetate, glacial acetic acid (HOAC), heptanoic
acid, 1-hexanol, formic acid, 8-hydroxyoctanoic acid, and ribonuclease A (from bovine
pancreas)were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Acetonitrile
(ACN, HPLC grade), water (H,O, HPLC grade) and ethyl alcohol (200 proof) were
purchased from EMD Chemicals (Gibbstown, NJ, USA). Propidium iodide was purchased
from Life Technologies (Grand Island, NY, USA). AA and DGLA were purchased from
Nu-Chek-Prep (Elysian, MN, USA). Deuterated AA and DGLA (e.g. AA-dgand DGLA-dg),
deuterated PGE standard (e.g. PGE;-d4 and PGE,-dg), and CP-24879 (A-5 desaturase
inhibitor) were obtained from Cayman Chemicals (Ann Arbor, MI, USA). The high-purity
spin trap agent a-[4-pyridyl-1-oxide]-N-tert-butyl nitrone (POBN) was purchased from
Alexis Biochemicals (San Diego, CA, USA). Deuterated POBN (dg-POBN) was synthesized
in our laboratory with help from the Core Synthesis Facility, Center for Protease Research,
North Dakota State University.

The human colon cancer cell line, HCA-7 colony 29, was purchased from the European
Collection of Cell Cultures (Porton Down, Salisbury, UK). Fetal bovine serum (FBS) and
trypsin-EDTA were obtained from Thermo Fisher Scientific (Logan, UT, USA). DMEM
high glucose medium (phenol-red free) was obtained from Scien Cell Research Laboratories
(Carlsbad, CA, USA). The Cell Titer 96® AQ,eous One Solution Cell Proliferation Assay kit
was purchased from Promega (Madison, W1, USA).

Cellular Spin-Trapping Experiment

Spin-trapping experiment with cell suspension in phosphate-buffered saline
(PBS)—HCA-7 colony 29 cells were grown in DMEM high glucose medium (phenol red-
free) supplemented with 10% FBS in an incubator containing a 95% humidified atmosphere
of 5% CO, at 37°C. To measure the ESR-active free radical spin adducts, HCA-7 colony 29
cells at ~90% confluence were trypsinized, harvested, and suspended in 200 pL PBS(~108
cells/mL). POBN and PUFAs at final concentrations of 50 mM and 1.0mM, respectively,
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were then added to the cell-PBS suspension to start the COX-catalyzed PUFA peroxidation
and POBN spin-trapping reaction. This complete reaction mixture was incubated at 37°C in
the absence of light, and mixed with ACN (1:1, v/v) at 30 min to stop the reaction. After
centrifuging 15 min at 14,000 rpm with an Eppendorf centrifuge (Microfuge 22R),
supernatant was collected and condensed to an ACN-free solution for LC/ESR and LC/MS
analysis.

Spin-trapping experiment with cells grown under normal culture conditions—
HCA-7 colony 29 cells were cultured in DMEM high glucose medium (phenol red-free)
supplemented with 10% (v/v) FBS in an incubator containing a 95% humidified atmosphere
of 5% CO, at 37°C. Cells at~30% confluence were seeded at a density of 4x106 cells per
100 mm petri dish. With a one-night incubation to allow the cells to attach well to the dish
wall, POBN and PUFAs at final concentrations of 20 mM and 100uM, respectively, were
added to start the peroxidation and spin-trapping reaction. Instead of measuring ESR-active
radical adducts, we actually measured the reduced form (hydroxylamines, Scheme 3) of
POBN adducts by LC/MS and LC/MS2. At time points of 0.5, 4, 8, 12, 24, and 48 h, the cell
culture medium together with cells that were scrubbed and homogenized with a Sonifier
(150 Branson Ultrasonics) were mixed with ACN (1:1, v/v) to stop the reaction. The mixture
solution was then vortexed and centrifuged for 15 min at 3,000 rpm, and the supernatant
(~4.0 mL) was subjected to solid phase extraction (SPE) followed by LC/MS and
LC/MS2analysis. Dual spin-trapping experiments and measurement of hydroxylamines from
both dg/dgPOBN adducts in cells were conducted the same way as the POBN spin-trapping
experiments described above except that (50:50) do/dg POBN (20 mM) was added to the cell
culture media.

Extraction, LC/MS and LC/MS? Analysis of Hydroxylamines

A mixed-mode anion exchange SPE cartridge (Oasis MAX, Waters, MA) was employed to
extract and condense the hydroxylamines due to the charge of the pyridyl-oxide group of the
reduced POBN adduct. A MAX SPE cartridge was preconditioned with 2.0 mL methanol
and 2.0mL water; then 4.0 mL of the mentioned supernatant was loaded and washed by 1.0
mL 5% NH4OH and 1.0 mL methanol. Hydroxylamines in the supernatant were then eluted
with 2.0mL ACN:MeOH (60:40, v/v; 2% formic acid). The elution was condensed
completely with an Eppendorf concentrator (Vacufuge™) and then reconstituted in 100 pL
MeOH:H,0 (50:50, v/v) for LC/MS analysis.

The LC/MS system consisted of an Agilent 1200 series HPLC system and an Agilent 6300
LC/MSD SL ion trap mass system. HPLC separations were performed on a C18 column
(Zorbax Eclipse-XDB, 4.6x75 mm, 3.5 um) equilibrated with 90% A (H,0-0.1% HOAC)
and 10% B (ACN-0.1% HOAC). Forty microliters of the condensed and reconstituted
sample was injected into the LC/MS system by auto sampler and eluted at a 0.8 mL/min
flow rate with a combination of gradient and isocratic elution: (i) 0 — 5 min, 90 to 73% A
and 10 to 27% B; (ii) 5-25 min (isocratic), 73% A and 27% B; (iii) 25- 40 min, 73% to 30%
A and 27% to 70% B; (iv) 40-43 min, 30% to 5% A and 70% to 95% B; and (v) 43-50 min
(isocratic), 5% A and 95% B. The outlet of the UV detector in LC was connected to the MS
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system with red PEEK tubing (0.005 i.d.) along with a splitter by which the flow rate to MS
was adjusted to 0.1 mL/min.

Electro spray ionization in positive mode was used for all measurements of POBN adducts
and hydroxylamines. Total ion current (TIC) chromatograms in full mass scan mode (m/z 50
to m/z 600) were performed to profile all products formed in the reaction of COX-catalyzed
AA and DGLA in the presence of POBN. Other MS settings were capillary voltage, —4500
V; nebulizer press, 20 psi; dry gas flow rate, 8.0 L/min; dry temperature, 100°C; compound
stability, 20%; and number of scans, 50. An extracted ion current (EIC) chromatogram of
ions of interest was projected from the total ion current (TIC) chromatogram to determine
the number of isomers of given ions. Normally an isolation width of £0.5 Da was selected
for EIC. The multiple reaction monitoring (MRM) mode of LC/MS? was used to confirm
structural assignments of hydroxylamines. A width of £2.0 Da was typically selected to
isolate parent ions of interest. Other MS settings were the same as the scan mode listed
above except the number of scans, 5. For quantification of hydroxylamines, a small amount
Dg-POBN (internal standard as described elsewhere [30-31]) was added to cells and culture
media with a stop solution (ACN), and SPE extraction as well as LC/MS analysis was then
conducted. The amount of hydroxylamine generated in cellular peroxidation and the spin
trapping reaction was normalized to the numbers of cells at different incubation time points,
in which total live cells could be significantly different.

LC/MS Analysis of AA, DGLA, and PGEs

Under the same culture conditions and time points as conducted in the cellular spin-trapping
experiments, AA, DGLA, PGE; and PGE; in the reaction mixture were quantified by
LC/MS using their respective internal standards by same preparation procedures:(1) a two
milliliter sample of cell culture medium was collected and internal standards (AA-dg,
DGLA-dg, PGE;-d4, PGEy-dg)were added to make a total of 3.0 mL of 15% methanol
solution; (2) the reaction mixture was vortexed for 1 min, seton ice for 30 min, and
centrifuged for 15 min at 3,000 rpm. The supernatant was then collected and the pH was
adjusted to 3.0 with 0.2N HCI; (3) the acidified supernatant was loaded on a reverse phase
SPE cartridge (SampliQ Silica C18 ODS, Agilent, CA) which was preconditioned by 2.0mL
methanol and 2.0 mL water. AA, DGLA and PGEs were then washed with 1.0 mL of water
and eluted out with 2.0 mL ethyl acetate; and (4) the elution was completely condensed with
an Eppendorf concentrator and reconstituted with 100 pL ethanol for LC/MS analysis.

A five-micro liter sample of such a reconstituted sample was injected into the same LC/MS
system as described above. The analyte was eluted with a combination of gradient and
isocratic elution: (i) 0-12 min (isocratic), 68% A and 32% B; (ii) 12—14 min, 68% to 44% A
and 32% to 56% B; (iii) 14—28 min (isocratic), 44% A and 56% B; (iv) 28 — 30 min, 44% to
14% A and 56% to 86% B; (v) 30 — 38 min, 14% to 5% A and 86% to 95% B; and (vi) 38 —
44 min (isocratic), 5% A and 95% B. Electro spray ionization in negative mode was used for
all LC/MS measurements of PUFAs and PGEs. Other MS settings were nebulizer press, 15
psi; dry gas flow rate, 5.0 L/min; dry temperature, 325°C. The concentrations of DGLA, AA
and PGE1/PGEsin the samples were quantified as m/z 305, m/z 303, and m/z 353/351 ions
with their individual internal standards, e.g. m/z 311 ions as DGLA-dg and AA-dgand m/z
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357vs. m/z 360 as PGE;-d4 vs. PGEy-dgrespectively. The amounts of PUFAs and PGEs
formed in the cellular peroxidation reaction were also normalized to the numbers of live
cells at different incubation times.

Cell Proliferation and Cell Cycle Distribution Analysis

The cell proliferation assay (MST) was performed with a Cell Titer 96 Aqueous One
Solution Cell Proliferation Assay kit according to the manufacturer's instructions. Briefly,
cells were seeded at 5,000 cells/well in 96-well plates and treated with 100 uM AA, 100 pM
DGLA (with/without 5.0uM A-5 desaturase inhibitorCP-24879), 0.01 to 1.0 uM PGEs, and
their free radical derivatives (i.e., 1-hexanol, heptanoic acid, or 8-hydroxyoctanoic acid,
respectively). After a two-day incubation,20 uL Cell Titer 96 Aqueous One Solution
Reagent was added to each well. Following additional 4h incubation with the reagent, the
absorbance at 490 nm, representing the quantity of formazan product, which is directly
proportional to the number of living cells, was recorded by a 96-well plate reader
(SpectraMax M5, Molecular Devices). Cell viability was expressed as a percentage of the
control group.

The effect of AA, DGLA (with/without CP-24879), PGEs, and free radical derivatives on
cell cycle distribution was examined by flow cytometry after staining the cells with
propidium iodide (Pl-staining). Briefly, 4 x 10¢ cells were seeded, incubated overnight, and
exposed to AA, DGLA (with/without CP-24879), and PGEs as well as the radical
derivatives. At time points of 8, 12, 24 h, cells were trypsinized, washed with PBS, and then
fixed in refrigerated 70% ethanol at 4°C for about 30 min, with a final concentration of
1x10g cells/mL. The cells were then treated with 10 pL ribonuclease A (10 mg/mL) and 400
uL propidium iodide (50 pg/mL). After 30 min, the cell cycle distribution was measured by
an Accuri C6 Flow Cytometer (BD, NJ). The percentage of cells (at least 10,000 cells were
counted)in different phases of cell cycle was analyzed by Flow Jo software (Tree Star, OR).

Radical Trapping Ability of POBN in Cell Culture Media

The time course (up to 48 h) of the reaction of 20 MM POBN with free radicals, i.e.,
POBN’s radical trapping ability, was examined with a spin trapping experiment of POBN
reacting with hydroxyethyl (®8C,Hs0). At each experimental time point, POBN-containing
culture medium (cell free) was mixed with ethanol (0.2 mM) and Fe2* (1.0 mM, prepared
from ferrous ammonium sulfate in redistilled water with the pH adjusted to ~ 2.5[34]), and
directly introduced to an ESR flat cell for ESR analysis. ESR spectra were recorded in
magnetic field scans using a Bruker EMX spectrometer equipped with a super high Q cavity
operating at 9.78 GHz at room temperature. Other ESR spectrometer settings were magnetic
field center, 3497.4 G; magnetic field scan, 70 G; modulation frequency, 100 kHz;
microwave power, 20 mW; modulation amplitude, 1.0 G; receiver gain, 5.0x10y4; time
constant, 0.655 s; and conversion time, 0.164 s.

Free Radic Biol Med. Author manuscript; available in PMC 2014 August 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guetal.

RESULTS

Page 7

Measurement of ESR-Active Free Radical Adducts

When offline ESR (magnetic field scan) was used to measure free radical adducts from cells
(HCA-7 colony 29) incubated in PBS and in culture media in the presence of POBN and
AA/DGLA, a six-line ESR signal of POBN radical adducts (aN~ 15.4 G and aH~ 2.5 G)
could be observed in the cell-PBS system, but no ESR signal was observed from cells grown
in culture media (data not shown). When the combined technique of LC/ESR/MS was used
to further analyze more specific free radical information from the offline ESR signal, many
free radical spin adducts, including isomers, were recognized as those having previously
been characterized via LC/MS in a (cell-free)COX system [29, 32].

To complete a cellular COX-catalyzed peroxidation and spin-trapping experiment in PBS in
30 min, the length of time cells could survive the conditions, high doses of AA/DGLA (=
500 uM) and POBN (= 50 mM) were needed. Although no good quality LC/ESR
chromatogram was obtained (data not shown), an EIC chromatogram projected from the full
LC/MS scan (m/z 50 to m/z 600) clearly demonstrated that POBN adduct molecules of m/z
266, m/z 296, m/z 448, and m/z 548 were formed in COX-catalyzed AA peroxidation
(Figure 1A). The EIC peak of the m/z 266 ion corresponded to the POBN spin adduct of
pentyl radicals(POBN/®CsH11tg~ 24.0 min) that could form from B-scission of the PGF,-
type alkoxyl radical (Scheme 1). The two EIC peaks of m/z 296appeared to correspond to
the two isomers of the POBN spin adduct of hexanol radicals (POBN/®CgH130, trr 12.4
and 17.8 min). Hexanol radical was believed to be generated in a special f-scission (e.g. p’-
scission of PGF,-type alkoxyl radical, Scheme 1) from which three isomers of unique ®C=C
radicals as POBN/®C14H104(EIC of m/a 448, trr 11.9, 14.8, and 23.3 min) were also
generated. Indeed, all these fragmented free radical products, i.e., radicals generated from -
scission, were generated from the C-15 oxygenation of COX-catalyzed AA peroxidation and
detected in the POBN spin-trapping experiment. A long-chain molecule of m/z 548 (EIC at
trrs 26.2 min)corresponding to the POBN adduct of ®C,qH3,0swas also formed in the cell-
PBS system due to the rearrangement from a PGF,-type alkoxyl radical to a carbon-centered
radical(Scheme 1) [29].

Due to the shared structural moiety (C8-C20) between AA and DGLA, C-15 oxygenation
(Scheme 2A) also takes place in COX-catalyzed DGLA peroxidation. Thus when HCA-7
colony 29 cells were incubated with POBN and DGLA in PBS at 30 min, two free radicals
were also formed and observed that are identical to AA metabolism (Figure 1B): them/z 266
ion as the POBN/®CsH 11 molecule (tg= 24.0 min) from the p-scission of a PGH1-type
alkoxyl radical, and two isomers of m/z 296 as POBN/®CgH130 (tgx 12.4 and 17.8 min)
from the B’-scission of a PGH;-type alkoxyl radical (Scheme 2A). Consistent with the
previous (cell-free) experiments [32], the formation of®C=C free radicals as the second type
of radical product of ’-scission from 15-oxygenation of DGLA was again not detected in
the cellular catalyzed DGLA peroxidation and spin-trapping experiment. Besides C-15
oxygenation, however, C-8 oxygenation (Scheme 2) also takes place in HCA-7 colony 29
cellular COX-catalyzed DGLA peroxidation. Two exclusive free radicals were thus
generated and observed as POBN/®CgH 1503 with m/z 354 (two isomers, tg 7.5 and 8.4
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min) and POBN/®C;H130, with m/z 324 ion (tg~ 9.1 min, Figure 1C) from the p-scission
and p’-scission of same alkoxyl radical, respectively, as proposed in Scheme 2B (e.g. C-8
oxygenation of DGLA[32]).

Although our Figure 1 data demonstrated radical identification in cellular COX-catalyzed
AA and DGLA peroxidation for the first time, its biological application was problematic for
several reasons: (1) in order to observe the EIC peaks of POBN adducts as in Figure 1,
peroxidation and spin-trapping experiments must be conducted with a large number of cells
(>108/mL); (2) an excessive amount of POBN (= 50 mM) and PUFAs(=500 pM) must also
be introduced, even though such high doses of supplements could lead to cell death within 1
h; and (3) the cell culture media must be replaced by PBS for the incubation. Thus, only
very short incubation times(~ 30 min)could be achieved for cellular peroxidation and spin-
trapping. All these facts indeed restrict the biological application of the detection method in
Figure 1, since the common parameters of cell growth, e.g., proliferation, apoptosis, and cell
cycle distribution, must be assessed after a long incubation time.

Measurement of Hydroxylamines (i.e., Reduced POBN Spin Adducts) As Radical Products

In order to characterize AA- and DGLA-derived free radicals formed under normal cell
growth conditions, we examined the reduced forms of the adducts. We proposed that due to
the cellular reducing environment and the presence of reducing components in the culture
media, the POBN radical adducts (ESR-active form) could be readily reduced to their ESR-
silent redox forms, as hydroxylamines (Scheme 3). The hydroxylamine is a more stable
radical product compared to the radical form (ESR-active) of the POBN adduct. It should be
accumulated during normal cell incubation and thus be readily screened by LC/MS.

Indeed, even though condensing procedures and SPE extraction were applied, no ESR-active
forms of POBN radical adducts could be measured by either LC/ESR or LC/MS (data not
shown) when HCA-7 colony 29 cells were grown in cell culture media supplemented by 20
mM POBN and 100 uM AA or DGLA. However, the reduced product of the
POBN/®CgH130 molecule, i.e., hydroxylamine with its corresponding m/z 297 ion, could
clearly be projected at tgr 14.5 min in cellular COX-catalyzed AA peroxidation (Figure
2A). Unlike the two isomers of m/z 296 ions that could be generated from the cell free COX
system [29, 32] and the cell-PBS system (Figure 1), only one isomer of m/z 297 was
observed as the relevant hydroxylamine. In fact, this isomer is the major radical product
formed in cellular COX-catalyzed AA peroxidation at all experimental points. The exclusive
radical in COX-catalyzed AA peroxidation, seen as the reduced product(hydroxylamine) of
POBN/®C14H5104 for the m/z 449 EIC peak (tg~ 9.6 min, Figure 2C), did not show up
until the 8 h time point. However, reduced products of POBN/®C,qH3405 and
POBN/®CsH14(Scheme 1) were not detected in cellular COX-catalyzed AA peroxidation at
any experimental points.

The same reduced product of POBN/®CgH130 as the EIC of m/z 297 (tg~ 14.5 min) was
also projected as the major hydroxylamine in COX-catalyzed DGLA peroxidation at the 0.5
h and 12 h time points (Figure 2B). The formation of the reduced products of
POBN/®C-,H30, and POBN/®CgH;505 (i.e., two exclusive radical adducts) from COX-
catalyzed DGLA peroxidation as EIC peaks of m/z 325and m/z 355 (tg~ 6.1 and 7.1 min,
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Figure 2D) started to show up at 8 h and greatly accumulated after 12 h. Interestingly,
although no ®C=C radical could form from DGLA, the hydroxylamine with an m/z 449 ion
(asterisked peak in Figure 2D) as the reduced POBN adduct of ®C14H»104 (e.g.

exclusive ®C=C in COX-catalyzed AA peroxidation) also started to show up at 12 h.
Formation of the exclusive AA-derived radicals from DGLA-mediated peroxidation
indicated that a certain amount of AA was generated from DGLA by A-5 desaturase during
incubation. This generation was confirmed by LC/MS analysis of PUFA profiles in later
experiments.

Identification of Hydroxylamines As Radical Products via Dual Spin-Trapping and LC/MS?

Dual spin-trapping experiment along with LC/MS detection [29-33] was used for
recognition and also identification of a number of isomers of radical adducts and their
structures. When a 50:50 mixture of POBN and dyg-POBN together are applied in the cellular
spin-trapping experiments, each hydroxylamine should be singled out in LC/MS as an ion
pair with a 9-Da difference (Scheme 3).

Indeed, detection of ion pairs of m/z 306 vs. m/z 297(EIC peaks at tgr 14.5 and 13.8 min,
Figure 3A) corresponded to the formation of the reduced products (i.e., hydroxylamines) of
dg/do-POBN/®CgH130. Similarly, detection of ion pairs of m/z 458 vs. m/z 449 (EIC peaks
at tgr 9.6 and 9.3 min, Figure 3B) corresponded to the formation of the reduced products of
dg/dg-POBN/®C14H,104. One isomer for each of those hydroxylamines that could form in
cellular COX-catalyzed AA peroxidation under normal culture conditions was validated by
the dual spin tripping experiments. Fragmentation patterns from the LC/MS? analysis
(Figure 4) of m/z 297 vs. m/z 306 and m/z 449 vs. m/z 458 further confirmed the structural
assignment of hydroxylamines, so it can be concluded that the relevant spin-trapped
radicals, i.e., ®CgH130 and ®C14H,;0,were in fact generated from cellular COX-catalyzed
AA peroxidation.

However, detection of the ion pairs of the reduced products of dg/dg-POBN/®C7H;30, as
m/z 334 vs. m/z 325 and dg/dg-POBN/®CgH15053 as m/z 364 vs. m/z 355from COX-
catalyzed DGLA peroxidation was not achieved under the current elution conditions. In fact,
both m/z 325 and m/z 334 ions were eluted at trr25.96min (Figure 3C), while m/z 355 and
m/z 364 ions were co-eluted at tgr 7.03 min (Figure 3D). The retention time (~6 — 7 min)
appears too short to separate theseion pairs. When a modified gradient was applied, both ion
pairs of m/z 334 vs. m/z 325 (tg~ 12.6 and 13.0 min) and m/z 364 vs. m/z 355 (tr~ 14.9 and
15.2 min) could be measured (insets of Figures 3C-3D). Again, LC/MSZ2analysis of m/z 325
vs. m/z 334 and m/z 355vs. m/z 364 ions (Figure 5) allowed us to further confirm the
structural assignment of hydroxylamines, and we conclude that the relevant radicals

(e.g. ®C;H130, and ®CgH1503) were indeed generated from cellular COX-catalyzed DGLA
peroxidation.

Profiles of DGLA/AA, PGEs, and Hydroxylamines

The formation of radicals (®CgH130, Schemes 1 — 2)from cellular COX-catalyzed AA as
well as DGLA peroxidation was monitored by detection of hydroxylamine as the m/z 297
ion. In both systems, the hydroxylamine of POBN/®CgH30 was found to continually
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increase and reach a peakat 12 h, and to then slightly decrease over two days (<15%, Figure
6A). In addition, a similar amount of m/z 297 was only measured in both systems at~ 0.5 h,
while on average ~ 10% more of this hydroxylamine was observed in cellular COX-
catalyzed peroxidation from DGLA-treatment vs. AA-treatment for up to 48 h.

The exclusive radical product of POBN/®C14H,10,4 formed from COX-catalyzed AA
peroxidation, as monitored by the detection of hydroxylamine of m/z 449, was not detected
until the 8 h time point, and reached a peak at 12 h as well (Figure 6B). Two exclusive
radical products of POBN/®C7H;30, and POBN/®CgH;503 in COX-catalyzed DGLA
peroxidation, represented by the detection of two hydroxylamines as m/z 325 and m/z 355,
respectively, also showed up at the 8 h time point, had greatly accumulated at 12 h, and
remained at a similar level for up to 48 h (Figure 6B). Interestingly, the hydroxylamine of
m/z 449 (the exclusive radical product of COX-catalyzed AA peroxidation) could also be
measured at 12 h (asterisked in Figure 6B) with an amount similar to the two exclusive
radical products of COX-catalyzed DGLA peroxidation, i.e., hydroxylamines of m/z 325
and m/z 355, although no AA was added into the culture media. The detection of an
exclusively AA-derived radical from cellular peroxidation with DGLA treatment suggested
that DGLA could be converted to AA (by A-5 desaturase) and that both PUFAs were
competitively metabolized by COX. When cells were incubated with DGLA, the profile of
PUFAs in cellular COX peroxidation was consistent with the proposal that AA is
continually converted from DGLA (Figure 6D); meanwhile, both AA and DGLA were
competitively peroxidized by COX to form PGEs (Table 1). When cells were co-treated
with DGLA and CP-24879, not only was the AA converted from DGLA very limited, but
also the hydroxylamine of m/z 449 formed, representing the exclusive radical product
formed in COX-catalyzed AA peroxidation, was barely detected at 24 h and slightly
increased at 48 h (data not shown).

Cell Growth Response from Treatments of PUFAs, PGEs, and Free Radical-Derivatives

The use of the hydroxylamine to monitor the formation of free radicals in COX-catalyzed
peroxidation allowed us to examine the association of free radicals with the cell growth
response. The possible relationships among of cell growth vs. PUFAs and their COX-
catalyzed metabolites, including PGEs and the derivatives of free radicals, were assessed
(Tables 1-3). After 8 h incubation, treatments of DGLA (with/without CP-24879)were
associated with sustained G, and G,/M phase arrest vs. control (Table 1). However, almost
no difference of cell distribution was found after one-day treatment between AA and DGLA,
while a one-day treatment of DGLA along with CP-24879 still resulted in sustained G, and
Go/M phase arrest. In addition, the combination treatment inhibited cell proliferation to the
level of the control, in contrast to the treatments of AA or DGLA alone (Table 1).

In order to assess more directly the association of free radicals with cell growth, three
radical derivatives, 1-hexanol, heptanoic acid, and 8-hydroxyoctanoic acid (referring

to ®CgH 130, ®C7H;30,and ®CgH1505respectively) were used to treat cells in order to test
their effects on cell proliferation. Although much higher concentrations of PGEs (~40 to
4,000 fold vs. the PGEs per number of cells that were actually quantified in our AA- and
DGLA-treatments, Table 1) were directly added to culture media, neither PGE; nor PGE
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had any inhibitory effect on cell proliferation (Table 2). However, at similar concentrations,
8-hydroxyoctanoic acid (a derivative of ®CgH1503, which is an exclusive product from
COX catalyzed DGLA peroxidation) could inhibit cell proliferation (Table 2). Interestingly,
the treatment with 1-hexanol, a derivative of ®CgH130, which is the major product from
both AA and DGLA peroxidation, also resulted in inhibition of cell proliferation, while
another exclusive radical (®C7H1305) derivative from COX-catalyzed DGLA peroxidation,
heptanoic acid, did not affect cell proliferation. Our cell distribution studies showed that the
treatment with 8-OH-octanic acid (an exclusive DGLA-derived radical metabolite) causes
sustained G, arrest at all tested time points, including the 48 h point (Table 3). In addition,
Go/M delay could be observed from the treatment with 8-OH-octanic acid from 8 hto 12 h
(data not shown). On the other hand, the common product (1-hexanol) only resulted in G;
and G,/M arrest at the short time points, typically 8 h (data not shown), and no cell cycle
delay was detected at 48 h (Table 3).

DISCUSSION

In order to investigate the association between cancer cell growth and free radicals generated
from COX-catalyzed AA vs. DGLA peroxidation, we have for the first time characterized
free radicals formed from HCA-7 colony 29 cells under normal growing conditions. Unlike
the cell-PBS system (Figure 1) in which large doses of POBN and PUFAs must be
introduced to generate enough free radicals to be trapped and measured, our refined spin-
trapping experiment grew cells in a normal culture medium with a much lower concentration
of POBN and PUFAs. Then, instead of measuring ESR-active radical adducts, we actually
measured a reduced form (hydroxylamines, Scheme 3) of the POBN adducts using LC/MS
and LC/MS? since hydroxylamines are much more stable redox forms of spin adducts than
ESR-active POBN adducts, especially in cell culture media.

Due to their longer life times in cell culture media, hydroxylamines accumulated during the
incubation if POBN was accessible. We hypothesized that a single dose of POBN (~ 20
mM) in culture medium would continuously trap the free radicals generated from long term
incubation, i.e., day-long cellular COX-catalyzed AA and DGLA peroxidation. Thus, we
tested the radical trapping ability of POBN in cell culture medium to see how effectively a
single dose of 20 mM POBN can trap free radicals during long time incubation. At different
experimental time points, 20 mM POBN (dissolved and incubated in cell-free culture media)
was mixed with ethanol and 1.0 mM Fe2* (to oxidize 0.2 mM ethanol with O, to form
hydroxyethyl radicals), generating a six-line spectrum of POBN/®C,Hs0 (aN ~ 15.7 G and
a" ~ 2.8 G) in ESR (data not shown). The signal intensities of the ESR spectra of
POBN/®C,H50 were used to compare and calculate the radical trapping ability of POBN at
different time points (from 0.5 h to 48 h). Although it dropped ~ 30% in the first 2-4 h of
incubation, about 60% of POBN’s radical trapping ability still remained after a two-day
incubation. Meanwhile, metabolism or loss of POBN (20 mM) incubated in the culture
media was negligible up to 48 h (via LC/MS analysis, data not shown). Our results
suggested that a single dose of 20 MM POBN in culture media can consistently and
effectively trap free radicals during up to two days of cellular COX-catalyzed peroxidation.
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In both COX-catalyzed DGLA and AA systems, 8 h and 12 h incubation seem to be the
critical time points for free radical formation. The overall radical production in both
peroxidation systems accumulated and approached a peak at about 12 h (Figures 6A-6B).
Considering POBN’s decreased trapping ability in culture media, in reality the radical
production would be at a plateau after 12 h. The exclusive radical products, i.e., the m/z 449
hydroxylamine as the reduced product of POBN/®C14H,104, and the m/z 355 and m/z 325
hydroxylamines as reduced products of POBN/®CgH;503 and POBN/®C,H;30,, generated
from COX-catalyzed AA and DGLA, respectively, started to show up at 8 h. The
appearance of the hydroxylamine of m/z 449 (referring to ®Cq4H»10,) was much delayed
(with much less produced as well) compared to the hydroxylamine of m/z 297 (referring

to ®CgH130). These two free radicals were expected to form at the same time points and in
similar quantities since they are two co-metabolites fragmenting from the same product
through p’-scission of PGF,-alkoxyl radicals as proposed elsewhere (Scheme 1 [29]). The
delayed appearance of m/z 449 suggested that 3’-scission could also occur on alkoxyl
radicals derived from other types of PGs (PGH> etc.) during COX-catalyzed AA
peroxidation, instead of taking place at the PGF, stage [29] in which the ®C=C radical,
whose adduct was reduced to the m/z 449 hydroxylamine, was formed at the same time as
the hydroxylamine of m/z 297 (reduced POBN adduct of ®CgH130). Again, p’-scission of a
PGHj-type alkoxyl radical did not result in a ®C=C radical from DGLA (Scheme 2 [32])
that could form ®C14H,104 as in AA peroxidation. In fact, hexanol (a ®CgH130 derivative)
was detected in COX/AA and COX/DGLA systems by GC/MS (data not shown) from
cellular experiments in which POBN was absent.

In addition, the formation of a similar amount of hydroxylamine of m/z 449 (asterisked in
Figure 6B) as the hydroxylamines of m/z 355 and m/z 325 during COX-catalyzed
peroxidation in cells treated by DGLA (12 h to 48 h) suggested that once formed (converted
from DGLA by A-5 desaturase), AA is a more favored substrate than DGLA for COX
peroxidation. The formation peak of AA (from DGLA) was found at 8 h although the
concentration of DGLA was still much higher than AA (~5-6 fold, Figure 6D). DGLA could
be very effectively converted to AA; in turn both fatty acids competitively compete with
each other for COX peroxidation. When cells were incubated with AA, neither DGLA nor
DGLA exclusive hydroxylamines of m/z 355 and m/z 325 were detected. However, a
considerable amount of m/z 449 was detected as early as 8 h (Figure 6B).

The formation of the hydroxylamine of m/z 449 was generally associated with cell growth
promotion (Table 1). The sustained G4 and G,/M phase cell cycle arrests were observed at
the time points and the treatments in which the hydroxylamine of m/z 449 was barely
measurable. For example, treatment of DGLA ~ 8 h was correlated with sustained G,(Table
1) and G,/M (data not shown)phase arrest, while the combined treatment with DGLA and
CP-23978 was correlated with sustained G1 and G,/M phase cell cycle arrest within one
day. The considerable abundance of the hydroxylamine of m/z 449 formed in cells after
treatment with AA (8 h to 24 h, Figure 6A) and the one-day DGLA treatment was correlated
with a lack of any difference in G; and G,/M phase cell cycle distribution vs. the control.

The two series of prostaglandins, PGs1 and PGs2, are well-known bioactive metabolites.
Unlike PGs2s, which are generally viewed as pro-inflammatory and pro-carcinogenic PGs,
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PGs1 may possess anti-inflammatory and anti-cancer activity. However, some research
studies of PGs on cell growth were considered somewhat unrealistic since much higher
concentrations of PGs (particularly PGE ) were used, compared to the concentrations that
could form under normal cell culture conditions with fatty acid supplementation. It was
reported that no more than 13 nM of PGEs could form from cultured cells without a fatty
acid supplement [35-38]. The colon cancer cell (HT-29) growth could be stimulated up to
45% by PGE; at a range of 0.5 uM to 10 uM [39]. At a similar concentration, PGE5 could
also induce the expression of vascular endothelial growth factor, one of the major regulators
for LS-174T cell angiogenesis, thus exerting pro-oncogenic actions in colorectal
carcinogenesis[40]. On the other hand, a dose of PGE; (30 pg/mL) was reported to inhibit
the proliferation of HelLa cells [24] and B16-F10 cells [23]. However, at lower doses (3.0
pg/mL), PGE; could not inhibit cell proliferation, and even increased cell growth [24].

In our experiments, no more than 0.12 uM of PGEs (from experiment of 2x104 cells, Table
1) could be detected from the 100 uM PUFA treatments. When a range of 0.01 uM to 1.0
UM PGE (~ 40 to 4000 fold higher than the PGEs per number of cells actually formed and
measured in our experiments, Table 1) was used to directly treat an HCA-7 colony with 29
cells in our study, neither PGE; nor PGE, showed much effect on cell proliferation (Table
2) and cell cycle distribution (data not shown). The inconsistent cell growth responses of
PGEs from the PUFA treatment (Table 1) and the PGEs used to directly treat cells (Tables
1-3) suggested that rather than PGEs, free radicals and derivatives should be considered for
their possible bioactivities. Interestingly, inhibited cell proliferation effects were observed
from some of the tested free radical derivatives at the same concentrations as the PGEs in
Tables 2-3. The 8-hydroxyoctanoic acid (a derivative of ®CgH;503 as an exclusive product
from 8-C oxygenation in COX catalyzed DGLA peroxidation) showed some anti-
proliferation effects and resulted in G4 phase delay (G,/M delay at a short time period as
well), while another exclusive radical (®#C;H130,) derivative from 8-C oxygenation of
DGLA (heptanoic acid) did not affect cell proliferation or cell cycle distribution. However,
as the common and major product from 15-C oxygenation of both AA and DGLA, 1-
hexanol (a derivative of ®CgH130) was also correlated with inhibition of cell proliferation
and G4 and Go/M delay at time points of 8 h and 12 h (data not shown), although not with
different cell cycle distribution at 48 h vs. control (Table 3).

Although no mechanism has so far been defined for the tested exclusive free radical
derivatives, our results suggested that the radical metabolites derived from C-8 oxygenation
of DGLA had an inhibitory effect on colon cancer cell growth. In addition, based on the
time course of ®C=Cradical generation and the related cell growth response (Figure 6 and
Table 1), it is logical to propose that ®C4H»104 or its derivative corresponds with AA-
promoted cell growth. In our future studies, compounds with similar structure of ®C4H,10,
free radical and its derivatives will be screened or synthesized, and used for testing the
effects on cell growth. In conclusion, the data in this study indicate that the novel free
radicals as well as the related radical derivatives formed from COX peroxidation should be
the new targets to be tested for their promoting or inhibiting effect on cancer cell growth.
Understanding these radicals and their related radical reactions may allow us to advance our
knowledge of the mechanisms of PUFA’s bioactivity in cancer biology.
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Fig. 1.
LC/MS chromatogram (EICs) of POBN adducts formed from cellular COX-catalyzed AA

and DGLA peroxidation. HCA-7 colony 29 cells were trypsinized, harvested, and suspended
in PBS and treated with POBN and PUFAs as described in Materials and Methods. After a
30-min incubation, the reaction was stopped using ACN (1/1, v/v), and the supernatant was
collected, centrifuged, and condensed for LC/MS analysis. (A) EICs of m/z 296, m/z 448,
m/z 266 and m/z 548 as formation of POBN/®CsH11, POBN/®CgH 130, POBN/®C14H,104
and POBN/®C,H3405 from the C-15 oxygenation of COX-catalyzed AA peroxidation; (B)
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EICs of m/z 266 and m/z 296 from the formation of POBN/®CsH;1, POBN/®CgH130 from
C-15 oxygenation of COX-catalyzed DGLA peroxidation; and (C) EICs of m/z 324 and m/z
354 from the formation of POBN/®C,H130, and POBN/®CgH 1505 from C-8 oxygenation
of COX-catalyzed DGLA peroxidation.
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A. Hydroxylamine from cells w/ AA, 0.5 h B. Hydroxylamine from cells w/ DGLA, 0.5 h
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Fig. 2.

LC/MS chromatogram (EICs) of hydroxylamines formed from cellular COX-catalyzed
PUFA peroxidation. HCA-7 colony 29 cells were cultured in normal culture media
supplemented with PUFAs and POBN as described in Materials and Methods. At the
experimental time points, cell culture medium together with cells that were scrubbed and
homogenized was mixed with a stop solution of ACN (1:1, v/v). The hydroxylamines were
then extracted by SPE, condensed, and then subjected to LC/MS and LC/MS? analysis as
described in Materials and Methods. (A) EIC of m/z 297 ion as reduced POBN adduct

of ®CgH130 formed from COX-catalyzed peroxidation in cells treated by AA at 30 min; (B)
EIC of m/z 297 formed in COX-catalyzed peroxidation from cells treated by DGLA at 30
min; (C) EIC of m/z 297 and m/z 449 (reduced POBN adduct of ®Cq4H,10,) formed in
COX-catalyzed peroxidation from cells treated by AA at 8 h; and (D) EIC of m/z 297, m/z
325 and m/z 355 (reduced POBN adducts of ®C,H303 and ®CgH503, respectively)
formed in COX-catalyzed peroxidation from cells treated by DGLA at 12 h. Note, the
asterisked m/z 449 ion in Fig 2D represents the reduced POBN adduct of ®CgH430
generated from COX-catalyzed AA peroxidation where DGLA is converted to AA by A-5
desaturase.
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A. EIC of m/z 306 and m/z 297 ion pair B. EIC of m/z 458 and m/z 449 ion pair
© o P W2
& &
5 ' 10 ' 15 ' 20 5 ' 10 ' 15 ' 20
C. EIC of m/z 334 and m/z 325 D. EIC of m/z 364 and m/z 355
miz 334 & & miz 364 &J’ &

12 14 16 18

5 ' 10 ' 15 ' 20 5 ' 10 15 20
Time (min) Time (min)

Fig. 3.
LC/MS chromatogram (EICs) of dp/dg-hydroxylamines formed from cellular COX-

catalyzed PUFA peroxidation and dual spin-trapping reaction. HCA-7 colony 29 cells were
cultured under cell growth conditions for 12 h in the presence of dg/dg-POBN spin trap
(50:50) as described above. (A) EIC of m/z 306 and m/z 297 as dg/dg-POBN adducts

of ®CgH130 formed from cells treated with AA; (B) EIC of m/z 458 and m/z 449 as dg/d-
POBN adducts of ®C14H»104 formed from cells treated with AA; (C) EIC of m/z 334 and
m/z 325 as dg/dy-POBN adducts of ®C,H;303 formed from cells treated with DGLA; and
(D) EIC of m/z 364 and m/z 355 as dg/dy-POBN adducts of ®CgH1503, formed from cells
treated with DGLA. Note, the same EICs with different abundances of m/z 306 and m/z 297
as in Fig 3A were obtained from cells treated with DGLA (data not shown). A modified LC
gradient condition in the insert in Figs. 3C-3D is: (i) 0 — 40 min, 0% to 60% B; (ii) 40 — 43
min, 60% to 95% B; and (iii) 43 — 50 min (isocratic), 5% A and 95% B.
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B. LC/MS’ of m/z 306 from d,-POBN/"CH,.0
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LC/MS?, spectra of hydroxylamines formed from COX-catalyzed AA peroxidation. (A and
B) LC/MS? of m/z 297 and m/z 306 of d,/dg-POBN adducts of ®CgH130, respectively; and
(C and D) LC/MS? of m/z 449 and m/z 548 of do/dg-POBN adducts of ®C14H5104,
respectively. The fragmentation patterns of m/z 297 and m/z 449 in the POBN experiment
have counterparts in the do-POBN spin trapping experiment (e.g. a, b, ¢, and dions vs. a; b,

¢’ and d”ions).
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B. LC/MS’ of m/z 334 from d -POBN/°C_H..O
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LC/MS? spectra of hydroxylamines formed from COX-catalyzed DGLA peroxidation. (A
and B) LC/MS2 of m/z 325 and m/z 334 of d,/dg-POBN adducts of ®C,H;303, respectively;
and (C and D) LC/MS? of m/z 355 and m/z 364 of do/dg-POBN adducts of ®CgH1503,
respectively. The fragmentation patterns of m/z 325 and m/z 355 in the POBN experiment
have counterparts in the dg-POBN spin trapping experiment (e.g. a, b, ¢, and dions vs. a; b,

¢’ and d”ions).
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A. Profile of common radical product
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B. Profile of exclusive radical products

-
o

1 cells treated w/ AA cells treated w/ DGLA

L

A

in COX/AA peroxidation

1 i

12 24 48
Incubatlon time (h)

o

m/z 449 () (nM/2x10° cells)

|

Incubation time (h)

48

. PUFA profile as cells incubated w/ AA D. PUFA profile as cells incubated w/ DGLA

75 75/ }
° %
[}]

50- o ‘ 7
o 504 | é
X v
& /

25 S 25/ é
E /
< [
-

0 g ol |
05 2 4 8 12 24 48 - 05 2 4 8 12 24 48

Incubation time (h) Incubation Time (h)

Fig. 6.
Time course of hydroxylamines, AA, and DGLA in cellular (HCA-7 colony 29) COX-

catalyzed peroxidation. (A) Profile of the radical product (m/z 297) formed in common from
both COX-catalyzed AA and DGLA peroxidation in cells treated with AA and DGLA,; (B)
Profile of exclusive radical products in COX/AA and COX/DGLA peroxidation,
respectively. The exclusive radical product in COX-catalyzed AA peroxidation was a
hydroxylamine of m/z 449, while the exclusive radical products in COX-catalyzed DGLA
peroxidation were hydroxylamines of m/z 325 and m/z 355. Asterisked m/z 449 was the
hydroxylamine generated from COX-catalyzed peroxidation of AA, which was converted
from DGLA,; (C) Profile of AA from cell culture medium with cells treated by 100 UM AA,;
no DGLA could be measured; and (D) Profile of DGLA and AA in cell culture medium with
cells treated by 100 uM DGLA. Hydroxylamines were quantified by dg-POBN, while AA
and DGLA were quantified by internal standard AA-dg and DGLA-dg as described in
Materials and Methods, respectively. The amounts of PUFAs and hydroxylamines formed in
the cellular peroxidation reaction were also normalized to the numbers of live cells at
different incubation times. Data were expressed as means + SD from n=3.
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Proposed mechanism of COX-catalyzed AA peroxidation formation of free radicals via
C-15 oxygenation [29]. Free radical reactions include the formation of C-13 radicals, C-9/
C-11 endoperoxide bridge (adding the first O, via the cyclooxygenase activity of COX), C-8
and C-12 cyclization, and C-15 oxygenation (adding the second O, via the peroxidase
activity of COX). Four types of free radicals, ®CsH11, ®CgH130, ®C14H2104

and ®C,gH340s, are listed as formed and trapped by POBN as m/z 266, m/z 296, m/z 448

and m/z 548 ions, respectively, in

LC/MS. Note when p’-scission takes place at the PGF»

stage,1, 5 intra-molecular H abstraction results in formation of both ®C44H,104

and ®CgH130 [29]. However, when p’-scission takes place at the PGH, stage, ®CgH130
would be the only radical product as alternative cleavage pathway. Hexanol (a derivative
of ®CgH130) was detected in COX/AA systems by GC/MS (data not shown) from cellular
experiments in which POBN was absent.
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Scheme 2.
Proposed mechanism of COX-catalyzed DGLA peroxidation. (A) Formation of free radicals

via C-15 oxygenation (same as described in Scheme 1, COX-catalyzed AA peroxidation).
Thus, two radicals common to DGLA and AA peroxidation, ®CsH; and ®CgH130, were
formed and trapped by POBN as m/z 266 and 296 ions, respectively, in LC/MS; and (B)
Formation of free radicals via C-8 oxygenation, another way to add a second O, onto DGLA
followed by formation of the C-13 radical and C-9/C-11 endoperoxide bridge. Thus, two
exclusive free radicals, ®C;H130, and ®CgH1503, were formed and trapped by POBN as
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m/z 325 and m/z 355 ions, respectively, in LC/MS. Note that the p’-scission of a PGH1-type
alkoxyl radical only forms ®CgH;30; no ®C=C radical forms from DGLA [32] as found in
AA peroxidation. Hexanol (a derivative of ®CgH130) was also detected in COX/DGLA
systems by GC/MS (data not shown) from cellular experiments in which POBN was absent.
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(Protonated Molecule, Myqq+1) (Magqt2) ion-pair in dg/dg (50:50)
Scheme 3.

Reduction of POBN-radical adducts (ESR-active) to form the corresponding
hydroxylamines (ESR-silent, but MS-active). Hydroxylamines are a much more stable redox
form of radical adducts compared to POBN adducts in radical form (ESR-active). The dual
spin-trapping technique allowed us to readily single out hydroxylamines as ion pairs, each
with a 9-Da difference in LC/MS [32].
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