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proteases. One mechanism during phagocyte activation 
involves the reactive oxygen species hydrogen peroxide 
being used by myeloperoxidase (MPO) resulting in hypo-
chlorous acid production ( 1, 2 ). Previous studies have 
shown that hypochlorous acid targets the vinyl ether link-
age of plasmalogens liberating  � -chlorofatty aldehydes ( � -
ClFALDs) ( 3 ). Plasmalogens are an abundant subclass of 
phospholipid found in many cells and tissues but are par-
ticularly enriched in phagocytes, endothelial cells, myo-
cardium, lung, and brain ( 4–8 ).  � -ClFALDs have previously 
been shown to accumulate in activated human neutrophils 
and monocytes ( 9, 10 ) and are elevated in human aortic 
atherosclerotic plaques and infarcted rat myocardium ( 11, 
12 ). Several studies have suggested that  � -ClFALDs con-
tribute to tissue injury by mechanisms that include the fol-
lowing:  1 ) eliciting both endothelial dysfunction ( 13 ) and 
neuronal apoptosis ( 14 ),  2 ) inhibition of eNOS activity 
( 15 ),  3 ) neutrophil chemotaxis ( 9 ),  4 ) eliciting myocar-
dial contractile dysfunction ( 12 ), and  5 ) activating the 
nuclear factor  � B   pathway in endothelial cells ( 16 ). 

 Although  � -ClFALD is produced during phagocyte acti-
vation and has numerous biological functions,  � -ClFALD-
mediated mechanisms impacting cell function remain to 
be resolved.  � -ClFALD can be metabolized to  � -chlorofatty 
acid ( � -ClFA) and  � -chlorofatty alcohol ( � -ClFOH) ( 17, 
18 ). Recently,  � -ClFA has been shown to induce endoplas-
mic reticulum stress and apoptosis ( 19 ). Regarding bio-
logical activities attributed to  � -ClFALD, it is possible that 
some may be mediated through its metabolism to  � -ClFA. 
However, other fates of  � -ClFALD seem likely due to the 
inherent reactive aldehyde and  � -chlorinated carbon of 
this molecule. Although we have shown that  � -ClFALD 
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 Phagocytes are critical in bacterial killing and in the 
progression and resolution of infl ammation. The sequelae 
of infl ammation include the concerted role of activated neu-
trophils, monocytes, and macrophages releasing numerous 
bioactive molecules including reactive oxygen species and 
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acetonitrile-water (7:3, v/v) supplemented with 0.1% formic acid 
for ESI/MS/MS analysis. 

 ESI/MS/MS characterization of 2-ClHDA and GSH in 
vitro reaction products 

 TLC-purifi ed 2-ClHDA conjugates of GSH (HDA-GSH) was 
diluted 2,000× with acetonitrile-water (7:3) containing 0.1% for-
mic acid, which was analyzed by ESI/MS/MS by direct infusion at 
a fl ow rate of 5  � l/min. For ESI/MS/MS, the ionization energy 
and temperature were set at 3,700 V and 270°C for positive ion 
mode and 2,600 V and 270°C for negative ion mode. A collision 
energy of 15 eV and collision gas of 1.0 Torr argon were used for 
MS/MS analyses in both the positive and negative ion modes. 

 DNPH derivatization of HDA-GSH 
 Sixty micrograms of synthetic HDA-GSH was suspended in 100  � l 

of water-acetonitrile (1:1, v/v) in a reaction vessel. One hundred 
microliters of 3.1 mg/ml DNPH in 2 M HCl was added, and the 
reaction was vortexed every minute for 15 min. Subsequently, 
1 ml of water was added, and the reaction product was purifi ed 
using a C-18 solid-phase extraction (SPE  ) column (Supelclean™ 
LC-18 SPE Tube, 100 mg). Reaction products were eluted with 
1 ml methanol. The eluted product was dried under N 2  and sus-
pended in 300  � l water-acetonitrile (3:1, v/v). Free DNPH was 
then removed with three washes of 500  � l chloroform. The re-
maining aqueous layer was dried and suspended in 200  � l water-
acetonitrile-isopropanol (3:3:2, v/v/v) containing 0.15% formic 
acid. Ten microliters of the SPE-purifi ed derivative was diluted 
50-fold and analyzed by ESI/MS/MS in direct injection mode. 

 Synthesis of stable isotope-labeled HDA-GSH 
 Commercially available [7,7,8,8- d 4  ]hexadecanoic acid was con-

verted to 2-bromo-[7,7,8,8- d 4  ]hexadecanal (2-Br-[ d 4  ]HDA) as 
previously described ( 24 ). One hundred and fi fty milligrams of 
2-Br-[ d 4  ]HDA was then reacted with 300 mg GSH in 3 ml of ethyl 
ether-methanol-water (2:1.5:0.6, v/v/v) for 4 h at 37°C. Reaction 
products were then extracted in ethyl ether by the addition of 
10 ml water and 15 ml ethyl ether. The collected ethyl ether layer 
including interface was extracted and dried to a white solid. The 
white solid was sequentially washed three times with 10 ml hex-
ane, two times with 10 ml methanol, and two times with 10 ml 
water to remove any remaining free 2-Br-[ d 4  ]HDA and GSH. The 
fi nal product was dried by lyophilization, weighed, and the purity 
of the resultant [ d 4  ]HDA-GSH product confi rmed by direction 
infusion ESI/MS/MS. 

 RAW 264.7 cell treatments with 2-ClHDA 
 RAW 264.7 cells were treated with either 0, 1, 5, 25, or 50  � M 

2-ClHDA in DMEM supplemented with 2% FBS for 8 h. The me-
dium was then removed, and cells were washed with PBS. The 
cells were scraped in 1.25 ml PBS containing 10 mM NEM and 
immediately frozen. NEM was added to the fi nal cell homoge-
nate solution to block free GSH sulfhydryls from spontaneously 
reacting with  � -ClFALD following cell incubations. 

 Human neutrophil studies 
 Whole blood (50–150 ml) was taken from healthy volunteers 

and anticoagulated with EDTA (fi nal concentration 5.4 mM) 
prior to the isolation of neutrophils using a Ficoll-Hypaque gradi-
ent as previously described ( 9 ). These studies were approved and 
authorized by the Saint Louis University Institutional Review 
Board Protocol 9952. Informed consent was obtained from the 
human subjects. Neutrophils were diluted to 1 million neutro-
phils per ml in HBSS. PMA (200 nM) in ethanol (0.1%) and 10 mM 
3-aminotriazole (AT) were then added as indicated. Incubations 

forms reversible Schiff base adducts with amines ( 20 ), the 
electrophilic properties of the  � -chlorinated carbon of  � -
ClFALD have not been examined as a target of cellular 
nucleophiles. The metabolism of lipid oxidation products 
such as 4-hydroxy-2-( E )-nonenal ( 21 ), biosynthesis and 
metabolism of leukotrienes ( 22 ), and detoxifi cation of xe-
nobiotics ( 23 ) are all heavily reliant on conjugation to glu-
tathione (GSH). Because the nucleophilic thiol of GSH is 
known to modify unsaturated and halogenated carbons 
either chemically or catalyzed by glutathione- S -transferase 
( 23 ), the studies herein examined the electrophilic nature 
of the  � -chlorinated carbon of  � -ClFALD as a target of the 
nucleophilic thiol of glutathione. 

 Understanding  � -ClFALD metabolism and the cellular 
impact of  � -ClFALD metabolites is critical to better under-
stand the role of chlorinated lipids in infl ammatory pathol-
ogies. Accordingly, the present study examined the reactivity 
of 2-chlorohexadecanal (2-ClHDA) with GSH and the pro-
duction of  � -ClFALD conjugates of GSH (FALD-GSH) in ac-
tivated neutrophils. The results demonstrate that  � -ClFALD 
chemically reacts with GSH to produce a novel class of pep-
tidoaldehydes (FALD-GSH) and identify FALD-GSH pro-
duction in activated neutrophils as well as in vivo in the 
plasma of a mouse arthritis model. 

 MATERIALS AND METHODS 

 Materials 
 HPLC-grade methanol, acetonitrile, and isopropanol were pur-

chased from Fisher Scientifi c. TLC plates (20 × 20 cm, 40 Å silica 
gel) were obtained from EMB Millipore. [7,7,8,8- d 4  ]hexadecanoic 
acid was purchased from Medical Isotopes. All other chemicals 
were purchased from Sigma-Aldrich or Fisher Scientifi c. 

 Instrumentation 
 MS was performed using a Thermo Fisher TSQ Quantum Ultra 

mass spectrometer (Thermo Fisher, Waltham, MA). For experi-
ments requiring LC/MS, a Thermo Fisher Surveyor LC system 
was coupled to the Quantum Ultra. LC/MS data analysis was per-
formed using XCalibur software (Thermo Fisher). 

 2-ClHDA and GSH in vitro reaction products and TLC 
purifi cation 

 Unless otherwise indicated, all reactions were carried out in 
PBS (pH 7.4), methanol, and ethyl ether at a ratio of 0.6:1.5:2. 
Briefl y, 2-ClHDA or hexadecanal (HDA) (3  � mol) was fi rst sus-
pended in 73  � l of ethyl ether in a clean, borosilicate reac tion 
vessel. Fifty-fi ve microliters of methanol was then added ± 
 N -ethylmaleimide (NEM; 2.25  � mol). Finally, GSH (1.5  � mol) was 
added in 22  � l PBS, and the reaction mixture was vortexed and 
allowed to react in a sealed reaction vessel at 37°C for 4 h. Reac-
tion aliquots (10  � l) were loaded onto 40 Å silica gel TLC plates. 
Mobile phase for TLC was composed of chloroform-acetone-
methanol-water-acetic acid (6:8:2:2:1 v/v/v/v/v). TLC plates 
where visualized with ninhydrin or 2,4-dinitrophenylhydrazine 
(DNPH). TLC lanes used for purifi cation were not stained but 
scraped and extracted using 1 ml of acetonitrile-water (7:3, v/v) 
supplemented with 0.25% formic acid. The solution was centri-
fuged at 2,000  g  for 5 min and the supernatant removed. The 
supernatant was dried under nitrogen and suspended in 150  � l 
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screened by fl uorescence-activated cell sorting analysis as previously 
described ( 27 ). CD4 V � 6-positive mice were maintained on nor-
mal chow and euthanized at 9 weeks to obtain whole blood via 
cardiac puncture. Mice at this age have signifi cant joint swelling 
of all four paws, and 50  � l of serum from these mice can robustly 
induce arthritis in C57BL/6J mice ( 27 ). To measure FALD-GSH, 
45 fmol of [ d 4  ]HDA-GSH was added to 25  � l of plasma and se-
quentially diluted with 150  � l water containing 0.1% formic acid 
and then 640  � l methanol-acetonitrile (3:1, v/v). Diluted plasma 
was subsequently centrifuged 10 min at 16,100  g max   at 4 ° C to pel-
let precipitated protein. The resultant supernatant was collected 
and diluted with 470  � l water containing 0.1% formic acid prior 
to purifi cation and quantifi cation of FALD-GSH using Strata-X 
columns and LC/MS/MS (vide supra). Total plasma  � -ClFA mo-
lecular species were measured from 25  � l of plasma subjected to 
base hydrolysis in the presence of 105 fmol 2-chloro-[ d 4  ]hexa-
decanoic acid (internal standard), and total fatty acid was ex-
tracted ( 11, 26 ). Fatty acids were then subjected to reverse-phase 
HPLC using a Phenomenex Onyx monolithic C-18 column (50 × 
2.0 mm) and detected using ESI/MS/MS by SRM as previously 
described ( 11, 26 ). 

 Statistical analyses 
 Student’s  t -test was used for comparisons between two groups. 

For comparisons between three or more groups to the control 
condition ANOVA was performed with the Dunnett post hoc test. 
In other cases when appropriate, Tukey’s post hoc test was used. 
All data are presented as mean ± SEM unless otherwise indicated. 

 RESULTS 

 In vitro adducts of 2-ClHDA with GSH 
 Based on the premise that the  � -carbon of  � -ClFALD is 

a target for modifi cation by cellular nucleophiles, we ex-
amined the reactivity of 2-ClHDA with GSH (  Fig. 1A  ).  In 
initial studies, 2-ClHDA and GSH were reacted at a 2:1 mo-
lar excess of 2-ClHDA for 4 h. Reaction products were 
separated on silica gel TLC, and a novel reaction product 
was detected (R f   ≈  2.4) using either ninhydrin or DNPH 
staining ( Fig. 1B, C , lane 3). Both the reaction product 
and GSH are stained by ninhydrin ( Fig. 1B ), which readily 
stains the amine of GSH but does not stain 2-ClHDA. Ad-
ditionally, the reaction product is stained by DNPH ( Fig. 
1C ), which stains aldehydes but does not stain GSH. The 
importance of the  � -chlorinated carbon for GSH attack is 
highlighted by the demonstration that no novel products 

were for 0–60 min at 37°C  . At the end of each reaction, 10 mM 
NEM was added, and the neutrophils were immediately frozen 
prior to extraction. 

 Quantifi cation of  � -ClFALD in human neutrophils 
 Neutrophil lipids were extracted using a modifi ed Bligh and 

Dyer procedure in the presence of 2-chloro-[7,7,8,8- d 4  ]hexadecanal 
( 25 ). Subsequently,  � -ClFALD molecular species in lipid extracts 
were derivatized to their pentafl uorobenzyl (PFB) oximes, using 
PFB hydroxylamine, and these derivatives were used to quantify 
 � -ClFALD molecular species using GC/MS with selected ion 
monitoring detection and negative ion chemical ionization as 
previously described ( 11, 26 ). 

 Extraction and quantifi cation of FALD-GSH 
 To extract and quantitate FALD-GSH, 90 fmol of [ d 4  ]HDA-GSH 

and 1 vol of methanol-acetonitrile (1:1, v/v) were added to 100  � l 
of the RAW 264.7 cell homogenate, and 45 fmol of [ d 4  ]HDA-GSH 
and 1 vol of methanol-acetonitrile (1:1, v/v) were added to 1 ml 
neutrophil suspension. Both solutions were then vortexed for 30 s, 
sonicated in a sonication bath for 15 s, and vortexed for another 
30 s. The resulting solution was centrifuged at 1,000  g  for 5 min, 
and the supernatant removed. The supernatant was loaded on a 
Strata-X column (60 mg bed weight) that was preconditioned with 
1.2 ml methanol followed by 1.2 ml water-methanol (4:1, v/v). Col-
umns were washed two times with 0.6 ml water-methanol (4:1, v/v), 
and then HDA-GSH was eluted with 1.2 ml of methanol-acetonitrile 
(3:1, v/v) containing 0.25% formic acid. The eluted adduct was 
dried under nitrogen and suspended in 100  � l of 6:4:5 acetoni-
trile-isopropanol-water containing 0.15% formic acid for analysis 
by LC/MS/MS. LC was performed using a Phenomenex Onyx 
C-18 column (50 × 2.0 mm) with ESI/MS/MS detection using se-
lected reaction monitoring (SRM). Two mobile phases were used 
for LC. Solvent A was water containing 0.15% formic acid, and 
solvent B was acetonitrile-isopropanol (3:2, v/v) containing 0.15% 
formic acid. Initial column conditions were 65/35 (A/B) at a fl ow 
rate of 200  � l/min, which was held for 2 min following the injec-
tion of 25  � l of the Strata-X purifi ed solutions onto the column. 
Subsequently, GSH adducts of 2-ClHDA were eluted by a 3 min 
linear gradient to 100% solvent B. 

 K/BxN mouse model 
 All animal procedures were conducted in accordance with 

guidelines published in the  Guide for the Care and Use of Laboratory 
Animals  (National Research Council, National Academy Press, 
Washington, DC, 1996) and were approved by the Animal Care 
Committee of Saint Louis University. KRN mice (obtained from 
Dr. K. C. Choi, Washington University in St. Louis, School of 
Medicine) were bred in house. The KRN mice were crossed with 
NOD/Lt mice (Jackson Laboratory; model 001976). Pups were 

  Fig.   1.  TLC separation of reaction products from 
incubations of 2-ClHDA with GSH. Proposed mecha-
nism for peptidoaldehyde production initiated by 
plasmalogen oxidation by HOCl (A). GSH (10 mM) 
was incubated with 2-ClHDA or HDA (20 mM) in the 
presence or absence of NEM (15 mM) for 4 h. Reac-
tion products were resolved by silica TLC and were 
visualized by either ninhydrin staining (B) or DNPH 
staining (C) as described in Materials and Methods. 
The bottom half of the developed TLC plates are 
shown in B and C. PhosCho, phosphocholine; Phos-
Etn, phosphoethanolamine.   
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formation. Taken together, nucleophilic attack of GSH on 
the  � -chlorinated carbon, TLC evidence that the product 
contains amines and a free aldehyde, and the positive ion 
spectra shown in  Fig. 2B  support the structure shown in 
 Fig. 2D . This proposed product has a C-S bond bridging the 
GSH cysteine to the  � -carbon of 2-ClHDA while retaining 
a free aldehyde. This fatty aldehyde-GSH (FALD-GSH) ad-
duct molecular species, HDA-GSH has a molecular mass   of 
545.31. Additional minor ions found in the positive ion scan 
of HDA-GSH are at  m/z  568.32 and 528.30, which represent 
the sodiated adduct and the protonated adduct with the loss 
of water, respectively. The fourth ion found in the positive 
survey scan,  m/z  399.30, is a common fragment of GSH 
adducts of lipids ( 28 ), which corresponds to the loss of 
glutamate and water from the parent ion,  m/z  546.36. The 
TLC-purifi ed HDA-GSH adduct was also subjected to nega-
tive ion ESI/MS, which complements the positive ion scan. 
The predominant ions are the [M  �  H]  �   and [M  �  H + Na]  �   
at  m/z  544.66 and 566.66, respectively. 

 Further structural confi rmation included MS/MS analy-
ses of HDA-GSH in both positive and negative ion modes. 
The positive parent ion,  m/z  546.36 [M + H] + , fragments 
into two major ions,  m/z  399.41 and  m/z  296.2 (  Fig. 3A  ). 
 The  m/z  399.41 fragment ion corresponds with the loss of 

were observed in reactions between GSH and HDA, which 
does not contain an  � -chlorinated carbon ( Fig. 1 B, C , lane 
5). In other reactions, NEM was added to the reaction solu-
tion just prior to GSH. Under these conditions, 2-ClHDA 
did not form an adduct with GSH ( Fig. 1B, C , lane 6), indi-
cating that NEM is a preferred target for GSH compared 
with 2-ClHDA, and GSH adducts with 2-ClHDA are through 
a thiol-related mechanism. The NEM-GSH reaction prod-
uct was visualized with the ninhydrin stain ( Fig. 1B , lane 6). 

 Characterization of the reaction product of 2-ClHDA 
and GSH by MS 

 To characterize the product of the reaction of GSH with 
2-ClHDA, the novel band (R f   ≈  2.4) resolved on TLC was ex-
tracted and then subjected to ESI/MS/MS. Initially, the TLC-
purifi ed reaction product was subjected to a second TLC step 
to confi rm the purity of the material as well as confi rm the 
stability of the product after purifi cation (  Fig. 2A  ).  In positive 
ion mode using ESI/MS, the purifi ed reaction product was 
detected as a major ion at  m/z  546.36 ( Fig. 2B ). This spectra 
indicates the product is not monochlorinated because there 
is no corresponding signature M + 2 ion   associated with  37 Cl. 
Thus, nucleophilic attack of the  � -chlorinated carbon of 
 � -ClFALD results in chlorine ejection during adduct 

  Fig.   2.  ESI/MS of TLC-purifi ed 2-ClHDA adduct with GSH. The purity and stability of the TLC-purifi ed reaction product from 2-ClHDA 
incubations with GSH (HDA-GSH) were confi rmed by TLC and ninhydrin staining (A). Lanes 1 and 2 show TLC analysis of the reaction 
products before and after TLC purifi cation, respectively. Purifi ed reaction product was analyzed by positive ion (B) and negative ion (C) 
ESI/MS by direct infusion as described in Materials and Methods. (D) The putative molecular structure of the reaction product from 2-Cl-
HDA and GSH reactions (HDA-GSH).   
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was synthesized. Purifi ed [ d 4  ]HDA-GSH was weighed, and its 
purity and structure were verifi ed by direct infusion ESI/MS/
MS analysis. Survey scans in the positive ion mode showed that 
the predominant molecular ions of [ d 4  ]HDA-GSH were 
shifted 4 amu compared with HDA-GSH (see  Fig. 2 ) with ions 
at  m/z  550.34, 572.34, and 403.33 representing [M + H] + , [M + 
Na] + , and [M + H  �  glutamate  �  water] + , respectively (  Fig. 5  , 
inset).  MS/MS analysis of  m/z  550.34 from [ d 4  ]HDA-GSH 
showed a similar fragmentation to that of HDA-GSH (see  Fig. 
3A ) with 4 amu shifts in the fragment ions ( Fig. 5 ). It should be 
noted that this deuterated analog and the MS data further sup-
port the structure shown in  Fig. 2D . 

 Quantitation of HDA-GSH by LC-MS/MS 
 Utilizing purifi ed natural HDA-GSH and [ d 4  ]HDA-

GSH, a quantitative LC/MS/MS technique was developed. 
Fragmentation information was exploited to monitor 
HDA-GSH using SRM. The SRM of 546.34  →  399.41 and 
550.34  →  403.41 were used to detect HDA-GSH and [ d 4  ]
HDA-GSH, respectively. Additionally, 2-chlorooctadecanal 
(2-ClODA) conjugates of GSH (ODA-GSH) were detected 
by the SRM 574.34  →  427.41.   Fig. 6A   shows a chromato-
gram of the natural and deuterated analogs of HDA-GSH, 
which coelute when subjected to reverse-phase chroma-
tography (R t  = 7.82 min).  To confi rm that ionization and 
fragmentation patterns of the deuterated product were 
comparable to the natural product during this LC/MS/
MS analysis, natural HDA-GSH levels were varied while 

glutamate and water. The  m/z  296.32 fragment ion is from 
the additional loss of both glycine moiety and the cysteine 
carbonyl from the  m/z  399.41 fragment ion. The negative 
parent ion,  m/z  544.66 [M  �  H]  �  , fragments into multiple 
ions ( Fig. 3B ) that directly correspond to the known frag-
mentation of GSH ( 29, 30 ). The predominating ion,  m/z  
272.16, is the cleavage of HDA-GSH at the sulfhydryl as 
shown in the  Fig. 3B  inset. Both the positive and negative 
ion survey scan and parent ion fragmentations support the 
structure proposed in  Fig. 2D . 

 Characterization of DNPH-HDA-GSH 
 TLC-purifi ed HDA-GSH as shown in  Fig. 1C  was readily 

stained by DNPH as HDA-GSH retains a free aldehyde. 
Based on this fi nding, the purifi ed DNPH derivative of 
HDA-GSH was analyzed by ESI/MS/MS. In positive survey 
mode (  Fig. 4A  ), the DNPH-HDA-GSH derivative is de-
tected as the [M + H] +  at  m/z  726.19, which is consistent 
with DNPH forming a hydrazone with HDA-GSH with a 
molecular mass of 725.34 ( Fig. 4C ).  MS/MS of  m/z  726.19 
yielded fragment positive ions that were consistent with 
that observed with fragmentation of HDA-GSH (e.g.,  m/z  
399.39 and 296.32) as well as new ions from GSH fragmen-
tation ( m/z  308.21, 179.05, and 162.05). 

 Characterization of [ d 4  ]HDA-GSH 
 To quantitate  � -ClFALD produced in primary cells forming 

adducts with GSH, the deuterated HDA-GSH, [ d 4  ]HDA-GSH, 

  Fig.   3.  ESI/MS/MS of HDA-GSH. TLC-purifi ed 
HDA-GSH was analyzed by direct infusion ESI and 
subjected to MS/MS analysis at 15 eV and 1.0 Torr. 
MS/MS spectra for the [M + H] +  parent ion at  m/z  
546.36 (A) and the [M  �  H]  �   parent ion at  m/z  
544.66 (B) are shown. Inset tables provide likely frag-
ment ion assignments.   
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 HDA-GSH quantitation in chemical reactions and 
HDA-GSH production in RAW 264.7 cells treated with 
2-ClHDA 

 Using the LC/MS/MS method for the quantifi cation of 
FALD-GSH, we tested the time-dependent incorporation 
of 20  � M 2-ClHDA into FALD-GSH adducts in the pres-
ence of 2 mM GSH. Under these conditions  � 6% of the 
2-ClHDA precursor is converted to FALD-GSH per hour, 
and this rate is linear for up to 4 h (  Fig. 7A  ).  To determine 

maintaining a constant [ d 4  ]HDA-GSH level. The response 
plot is shown in  Fig. 6B , which demonstrates that [ d 4  ]
HDA-GSH and HDA-GSH give an equal ion intensity re-
sponse with a calibration line with a slope = 1. Further-
more, the calibration response was similar between natural 
HDA-GSH and deuterated HDA-GSH in the presence of 
neutrophil lysate extract in the solvent matrix ( Fig. 6C ). 
This detection method provides reliable detection of 
HDA-GSH at levels as low as 5 fmol. 

  Fig.   4.  ESI/MS and MS/MS analysis of DNPH-HDA-GSH. HDA-GSH was derivatized with DNPH and analyzed by direct infusion in posi-
tive ion mode. The [M + H] +  of the derivatized product was detected,  m/z  726.19 (A), which supports a hydrazone bond formation between 
DNPH and HDA-GSH and structure shown in C. MS/MS analysis of the [M + H] +  ion at  m/z  726.19 is shown in B, and the associated table 
provides likely fragmentation ion assignments.   

  Fig.   5.  ESI/MS and MS/MS analysis of [ d 4  ]HDA-
GSH. Synthetic [ d 4  ]HDA-GSH was analyzed by direct 
infusion in the positive ion mode with MS/MS analy-
ses as described in  Fig. 3 . MS/MS analysis of the [M + 
H] +  ion at  m/z  550.35 displays a distinct 4 amu shift 
compared with the HDA-GSH fragment ions. Survey 
mode positive ions of synthetic [ d 4  ]HDA-GSH are 
shown in the spectra of the inset.   
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and then analyzed for HDA-GSH production. RAW 264.7 
cells were chosen as they are a well-characterized macro-
phage cell line, but incapable of producing 2-ClHDA. To 
enhance sensitivity and reproducibility of detection, HDA-
GSH was fi rst purifi ed from cell homogenate using Strata-
X columns as described in the Materials and Methods. No 
HDA-GSH was detected in the control treatment (ethanol 
vehicle alone was added), while HDA-GSH levels were el-
evated in a precursor-dependent manner between 1 and 
50 nmol 2-ClHDA ( Fig. 7B ). 

 HDA-GSH and ODA-GSH accumulation in PMA-
stimulated neutrophils 

 Isolated primary human neutrophils stimulated with 
PMA produce  � -ClFALD ( 9 ) and were, therefore, assayed 
for the production of  � -ClFALD adducts of GSH.   Fig. 8A   
shows the time course of  � -ClFALD production in neu-
trophils treated with 200 nM PMA.  Both 2-ClHDA and 

whether cells are capable of producing HDA-GSH in the 
presence of physiological levels of 2-ClHDA, RAW 264.7 
mouse macrophages were treated with 2-ClHDA for 8 h 

  Fig.   6.  Stable isotope dilution quantitation of HDA-GSH by LC/
ESI/MS/MS. Based on the fragmentation ions shown in  Figs. 3 and 
4 , LC/MS with SRM detection was used to quantify HDA-GSH. Us-
ing LC/MS, 15 fmol HDA-GSH and 15 fmol [ d 4  ]HDA-GSH were 
detected in the SRM scan mode, SRM 546  →  399 and  m/z  550  →  
403, respectively (as indicated in A). In triplicate, selected amounts 
of HDA-GSH in the presence of a fi xed amount of [ d 4  ]HDA-GSH 
(7 fmol) were extracted in the presence (C) and absence (B) of 
neutrophil homogenate (not stimulated) and then were subjected 
to LC/MS/MS as described in Materials and Methods. For samples 
extracted in the presence of neutrophil homogenate, extracts were 
subjected to Strata-X SPE purifi cation prior to LC/MS/MS. The 
peak area ratios were plotted versus the ratio of the HDA-GSH and 
[ d 4  ]HDA-GSH injected yielding response lines as calculated in the 
insets using linear regression (B, C).   

  Fig.   7.  Quantitation of HDA-GSH production in chemical reac-
tions and in RAW 264.7 cells treated with 2-ClHDA. GSH (200 nmol) 
and 2-ClHDA (2 nmol) were incubated in 70% ethanol for the in-
dicated times (A). RAW 264.7 cells were treated with indicated con-
centrations of 2-ClHDA for 8 h (B). [ d 4  ]HDA-GSH was added to 
either chemical reactions (A) or cell homogenates (B), and gluta-
thione adducts of 2-ClHDA were purifi ed by Strata-X SPE. HDA-
GSH produced was quantifi ed using the added [ d 4  ]HDA-GSH as 
internal standard following LC/ESI/MS/MS with SRM detection 
as described in Materials and Methods. **  P  < 0.01 and ***  P  < 
0.001 for comparisons with no 2-ClHDA added to media; n = 3 for 
each treatment.   
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and ODA-GSH production on  � -ClFALD and MPO activity 
in activated neutrophils. 

 Elevations in plasma  � -ClFA and FALD-GSH in K/BxN 
mice 

 The K/BxN mouse model of arthritis is mediated in 
part by neutrophil activation ( 27, 31 ). Accordingly, we ex-
amined whether FALD-GSH is elevated in the plasma of 
these mice compared with age-matched C57Bl/6J mice. 
The  � -ClFA molecular species 2-chlorohexadecanoic acid 
(2-ClHA) and 2-chlorooctadecanoic acid (2-ClOA) are el-
evated in the plasma of K/BxN mice (  Fig. 10A  ).  2-ClHA 
and 2-ClOA are the oxidation products of 2-ClHDA and 
2-ClODA ( 17, 18 ). Furthermore, the GSH adducts of 
2-ClHDA and 2-ClODA, HDA-GSH and ODA-GSH, are el-
evated in the plasma of K/BxN mice ( Fig. 10B ). 

 DISCUSSION 

  � -ClFALD production in MPO-containing phagocytes 
and during infl ammatory processes has previously been 
described ( 9–12 ). However, the mechanisms underlying 
the biological properties and metabolism of  � -ClFALD are 

2-ClODA molecular species were elevated by 5 min, peak 
by 30 min, and begin to decline by 60 min. Interestingly, 
the production of HDA-GSH and ODA-GSH adducts do 
not directly mirror 2-ClHDA and 2-ClODA levels at these 
time points ( Fig. 8B ). Instead, there appears to be differ-
ential conversion of 2-ClHDA and 2-ClODA to their GSH 
adducts. Importantly, both 2-ClHDA and 2-ClODA levels 
were reduced in 200 nM PMA-treated neutrophils at 
30 min that were pretreated with an inhibitor (AT) that 
prevents HOCl production (  Fig. 9A  ).  Likewise, HDA-GSH 
and ODA-GSH levels were signifi cantly reduced in AT-
pretreated, PMA-treated neutrophils ( Fig. 9B ). Inhibition 
of  � -ClFALD and their GSH adducts (HDA-GSH and ODA-
GSH) by AT demonstrate the dependence of HDA-GSH 

  Fig.   8.  Time course of  � -ClFALD and FALD-GSH accumulation 
in PMA-activated human neutrophils. Isolated primary human 
neutrophils (1 × 10 6 ) were incubated in the presence and absence 
of 200 nM PMA at 37°C for indicated time intervals. 2-ClHDA and 
2-ClODA (A) as well as HDA-GSH and ODA-GSH (B) were quanti-
tated by GC/MS and LC/MS/MS, respectively, as described in Ma-
terials and Methods. n = 3 for each treatment. ***  P  < 0.001 for 
comparisons of each FALD-GSH molecular species at indicated 
time points compared to those at t = 0.  ###   P  < 0.001 for compari-
sons of each FALD-GSH molecular species following 30 min incu-
bations in the presence and absence of PMA.   

  Fig.   9.  AT inhibition of  � -ClFALD and FALD-GSH adduct pro-
duction in human neutrophils. Isolated primary human neutro-
phils (1 × 10 6 ) were incubated in the presence and absence of 
200 nM PMA as well as the presence and absence of AT at 37°C for 
30 min. 2-ClHDA and 2-ClODA (A) as well as HDA-GSH and ODA-
GSH (B) were quantitated by GC/MS and LC/MS/MS, respec-
tively, as described in Materials and Methods. n = 3 for each 
treatment. ***  P  < 0.001 for both molecular species when com-
pared with the same molecular species in either vehicle control or 
PMA + AT as assessed by ANOVA with Tukey’s post hoc test.   
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signature ion in the adduct product (e.g., M and M + 2 
ions at a 3 to 1 ratio due to the natural abundance of  35 Cl 
and  37 Cl were not observed). 

 MS/MS analyses of HDA-GSH and [ d 4  ]HDA-GSH re-
vealed the common loss of glutamate and water yielding the 
robust fragment ions  m/z  399 and  m/z  403, respectively, 
These fragment ions were used for both SRM detection of 
HDA-GSH and [ d 4  ]HDA-GSH and method development to 
quantify FALD-GSH species in biological samples sequen-
tially subjected to SPE and LC/MS/MS. Response calibra-
tion lines comparing ion response of HDA-GSH and [ d 4  ]
HDA-GSH in the presence and absence of biological matrix 
(extracted neutrophil lysate) had slopes of 1 demonstrating 
equal ion intensity response of the natural and deuterated 
HDA-GSH. It is also likely, and assumed, that ODA-GSH will 
have a similar response compared with [ d 4  ]HDA-GSH be-
cause the ionization of the precursor and product is de-
pendent on the protonated amine groups of the peptide 
component of the parent ion and product ion. Utilizing 
this method, the production of HDA-GSH in RAW 264.7 
mouse macrophage cells treated with 2-ClHDA was exam-
ined. Under these conditions, HDA-GSH increased in a 
concentration-dependent manner in the presence of phys-
iological amounts of 2-ClHDA ( 9, 10 ). RAW 264.7 cells 
produce very minimal MPO activity without prolonged stim-
ulation ( 32 ), and therefore, it is unlikely that endogenous 
2-ClHDA contributed to HDA-GSH production. The LC/
MS/MS method was fi nally used to show that human neu-
trophils stimulated with PMA produce HDA-GSH and 
ODA-GSH from endogenously produced  � -ClFALD. The 
dependence of HDA-GSH and ODA-GSH production on 
MPO activity in activated neutrophils was confi rmed by the 
ability of the heme enzyme inhibitor, AT ( 33 ), to ablate 
the accumulation of both  � -ClFALD and FALD-GSH mo-
lecular species in PMA-stimulated neutrophils. 

 Previous studies have examined the metabolism of 
 � -ClFALD produced in PMA-stimulated neutrophils to 
 � -ClFA and  � -ClFOH ( 17, 18 ). In those studies, both  � -ClFA 
and  � -ClFOH were elevated 15 min following PMA stimu-
lation, although  � -ClFALD was elevated as early as 5 min. 
Similar to  � -ClFA and  � -ClFOH production, HDA-GSH 
and ODA-GSH are elevated at 15 min, which collectively 
suggest that  � -ClFALD is cleared by either oxidation ( � -
ClFA), reduction ( � -ClFOH), or nucleophilic attack by GSH. 
Interestingly, relative levels of HDA-GSH and ODA-GSH 
did not mirror relative levels of 2-ClHDA and 2-ClODA 
throughout 60 min of PMA stimulation. HDA-GSH levels 
were signifi cantly higher than ODA-GSH at 15 min, HDA-
GSH and ODA-GSH levels were similar at 30 min, and 
ODA-GSH was elevated over HDA-GSH at 60 min. In com-
parison with this changing relative amount of the FALD-
GSH species, the relative amounts of 2-ClHDA and 2-ClODA 
remain the same throughout stimulation with more 2-ClODA 
present at all time points examined. These fi ndings 
might be explained by GSH having disparate accessibility 
to 2-ClHDA and 2-ClODA over time following PMA stimu-
lation. Although GSH can chemically target  � -ClFALD in 
neutrophils, it is also possible that adducts are formed by 
glutathione  S -transferase activity ( 21, 22 ), and it is possible 

not completely known. The present study reveals for the 
fi rst time the production of a novel class of peptidoalde-
hydes resulting from  � -ClFALD being targeted by GSH 
nucleophilic attack. We predicted that the  � -chlorinated 
carbon of  � -ClFALD would be reactive with the GSH sulf-
hydryl group. Indeed, a unique reaction product was 
found as a result of treating  � -ClFALD with GSH. The at-
tack on this fatty aldehyde was dependent on the presence 
of the  � -chlorinated carbon because nonchlorinated HDA 
did not react with GSH. Furthermore, the reaction prod-
uct from the treatment of 2-ClHDA with GSH retained a 
free aldehyde as well as amine groups as demonstrated by 
DPNH and ninhydrin staining of TLC-purifi ed reaction 
products, respectively ( Fig. 1 ). These fi ndings also sup-
ported the structure of the adduct shown in  Fig. 2D , which 
would be produced from GSH attack of the  � -chlorinated 
carbon accompanied by chlorine ejection. This structure 
was further supported by the following:  1 ) positive and 
negative ion MS/MS of the 2-ClHDA-GSH adduct prod-
uct,  2 ) MS/MS in the positive ion mode of the DNPH hy-
drazone derivative of the 2-ClHDA-GSH adduct product, 
 3 ) analogous survey mode and MS/MS mode molecular 
ions with a 4 amu shift of the 2-ClHDA-GSH adduct con-
taining 4 deuteriums, and  4 ) the absence of a chlorine 

  Fig.   10.  Plasma levels of FALD-GSH and  � -ClFA are elevated in 
the K/BxN murine model of arthritis. 2-ClHA and 2-ClOA (A) as 
well as HDA-GSH and ODA-GSH (B) were quantitated from mouse 
plasma by LC/MS/MS as described in Materials and Methods. n = 
3 for each treatment. **  P  < 0.01 and ***  P  < 0.001 for comparisons 
between C57Bl/6J and K/BxN mice of each indicated analyte.   
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the role of this lipid as a lipid mediator is not fully under-
stood due to its metabolism and chemical reactivity. Results 
herein provide new insights into the fates and potential 
mediators of  � -ClFALD produced as a result of MPO activ-
ity by demonstrating that  � -ClFALD is targeted by the nu-
cleophile GSH. Several functions have been attributed to 
 � -ClFALD, and it now seems possible that some of these 
biological functions might be attributed to peptidoalde-
hyde FALD-GSH production in target cells.  
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