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Background and purpose: Inflammation is associated with oxidative stress and local generation of lipid peroxidation-derived
aldehydes, such as 4-hydroxy-trans-2-nonenal (HNE). In most tissues, HNE is readily conjugated with glutathione and presently
it is unknown whether glutathionyl-HNE (GS-HNE) plays a functional role in inflammation. Here, we sought to determine
whether GS-HNE is a mediator of oxidative stress-initiated inflammation and if its actions can be regulated by the anti-
inflammatory and pro-resolving lipid mediator, resolvin D1 (RvD1).

Experimental approach: GS-HNE was administered intraperitoneally to mice and peritoneal lavages were assessed for
leukocyte infiltration and lipid mediators were targeted by mediator-lipidomics. RvD1 was administered to mice treated with
GS-HNE and leukocyte infiltration was assessed in the peritoneum. Superoxide production and CD11b modulation were
measured in isolated human polymorphonuclear leukocytes incubated with GS-HNE.

Key results: GS-HNE (1-10 pg) evoked infiltration of Gr-1* leukocytes into the peritoneum to form an inflammatory exudate.
With isolated human polymorphonuclear leukocytes, GS-HNE stimulated both superoxide generation and CD11b expression.
Among the lipid mediators, both cyclooxygenase- and lipoxygenase-derived pro-inflammatory eicosanoids, including prostag-
landin E;, leukotriene B4 and cysteinyl leukotrienes, were generated in exudates of mice injected intraperitoneally with GS-HNE.
RvD1, given i.v. in doses as low as 0.01-10.0 ng, sharply reduced GS-HNE-stimulated leukocyte infiltration (~30-70%).
Conclusions and implications: Glutathione conjugates of HNE, derived during oxidative stress, are pro-inflammatory in vivo.
RvD1 protects against this oxidative stress-initiated inflammation.
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response is initiated and then actively resolves to re-establish
homeostasis. The development and resolution of inflamma-
tion are governed, in part, by temporally and spatially regu-
lated formation and action of enzymatically derived lipid
mediators (Serhan etal.,, 2007a). Cyclooxygenase- and
lipoxygenase-mediated conversion of arachidonic acid gener-
ates pro-inflammatory lipid mediators [prostaglandins(PGs)
and leukotrienes (LTs)], and anti-inflammatory/pro-resolving
lipoxins, which have well characterized actions such as the
regulation of cellular trafficking, vascular tone and cytokine
generation (Yedgar et al., 2007). More recently, lipid media-
tors biosynthesized from -3 fatty acids, such as eicosapen-
taenoic acid and docosahexaenoic acid (DHA) have been
characterized in vivo from resolving exudates, termed
resolvins (resolution phase interaction products) and protec-
tins (Serhan et al., 2002; Serhan and Chiang, 2008). Resolvins
and protectins display potent anti-inflammatory and pro-
resolving actions that have been demonstrated in many
disease models (Serhan and Chiang, 2008). Interference of
these apparently tightly regulated pathways may form the
basis for tissue injury and a sustained inflammatory response,
characteristic of chronic inflammatory diseases, such as ath-
erosclerosis, Alzheimer’s disease and arthritis.

Oxidative stress is a generalized feature of many chronic
inflammatory diseases and results in the generation of reac-
tive intermediates that actively promote inflammation (Libby,
2007) or potentially disrupt its natural resolution (Serhan and
Chiang, 2008). Among the many targets of oxidative stress-
derived reactive oxygen species, polyunsaturated fatty acids
are particularly susceptible to free radical attack given the ease
of bis-allylic hydrogen abstraction. The products of non-
enzymatic oxidation of cellular lipids are diverse, resulting in
oxygenated rearrangement adducts, such as the isoprostanes,
phospholipids with abbreviated side chains and freely diffus-
ible oxygenated fragmentation products, such as the o,f-
unsaturated aldehyde, 4-hydroxy-trans-2-nonenal (HNE)
(Benedetti et al., 1980; Subbanagounder et al., 2000; Milne
et al., 2004).

HNE is an abundantly generated unsaturated aldehyde
derived from polyunsaturated oxidized lipids and is highly
reactive and toxic (Benedetti et al., 1980). HNE can readily
form covalent adducts with proteins through Michael addi-
tion or Schiff base formation, thereby altering protein func-
tion. Most notably, HNE modifies low-density lipoprotein
(LDL), rendering the macromolecule immunogenic and pro-
inflammatory (Yla-Herttuala et al., 1989). Because of its high
reactivity and toxicity, HNE is readily metabolized by most
cells via multiple biochemical pathways, including reduction
and oxidation. However, the major transformation of HNE in
most tissues is by conjugation with reduced glutathione
(GSH). In this reaction, GSH spontaneously adds to the
electron-deficient C-3 of HNE leading to the formation of
stable Michael adducts. This reaction, however, could also be
catalysed by glutathione-S-transferases (GSTs) and is currently
believed to represent a form of detoxification. Conjugation of
HNE has been demonstrated in vivo and has also been
observed in a variety of cell types in vitro (Siems et al., 1997;
Srivastava et al., 1998; 2000; Siems and Grune, 2003). In addi-
tion, the glutathione adduct of HNE (GS-HNE) is generated in
humans and in animal models of chronic inflammatory dis-
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eases and is used as a marker of oxidative stress (Volkel et al.,
2005; 2006). Moreover, we have previously shown that intra-
cellular GS-HNE stimulates smooth muscle cell growth in vitro
(Ramana et al., 2006). Although by removing the o, double
bond, conjugation attenuates the chemical reactivity of HNE,
it is not clear whether it affects the biological activity of this
aldehyde as well. While conjugation increases the water solu-
bility of HNE and primes it for active extrusion via specific
membrane transporters (e.g. by multi-drug resistance
protein), it also provides structural features that could be
recognized by specific receptors for sensing oxidative stress or
inflammation. Here, we report that GS-HNE is a potent pro-
inflammatory stimulus in vivo and that it also has direct
action on isolated human polymorphonuclear leukocytes
(PMN). These pro-inflammatory actions of GS-HNE were
sharply diminished by resolvin D1 (RvD1) in vivo.

Methods

Production and qualification of HNE, GS-HNE and GS-DHN
HNE was synthesized and was used to prepare GS-HNE and
GS-DHN as reported before (Srivastava et al., 1998). Briefly,
the GS-HNE was prepared by incubating 1 pmol of HNE with
5 umol of GSH in 0.1 mol-L™" potassium phosphate, pH 7.0,
for 30 min at room temperature. The reaction was monitored
by following the consumption of HNE at 224 nm. The
GS-HNE conjugate was isolated by reverse phase (RP)-HPLC
using a Varian RP ODS C18 column pre-equilibrated with
0.1% aqueous trifluoroacetic acid. The compounds were
eluted using a gradient consisting of solvent A (0.1% aqueous
trifluoroacetic acid) and solvent B (100% acetonitrile) at a
flow rate of 1 mL-min'. The gradient was established such
that solvent B reached 24% in 20 min, 26% in 30 min and was
held at this value for 10 min. In the next 10 min, solvent B
reached 60%, and in an additional 5 min it reached 100% and
was held at this value for 10 min. The chemical identity of
GS-HNE was established by electrospray ionization mass spec-
trometry (ESI/MS) using a MicroMass ZMD 2000 mass spec-
trometer (Waters-Micromass, Milford, MA) as described before
(Ramana et al., 2006). The concentration of GS-HNE was
determined using GS-HNE synthesized from [*H]-HNE for
HPLC analysis, as well as d;;-HNE as an internal standard for
ESI/MS. For the synthesis of the reduced form of the
glutathione-HNE conjugate (GS-DHN), 100 nmol of GS-HNE
was incubated with 300 nmol of NADPH and 100 pg of
human recombinant aldose reductase in 0.1 mol-L™' potas-
sium phosphate, pH 6.0, for 3 h at 37°C. The reaction was
monitored by following the consumption of NADPH at
340 nm. At the end of the incubation, the GS-DHN conjugate
was isolated by RP-HPLC, characterized by ESI*/MS and quan-
tified as described above.

Murine peritonitis

All animal care and experimental procedures were in accor-
dance with the Harvard Medical Area Standing Committee on
Animals protocol 02570. Peritonitis was assessed as described
by Winyard and Willoughby (2003). Male FVB mice (6-8
weeks old; Charles River, Wilmington, MA) were injected
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intraperitoneally (i.p.) with sterile saline (1 mL), GS-HNE
(1-10 ug in 1 mL sterile saline), GS-DHN (10 ng) or HNE
(10 ug) after anaesthesia with isoflurane. LTB,; and
n-formylmethionylleucylphenylalanine (fMLP) were also
injected i.p. in sterile saline (0.1% EtOH) in parallel analyses
with GS-HNE (each administered at 1 pug). In some experi-
ments, RvD1 (0.01-10.0 ng in 100 uL sterile saline) or vehicle
control (1.0% EtOH in sterile saline) were injected via the tail
vein immediately before GS-HNE (10 pg, i.p.). For determina-
tion of the recovery of GS-HNE from the peritoneum,
68 nmol of [PH]GS-HNE (specific activity 3870 cpm-nmol™)
was injected i.p. in 1 mL sterile saline and the lavage (5 mL)
was collected at 0, 10, 30 and 240 min post injection. The
radioactivity was determined in 500 pL aliquots of the lavage
using a scintillation counter and the remaining sample was
analysed by RP-HPLC, followed by scintillation counting. In
some experiments, the material eluting from the HPLC was
subjected to ESI/MS analysis as described above. For assessing
leukocyte infiltration, peritoneal lavage was carried out after
4 h (or at indicated time points), cell viability was determined
by Trypan blue exclusion and lavaged cells were enumerated
by light microscopy. For differential leukocyte counts, lavages
were each combined with 15% BSA and centrifuged onto
microscope slides at 140x g for 4 min using a Cytofuge
(StatSpin, Norwood, MA). After drying, the slides were stained
with Wright-Giemsa (Sigma) and differential leukocyte
counts were determined by morphology via light microscopy.
In parallel, the lavages were centrifuged at 480x g for 10 min
at 25°C and cell pellets were resuspended in DPBS without
Ca® and Mg* (5% FBS) and incubated with PE-conjugated
anti-Gr-1 or IgG isotype control at 4°C for 20 min in the dark.
After incubation, the cells were washed and fixed with 3%
formalin, followed by FACS analysis using a FACsort (Becton-
Dickinson Co.) and Cellquest software. In some experiments,
the peritoneal lining was obtained for histological evaluation.
For this purpose, punch biopsies were placed in 3% neutral
formalin and sections were processed and stained (haema-
toxylin and eosin) by the Department of Pathology core at
Children’s Hospital Boston.

Assessment of vascular permeability

Mice were injected with Evan'’s blue dye (1% in 100 uL DPBS,
i.v.) immediately before i.p. injection of GS-HNE (10 pg) or
LTD, (100 ng). After 15 min, mice were anaesthetized and
peritoneal lavages were obtained. After centrifugation at
400x g for 10 min, the ODg, with a background reference
at 450 nm, of the supernatants was determined using a
spectrophotometer.

Isolation of human PMNs and superoxide generation

Human PMNs were isolated from healthy donors who
abstained from taking any medication for 2 weeks prior to
donation, by Ficoll gradient, using the Brigham and Women's
Hospital protocol # 88-02642. Superoxide anion generation
was determined as described by Hasturk et al. (2006). Briefly,
freshly isolated PMNs (1.5 x 10° cells per incubation) in DPBS
(with 0.9 mmol-L™" CaCl, and 0.5 mmol-L™" MgCl,) were incu-
bated alone or with GS-HNE (1-10 umol-L™") at 37°C for
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10 min. The reduction of ferricytochrome ¢ was determined
spectrophotometrically (ODssg). In some experiments, super-
oxide dismutase (SOD; 30 ug-mL™") was added immediately
before GS-HNE. fMLP (50 nmol-L™") was used as a positive
control.

Regulation of CD11b

Freshly isolated human PMNs (2 x 10° cells per incubation)
were incubated alone or with GS-HNE (10 umol-L™) in DPBS
at room temperature for 15 min. Upon incubation, the cells
were centrifuged at 480x g for 10 min at 4°C without a brake
to prevent cell activation. After fixing (3% formalin) and
washing in DPBS, the cells were stained with either IgG
isotype control or FITC-conjugated anti-CD11b for 1 h at 4°C
in the dark. After washing, the cells were taken for FACS
analysis (Fiore and Serhan, 1995).

Mediator lipidomics

Mice were injected with sterile saline (1 mL) or GS-HNE (10 pg
in 1 mL) and the peritoneum was lavaged (5 mL) after 4 h
with DPBS. Immediately following, 2 volumes of cold metha-
nol, containing 400 pg of d4-PGE, as an internal standard,
was added to exudates and the samples were cooled to —20°C
for 30 min to allow protein precipitation. The samples were
then centrifuged at 850x g for 20 min (4°C) and supernatants
were taken for solid-phase extraction using C18 SEP-PAK car-
tridges (Alltech, Deerfield, IL). Methyl formate fractions were
taken to dryness with a gentle stream of N, and the samples
were resuspended in methanol for LC/MS/MS analysis as
described by Hong et al. (2008). Briefly, isolated material was
injected into an HPLC-UV (Agilent 1100) coupled to an ion-
trap mass spectrometer (QTrap 3200; Applied Biosystems/
Sciex) equipped with a C18 column (Agilent Eclipse Plus,
4.6 mm x 50 mm x 1.8 pm). The mobile phase consisted of
methanol/water/acetic acid (60/40/0.01; v/v/v) and was
ramped to 80/20/0.01 (v/v/v) over 5 min, to 95/5/0.01 (v/v/v)
over the next 3 min and to 100/0/0.01 (v/v/v) over 6 min
before returning to 60/40/0.01 (v/v/v) at a flow rate of
0.4 mL-min™". Lipid mediators of interest were profiled using
multiple reaction monitoring and identified by direct com-
parison with synthetic standards using retention time and six
diagnostic ions and matching criteria (Serhan et al., 2007b).
Relative amounts of lipid mediators were calculated based on
external calibration curves for each mediator of interest after
determination of extraction recovery using the deuterium-
labelled internal standard (d4-PGE,) and are expressed as ng
lipid mediator per exudate.

Analysis of cysteinyl leukotriene generation in vivo

To monitor the production of cysteinyl leukotrienes (cysLT) in
response to GS-HNE stimulation, GS-HNE (10 pg) was injected
into mice (i.p.) and exudates were collected at indicated time
intervals and extracted as described above. After solid-phase
extraction, methanol fractions were dried under N, and the
samples were resuspended in extraction buffer for analysis of
cysLTs by ELISA according to the manufacturer’s instructions.

Statistical analysis
Results are presented as mean * SEM. Multiple comparisons
were analysed by one-way ANOVA, followed by Bonferroni



post-test with P < 0.05 considered to be significant. An
unpaired Student’s f-test was used to determine statistical
significance of GS-HNE versus GS-HNE plus SOD, as indicated.

Materials

Resolvin D1 (7S, 8R, 17S-trihydroxy-4Z,9E,11E,13Z,15E,19Z-
DHA) was prepared by total organic synthesis (Sun etal.,
2007). LTBs, LTD,, deuterium labelled (ds) PGE, and all
LC/MS/MS standards were purchased from Cayman Chemical
(Ann Arbor, MI). Each lipid mediator was subject to charac-
terization by LC/MS/MS for structural integrity and to estab-
lish concentration as described by Serhan et al. (2007b). ELISA
kits for cysLTs were purchased from Neogen (Lexington, KY).
FITC-conjugated anti-human CD11b antibodies were pur-
chased from eBioscience (San Diego, CA) and PE-conjugated
anti-mouse Gr-1 antibodies (RB6-8C5) and their IgG isotype
controls were purchased from BD Biosciences (Pharmingen;
San Jose, CA).
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Results

Production and qualification of GS-HNE and GS-DHN

During metabolism, HNE is rapidly conjugated to GSH in a
reaction that is greatly accelerated by GSTs. This reaction
yields GS-HNE (Figure 1A), which can either be actively
extruded from the cell or reduced by aldose reductase to
generate the reduced conjugate, namely GS-DHN. In the
studies reported here, the products of the spontaneous reac-
tion were used to represent the products generated in vivo, as
multiple GSTs participate in HNE metabolism and spontane-
ous glutathiolation can also occur. Thus, to evaluate the
bioactivity of non-conjugated HNE relative to its GSH
conjugates, we synthesized racemic GS-HNE at positions 3
and 4 (see Methods). A representative radioplot (Figure 1B)
demonstrates the conversion of non-conjugated [*HJHNE to
[PH]GS-HNE, which was used to quantify the unlabelled
GS-HNE. Fractions corresponding to GS-HNE eluting from the
HPLC were further analysed by ESI*/MS. As shown in
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Figure 1

Production and quantification of GS-HNE and GS-DHN. HNE is conjugated to glutathione (GSH) via catalysis by glutathione-S-

transferases (GSTs) to generate GS-HNE. GS-HNE can then be actively extruded from the cell, or further metabolized to GS-DHN by aldose
reductase prior to extrusion (A). GS-HNE was prepared from reacting HNE with GSH and the product was isolated by HPLC and quantified
based on [*H]GS-HNE, as shown in the representative radioplot (B). The HPLC-purified product was analysed by ESI*//MS (C; upper panel) and
displayed an ion at m/z 464 [M+H]* corresponding to GS-HNE, as well as an ion at m/z 446 [M+H]-H,O. Isolated GS-HNE was reduced using
human recombinant aldose reductase and the isolated product gave a mass spectrum consistent with reduction of GS-HNE to GS-DHN (m/z
466), as shown by a 2 D increase (C; lower panel). GS-DHN, glutathionyl-1,4-dihydroxynonanol; GS-HNE, glutathionyl-4-hydroxy-trans-2-

nonenal.
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Figure 1C (upper panel), reagent GS-HNE shows an ion at m/z
464 [M+H]*, corresponding to GS-HNE, as well as an ion at
m/z 446 ([M+H]-H,O) resulting from the loss of one molecule
of water. After reduction of reagent GS-HNE with human
recombinant aldose reductase, analysis of the mass spectrum
obtained for the isolated material showed a prominent and
exclusive ion at m/z 466 [M+H]* (Figure 1C lower panel). This
increase of 2 D was consistent with reduction of the aldehyde
to an alcohol.

GS-HNE stimulates acute peritonitis

To determine the potential pro-inflammatory agonist proper-
ties of HNE and its GSH conjugates, namely GS-HNE and
GS-DHN, the compounds were each administered to mice at a
dose of 10 ug by i.p. injection. After 4 h, the peritoneal lavage
was collected and the number of infiltrating leukocytes was
determined. As shown in Figure 24, injection of GS-HNE sig-
nificantly increased peritoneal PMNs, compared with the
saline control (P < 0.001). The magnitude of this response was
nearly 10-fold greater than that to free HNE or the reduced
GSH conjugate, GS-DHN (P < 0.001 GS-HNE vs. GS-DHN and
GS-HNE vs. HNE by one-way ANOVA; Figure 2A). In addition to
microscopic evaluation of PMNs, lavage cells were also analy-
sed by FACS using PE-conjugated anti-Gr-1 antibodies. As
shown in Figure 2B, injection of GS-HNE resulted in the
infiltration of Gr-1* leukocytes, while virtually no positive
staining was observed after saline treatment.

Characterization of GS-HNE-stimulated murine peritonitis
To better assess the potential of GS-HNE as a pro-
inflammatory stimulus, we next evaluated the kinetics of the
peritoneal leukocyte infiltration stimulated by GS-HNE. As
shown in Figure 3, injection of GS-HNE (10 pgi.p.) resulted in
a biphasic increase of PMNs in exudates that was significant at
both 4 and 24 h (P < 0.01 vs. saline by one-way ANOVA) with
successive falls in peritoneal PMN numbers at 6 and 12 h.
After reaching a minimum at 12 h, a second increase in PMN
infiltration was observed reaching a global maximum at 24 h.
Similar results were obtained by FACS analysis (Figure 3B) in
which a biphasic infiltration of Gr-1* cells is evident and
reflective of the total PMN counts during the time course. We
next examined the recovery of GS-HNE during peritonitis, as
described in Methods. As shown in Figure 3C, [*H]GS-HNE was
rapidly cleared from the peritoneal cavity, with about 50%
remaining after 10 min, 20% remaining after 30 min, and
virtually none remaining after 240 min. Analysis of the lavage
by RP-HPLC demonstrated that only fractions corresponding
to the GSH conjugates of HNE (see Figure 1 for reference)
contained radioactivity (data not shown). As this does not
rule out conversion of GS-HNE to GS-DHN, we next analysed
the HPLC-isolate by ESI/MS. Mass spectral analysis at 30 min
post injection revealed that GS-HNE remained untransformed
(m/z 464) and was not reduced to GS-DHN (m/z 466), as was
to be expected for this non-cell permeable conjugate
(Figure 3D).

Last, in order to evaluate the potency of GS-HNE as a pro-
inflammatory stimulus, two different doses were tested in
parallel. As shown in Figure 3E, an increase in peritoneal PMN
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infiltration was observed with administration of both 1 and
10 ug GS-HNE, although only the 10 pg dose reached statis-
tical significance (P < 0.05) over saline injection alone. A
representative histological Wright-Giemsa stain of the
lavaged cells is shown in Figure 3F
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Figure 2 GS-HNE stimulates acute peritonitis. To assess murine peri-
tonitis, GS-HNE, free HNE or GS-DHN were injected intraperitoneally
(each 10 ng) and the lavage was collected after 4 h. Total PMNs were
determined by differential analysis using Wright-Giemsa staining
(A) and confirmed by FACS analysis using PE-conjugated anti-Gr-1
antibodies (B; GS-HNE>>>GS-DHN>HNE). Results are presented as
mean *= SEM and are representative of at least three independent
experiments (n = 3-4) ***P < 0.001. GS-DHN, glutathionyl-1,
4-dihydroxynonanol;  GS-HNE,  glutathionyl-4-hydroxy-trans-2-
nonenal; PMN, polymorphonuclear leukocyte.
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Figure 3 Characterization of GS-HNE-stimulated murine peritonitis. GS-HNE (10 pg) was injected intraperitoneally and peritoneal lavages
were collected at indicated times. Total PMNs (A) were determined by differential analysis using Wright-Giemsa staining. In parallel, cells were
stained with PE-conjugated anti-Gr-1 antibodies or IgG isotype control and used for FACS analysis (B). The recovery of [*H]GS-HNE from the
peritoneal cavity was determined in the lavage at 0, 10, 30 and 240 min post injection (C). A representative mass spectrum of GS-HNE
recovered from the peritoneum at 30 min post injection is shown in (D). For determining potency, GS-HNE was injected intraperitoneally at
dose of 1 or 10 ug per mouse and exudates obtained after 4 h. Total leukocytes were determined by light microscopy and total PMNs (E) were
determined as described above (representative histology shown in F). Results are presented as mean * SEM (n = 3-5), *P < 0.05, **P < 0.01
(vs. saline by one-way ANOVA). GS-DHN, glutathionyl-1,4-dihydroxynonanol; GS-HNE, glutathionyl-4-hydroxy-trans-2-nonenal; PMN,

polymorphonuclear leukocyte.

Murine peritonitis: direct comparison of GS-HNE with LTs

and fMLP

As the results shown in Figures 2 and 3 demonstrated that
GS-HNE was a stimulus for peritoneal leukocyte infiltration,
GS-HNE was directly compared with the well-characterized
neutrophil chemoattractants and agonists, LTB; and fMLP. In
a parallel comparison (each at 1 pg i.p.), GS-HNE (2.2 nmol;
Figure 4A) stimulated peritoneal PMN infiltration (P < 0.05 vs.
saline) to an extent that was within the range of that stimu-
lated by LTB, (3 nmol; P < 0.01 vs. saline; Figure 4A). Admin-
istration of the synthetic peptide, fMLP (2.3 nmol) resulted in
PMN infiltration (P < 0.001 vs. saline) which, although higher

in magnitude than either GS-HNE or LTB, was still within the
range of these stimuli in this direct comparison.

As increased vascular permeability precedes PMN extrava-
sation, we next determined if GS-HNE was a direct vasoactive
agent with a side-by-side comparison with LTD,. In a dose
that was 100 times higher than LTD,, GS-HNE (10 ug) did not
cause a statistically significant increase in vascular permeabil-
ity compared with saline at 15 min post injection (Figure 4B),
as assessed by Evan’s blue dye extravasation (see Methods).
Only a small increase in permeability was apparent, although
this could be a result of local generation of secondary media-
tors (vide infra). By direct comparison, LTD, stimulated a
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Figure 4 Murine peritonitis: direct comparison of GS-HNE with LTs
and fMLP. GS-HNE, LTB, or fMLP were injected intraperitoneally (1 ug
each) and lavages were collected after 4 h. Total PMNs were deter-
mined by differential analysis using Wright-Giemsa stain and light
microscopy (A). For assessment of vascular permeability (B), Evan’s
blue dye (1%) was injected i.v., followed by intraperitoneal injection
of GS-HNE (10 ug; black bar) or LTD4 (100 ng; grey bar) and the
absorbance (ODg19) of the peritoneal lavage was determined
after 15 min. Results are presented as mean = SEM (n = 3-5),
*P < 0.05, *P < 0.01, ***P < 0.001 (all vs. saline). fMLP,
n-formylmethionylleucylphenylalanine;  GS-DHN,  glutathionyl-1,
4-dihydroxynonanol;  GS-HNE,  glutathionyl-4-hydroxy-trans-2-
nonenal; LT, leukotriene; PMN, polymorphonuclear leukocyte.

leakage permeability that reached statistical significance at a
dose of just 100 ng (Figure 4B; P < 0.01 vs. saline).

GS-HNE is a direct PMN agonist

Having demonstrated that GS-HNE is a potent acute pro-
inflammatory stimulus in vivo, we next sought to determine if
GS-HNE has direct action on PMNs. For these experiments,
human PMNs were isolated from healthy donors as described
in the Methods. Isolated PMNs were incubated with GS-HNE
(at indicated concentrations) and superoxide anion genera-
tion was determined. As shown in Figure 5A, GS-HNE stimu-
lated a statistically significant increase in superoxide
generation by human PMNs at all doses tested. Using the
maximal concentration from these experiments (10 umol-L™),
we also determined that this increase in superoxide was inhib-
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Figure 5 GS-HNE stimulation of human PMNs: generation of super-
oxide anion and modulation of CD11b. Human PMNs were isolated
from healthy volunteers as described in Methods and incubated with
indicated concentrations of GS-HNE (A) for 10 min at 37°C. The
superoxide dismutase (SOD)-inhibited reduction of ferricytochrome ¢
was monitored spectrophotometrically at 550 nm. The increase in
superoxide generation stimulated by GS-HNE (10 umol-L"") was
inhibited by SOD (B). fMLP (50 nmol-L™") was used as a positive
control. (C) represents the modulation of CD11b expression upon
treatment with GS-HNE (10 umol-L™'; 15 min) as determined by
FACS. Results are presented as mean * SEM (cells from three separate
donors), *P < 0.05 (vs. GS-HNE by unpaired Student’s t-test) and
**P < 0.01 (vs. saline), ***P < 0.001 (vs. saline) by one-way ANOVA.
GS-DHN, glutathionyl-1,4-dihydroxynonanol; GS-HNE, glutathionyl-
4-hydroxy-trans-2-nonenal; PMN, polymorphonuclear leukocyte.

ited on prior addition of SOD to the incubations (Figure 5B;
P < 0.05 to GS-HNE alone), suggesting that GS-HNE directly
stimulates increases in superoxide anion generation. Impor-
tantly, fMLP (50 nmol-L'") was used as a positive control in
these experiments as an indicator of cell responsiveness for
each donor (Figure 5B). As another marker of direct actions on
human PMNs, adhesion receptor modulation was assessed.
Exposure of human PMNs to GS-HNE (10 umol-L™") gave an
increase in the surface expression of CD11b compared with
vehicle control (DPBS) as determined by FACS (43.7 * 15.3 %;
data from three separate donors; Figure 5C).

GS-HNE stimulates local production of pro-inflammatory lipid
mediators in vivo

To determine if stimulation with GS-HNE in vivo leads to the
secondary generation of pro-inflammatory mediators, we first
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Figure 6 GS-HNE stimulates local production of pro-inflammatory lipid mediators in vivo. Mice were injected intraperitoneally with GS-HNE
(10 ng) and peritoneal exudates were obtained after 4 h or at indicated time points and the production of lipid mediators was determined (see
Methods). Cysteinyl leukotrienes were determined by ELISA (A). Mediator lipidomics was carried out by LC/MS/MS to identify pro-inflammatory
lipid mediators LTB4, PGE; and thromboxane B, (TXB;) (B). Monohydroxy fatty acids including 5-, 12- and 15-HETE, as well as 17-HDHA were
also identified (C). A representative mass spectrum showing the identification of resolvin pathway marker, 17-HDHA, is presented in (D) and
the structural diagnostic ions and the chromatogram (MRM) shown in the inset. Results are presented as mean = SEM, **P < 0.01 (vs. O, 4
and 24 h by one-way ANOVA). GS-HNE, glutathionyl-4-hydroxy-trans-2-nonenal; HETE, hydroxyeicosatetraenoic acid; 17-DHA, 17-hydroxy-

DHA.

determined if cysLTs were generated. For these experiments,
peritoneal lavages from GS-HNE-stimulated mice were col-
lected at indicated time points, extracted and the presence of
cysLTs was determined. As shown in Figure 6A, an increase in
cysLTs was observed during GS-HNE stimulation and reached
a maximum at 2h (P < 0.01 vs. 0, 4 and 24 h by one-way
ANOVA). The level of cysLTs returned to baseline by 4 h and
thus the increase in cysLTs preceded the maximal infiltration
of PMNs (see Figure 3). Importantly, GS-HNE alone showed
no cross-reactivity in the ELISA for cysLTs (data not shown).
Next, we performed mediator lipidomic profiling with exu-
dates from GS-HNE-stimulated mice at 4 h post injection. As
shown in Figure 6B, the pro-inflammatory lipid mediators
LTB, and PGE, were identified by LC/MS/MS analysis based on
their mass spectra and retention time directly compared with
authentic standards. Additionally, thromboxane B,, the stable
hydrolysis product of pro-thrombotic thromboxane A,, was
identified in these exudates. Monohydroxy fatty acid prod-
ucts (5-, 15- and 12-HETE) were also identified as markers
of lipoxygenase activity with endogenous arachidonate
(Figure 6C). Of interest, 17-hydroxy-DHA (17-HDHA), which
is a marker of the resolvin D-series pathway, was also present
in exudates from GS-HNE-treated mice. A representative mass
spectrum for 17-HDHA is shown in Figure 6D. Diagnostic ions
as well as the chromatogram derived from multiple reaction
monitoring (inset) are shown. Importantly, endogenous

D-series resolvins were not identified. Of note, LTB,, throm-
boxane B, and 5-HETE were not detected in mice injected
with saline alone and only low amounts of PGE, (0.14 ng per
exudate), 15-HETE (0.095 ng per exudate), 12-HETE (0.29 ng
per exudate) and 17-HDHA (0.29 ng per exudate) were
generated.

RvD1 prevents GS-HNE-stimulated peritonitis

Acute inflammation is mounted by pro-inflammatory stimuli
and subsequently spontaneously resolves, actions governed
in part by lipid mediators such as the resolvins. During media-
tor lipidomic analyses of exudates obtained from GS-HNE-
stimulated mice, we identified 17-HDHA, a marker of the
resolvin pathway, but not RvD1. Accordingly, we hypoth-
esized that anti-inflammatory and pro-resolving lipid media-
tor RvD1 might counteract the pro-inflammatory actions of
GS-HNE in vivo. As shown in Figure 7A, i.v. administration of
RvD1 (0.01-10.0 ng) immediately before i.p. administration
of GS-HNE (10 pg) sharply reduced neutrophilic infiltration
stimulated by GS-HNE. This reduction by RvD1 was robust
(~70%) and significant at doses as low as 0.1 ng when com-
pared with administration of GS-HNE plus vehicle. Peritoneal
linings were taken for histological evaluation (haematoxylin
and eosin stained) and confirmed the sharp decrease in leu-
kocyte infiltration stimulated by RvD1 (Figure 7B, upper
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Figure 7 Resolvin D1 (RvD1) counters GS-HNE-stimulated peritonitis. Mice were injected i.v. with RvD1 (0.01-10.0 ng; A) immediately before
administration of GS-HNE (10 ug intraperitoneally). After 4 h, the peritoneal cavity was lavaged and PMN numbers were determined (see
Methods). Sections from the peritoneal lining (haematoxylin and eosin stained) obtained for histological analysis are shown in (B) (top; original
magnification 10x) with increased magnification in the lower panels. Results are presented as mean + SEM (n = 3-5), *P < 0.05, **P < 0.01.
GS-HNE, glutathionyl-4-hydroxy-trans-2-nonenal; PMN, polymorphonuclear leukocyte.

panels at 10x magnification with increased magnification
shown in the lower panels as indicated), consistent with the
differential cell counts in exudates.

Discussion and conclusions

The present study describes the potential pro-inflammatory
actions of the GSH conjugate of a lipid peroxidation product,
HNE. This conjugate, GS-HNE, induced peritonitis in mice,
resulting in the recruitment of leukocytes and the in vivo
generation of pro-inflammatory lipid mediators, including
PGs and LTs. The actions of GS-HNE were further illustrated
with isolated human PMNs where GS-HNE stimulated both
superoxide generation and surface expression of adhesion
receptors. Notably, the inflammatory response induced by
GS-HNE was mitigated by RvD1 in vivo. These results support
the notion that GSH-dependent metabolism of reactive lipid
peroxidation products, such as HNE, can result in local
production of new pro-inflammatory mediators with novel
bioactions.

The generation of HNE is associated with many chronic
diseases characterized by high levels of inflammation, such as
atherosclerosis, rheumatoid arthritis and allergic airway
inflammation (Yla-Herttuala ef al., 1989; Selley et al., 1992;
Boldogh et al., 2005). The blood plasma level of HNE reaches
micromolar concentrations following ischaemia/reperfusion
injury in humans and similar concentrations of HNE have
been measured in many other human and animal studies
(Strohmaier et al., 1995; Siems and Grune, 2003). Although a
number of studies have demonstrated a pro-inflammatory
role for HNE, until now, the relative bioactivity of specific
HNE metabolites was not established. Accordingly, in the
present study, we provide direct evidence showing that glu-
tathiolation of HNE confers remarkable pro-inflammatory
properties on this o,B-unsaturated aldehyde.
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Although HNE is metabolized via multiple pathways, glu-
tathiolation is its primary metabolic fate, which represents
30-70% of HNE metabolism in a multitude of tissues and cell
types, including vascular smooth muscle cells, erythrocytes
and the heart (Srivastava et al., 1998; 2000; 2001; Siems and
Grune, 2003). The appearance of GS-HNE is used as a biom-
arker of oxidative stress and increased levels of GS-HNE are
associated with chronic inflammatory diseases such as Alzhe-
imer’s disease (Volkel et al., 2005; 2006). Results from several
studies show that GSH-mediated metabolism of HNE protects
against a multitude of toxic and potentially deleterious
effects, such as preventing HNE-DNA adduct formation and
HNE-induced neuronal toxicity (Xie et al., 1998; Falletti et al.,
2007). However, in view of the high biological reactivity of
GSH conjugates of other lipid-derived electrophiles (Samuels-
son et al., 1987), we sought to examine the role of glutathi-
olation in mediating the pro-inflammatory effects of HNE.
Indeed, the results presented here demonstrate that GS-HNE
is a more potent trigger of neutrophilic infiltration in vivo
than non-conjugated HNE. It should be noted that although
HNE has been shown to be a direct PMN chemoattractant
in vitro (Curzio et al., 1987; Schaur et al., 1994), the lack of
robust PMN infiltration following administration of HNE in
the present studies may reflect its bioavailability given its
high chemical reactivity (e.g. bound to serum proteins).
Although HNE is rapidly metabolized to GS-HNE in a variety
of cell types, including PMNs (Siems and Grune, 2003), the
conversion of HNE to GS-HNE in this model is likely to be less
efficient because of the route of administration and/or gen-
eration of secondary metabolites. In a key structure/function
analysis, we also determined that reduction of the aldehyde
moiety to the alcohol, GS-DHN, abolishes the bioactivity of
GS-HNE. Reduction, mediated in extra-hepatic tissues prima-
rily by aldose reductase, is a significant metabolic fate of HNE
in many cell types (Srivastava et al., 1998; 2000). Hence,
overall, this relative bioactivity profile lends support to the



notion that further metabolism of the conjugate to GS-DHN
is necessary to completely detoxify and inactivate HNE.

Among the products investigated herein (HNE and
GS-DHN), GS-HNE was found to be the most potent pro-
inflammatory stimulus in vivo. Hence, we further pursued this
metabolite in order to define its bioactivity more rigorously.
Intraperitoneal administration of GS-HNE caused an increase
in PMN infiltration at a dose of just 1 ug per mouse (2.2 nmol
or ~0.04 mg-kg™"). In healthy rats, the concentration of the
mercapturic acid conjugate of 1,4-dihydroxynonanol (DHN-
MA, which is the major metabolite of GS-HNE in the urine) has
been found to be approximately 0.15 nmol-day' (Rathahao
et al., 2005). Considering other metabolites of the conjugate,
the total generation of GS-HNE in healthy rats would be
between 0.5 and 0.8 nmol. In conditions of oxidative stress,
the concentration of DHN-MA in the urine increases 10-15-
fold (Kuiper et al., 2008). Hence, the 2.2 nmol (1 pg) dose used
in the study is likely to be within the concentration range of
the conjugate generated in vivo during oxidative stress. For
comparison, the pro-inflammatory effects of oxidized LDL
in vivo appear at 100-200 times the dose of GS-HNE used here
(Lehr et al., 1991; Fuhrman et al., 2008). The observation that
the time course of PMN infiltration by GS-HNE is biphasic and
that GS-HNE is rapidly cleared from the peritoneum suggests
that perhaps other mediators generated by GS-HNE serve to
amplify the inflammatory response in vivo. To identify poten-
tial amplifiers of the response to GS-HNE, we performed a
lipidomic analysis of the exudates obtained from mice treated
with GS-HNE. Stimulation with GS-HNE results in the genera-
tion of other known pro-inflammatory lipid mediators, such as
LTB,, thromboxane A, and PGE,. Moreover, our in vitro results
also demonstrate that GS-HNE has direct actions on PMNs.
Using isolated human PMNs, GS-HNE led to an increase
in superoxide generation at doses as low as 1umol-L™
(0.0046 mg-mL™). Interestingly, oxidized LDL has also been
shown to stimulate superoxide production by PMNs (Maeba
et al., 1995), but the doses required are over 100 times higher
than that of GS-HNE used in the present study. It is of interest
to point out that free HNE inhibits fMLP-induced respiratory
burst (Dianzani et al., 1996). Collectively, these observations
suggest that glutathiolation could be viewed as a bioactivation
step that transforms HNE into a more bioactive metabolite
in vivo. To the best of our knowledge, this is the first demon-
stration that the GSH conjugate of HNE has inherent bioactiv-
ity greater than HNE itself.

To evaluate the potency of GS-HNE as an inducer of murine
peritonitis, we compared GS-HNE at similar doses with well-
known neutrophil chemoattractants and agonists, LTB, (Sam-
uelsson et al., 1987; Griswold et al., 1991; Yedgar et al., 2007)
and fMLP (Molad et al., 1994). Parallel analysis showed that
PMN infiltration stimulated by GS-HNE was within the range
of that stimulated by LTB; and fMLP. In contrast, GS-HNE
alone did not significantly increase vascular permeability in a
side-by-side comparison with LTD,. Although this does not
preclude the potential for direct actions on endothelial cells,
it appears that within this concentration range, the primary
actions of GS-HNE were on leukocytes. This is interesting in
light of the fact that cysLTs increase vascular permeability, but
are not direct neutrophil chemoattractants (Samuelsson et al.,
1987; Griswold et al., 1991). Although action at the cysLT
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receptors cannot be ruled out, it is likely that GS-HNE and
cysLTs do not act via similar mechanisms in vivo, although
they are both GSH-lipid conjugates. Of note, GS-HNE stimu-
lates the production of cysLTs in vivo (Figure 6). As GS-HNE,
like the cysLTs, is not likely to be cell-permeable, the present
results suggest that GS-HNE actions in vivo are potentially
receptor-mediated, but the receptors involved remain to be
identified. The present results support the view that glutathi-
olation increases the bioactivity of HNE and raise the possi-
bility that other reactive lipid metabolites could be activated
by glutathiolation and sensed by components of the immune
system. In this regard, it is significant to point out that in
addition to LTC, and its metabolites (LTD, and LTE,), other
GSH-lipid conjugates, such as 5-oxo-glutathione (FOGy), also
demonstrate high biological activity (Bowers et al., 2000;
Yedgar etal., 2007). Moreover, conjugation to GSH is a
common metabolic fate of a variety of lipid-peroxidation
products (e.g. isoprostanes), and thus the results presented
here have broad implications and may be useful in identifying
the biological activity of the GSH conjugates of other bioac-
tive lipids and lipid-derived products (Milne et al., 2004).

One of the key findings of this study is that the pro-
inflammatory response initiated by GS-HNE in vivo was drasti-
cally reduced by the anti-inflammatory/pro-resolving lipid
mediator, RvD1. The resolvins were initially identified in re-
solving exudates in murine models of acute inflammation and
have been shown to exhibit potent biological actions in disease
models, such as colitis, peritonitis and periodontitis (Serhan
et al., 2002; Serhan and Chiang, 2008). Recently, RvD1 was
prepared by total organic synthesis, its stereochemistry was
determined and it potently (low nanomolar range) reduced
fMLP-stimulated transmigration of human PMNs in vitro, as
well as zymosan A-stimulated murine peritonitis in vivo (Sun
et al., 2007). In the present report, we also identified 17-HDHA,
a marker of the resolvin D-series pathway, in exudates of mice
given GS-HNE. However, D-series resolvins were not identified
in our mediator lipidomic analyses of exudate lavages and thus
an uncoupling of the resolvin biosynthetic pathway could
prolong the GS-HNE-stimulated inflammatory response. Thus,
we hypothesized that resolvins could counteract the pro-
inflammatory effects of GS-HNE in vivo. Accordingly, pre-
treatment with RvD1 drastically reduced GS-HNE-stimulated
peritoneal PMN infiltration at doses as low as just 50 pg per
mouse. Collectively, these results, combined with earlier find-
ings (Sun et al., 2007; Serhan and Chiang, 2008), suggest that
RvD1 has potent actions with regard to dampening inflamma-
tion that may be independent of the stimulus and demonstrate
for the first time the novel role of RvD1 in counter-regulating
oxidative stress-initiated inflammation. It should be noted
that although relatively high concentrations of DHA are
reported to protect against oxidative stress by serving a sacri-
ficial role as a direct antioxidant (Yavin et al., 2002), the present
results indicate that enzymically derived potent mediators that
are formed from DHA, such as RvD1, and are 100-1000x more
potent and activate specific receptors in the low nanomolar
range (Kasuga et al., 2008), could mediate some of the protec-
tive actions of DHA via agonist signalling to counter the
deleterious impact of oxidative stress.

In summary, the present results demonstrate a novel role
for the GSH conjugate of HNE as a pro-inflammatory stimulus
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and suggest that GS-HNE must be reduced further to abolish
its bioactivity. Because oxidative stress is a generalized feature
associated with many chronic inflammatory diseases, these
results suggest that anti-inflammatory/pro-resolving lipid
mediators, such as RvD1, can now provide novel therapeutic
strategies for the management of oxidative stress-induced
inflammation as well as associated pathological and toxico-
logical states.
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