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to prostaglandin H 2  (PGH 2 ). In platelets, the thrombox-
ane synthase enzyme catalyzes conversion of PGH 2  to 
both thromboxane A 2  and malondialdehyde (MDA) in 
approximately equimolar amounts ( 1 ) (supplementary 
Fig. 1). 

 MDA is an electrophile that reacts with amino groups, 
including the  � -amine of protein lysines. Reaction of MDA 
with lysine in vitro leads to formation of adducts with sev-
eral structures ( 2, 3 ), including one that results from the 
reaction of this dicarbonyl with two lysines to produce in-
tra- and intermolecular cross-links of macromolecules. 
Such cross-links have been demonstrated when MDA is 
added to purifi ed apoA-1 in vitro ( 2 ). 

 This evidence that MDA is a major product of the 
thromboxane synthase and can modify protein structure 
in vitro suggests a hypothesis that platelet activation could 
lead to modifi cation of platelet proteins by MDA. However, 
there previously has been no evidence that this occurs. 

 The investigations reported here demonstrate that acti-
vation of platelets ex vivo leads to thromboxane synthase-
dependent MDA modifi cation of platelet proteins. A stable 
isotope dilution method for analysis for the dilysyl-MDA 
cross-link utilizing LC/MS/MS has been developed, mak-
ing it possible to demonstrate increased levels of MDA 
adducts of platelet proteins in diseases that are associated 
with increased platelet activation. 

       Abstract   The thromboxane synthase converts prostaglandin 
H 2  to thromboxane A 2  and malondialdehyde (MDA) in approx-
imately equimolar amounts. A reactive dicarbonyl, MDA forms 
covalent adducts of amino groups, including the  � -amine of 
lysine, but the importance of this reaction in platelets was un-
known. Utilizing a novel LC/MS/MS method for analysis of 
one of the MDA adducts, the dilysyl-MDA cross-link, we dem-
onstrated that dilysyl-MDA cross-links in human platelets are 
formed following platelet activation via the cyclooxygenase 
(COX)-1/thromboxane synthase pathway. Salicylamine and 
analogs of salicylamine were shown to react with MDA prefer-
entially, thereby preventing formation of lysine adducts. Dily-
syl-MDA cross-links were measured in two diseases known to 
be associated with increased platelet activation. Levels of plate-
let dilysyl-MDA cross-links were increased by 2-fold in meta-
bolic syndrome relative to healthy subjects, and by 1.9-fold in 
sickle cell disease (SCD). In patients with SCD, the reduction 
of platelet dilysyl-MDA cross-links following administration of 
nonsteroidal anti-infl ammatory drug provided evidence that 
MDA modifi cations of platelet proteins in this disease are de-
rived from the COX pathway. In summary, MDA adducts of 
platelet proteins that cross-link lysines are formed on platelet 
activation and are increased in diseases associated with platelet 
activation.  These protein modifi cations can be prevented by 
salicylamine-related scavengers.  —Zagol-Ikapite, I., I. R. Sosa, 
D. Oram, A. Judd, K. Amarnath, V. Amarnath, D. Stec, J. A. 
Oates, and O. Boutaud.  Modifi cation of platelet proteins 
by malondialdehyde: prevention by dicarbonyl scavengers. 
 J. Lipid Res.  2015.  56:  2196–2205.   
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 Activation of platelets signals cytosolic phospholipase 
A 2  �  activation and an explosive release of arachidonic 
acid, which is metabolized by cyclooxygenase (COX)-1 
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dilysyl-MDA cross-links ([ 3 H]lysine tracer in IS) were combined 
and analyzed by LC/MS/MS. To achieve a higher peak intensity 
and better peak shape, optimization was done using a gradient of 
acetonitrile-water with an addition of 0.1% formic acid to the 
mobile phase. The development of the chromatographic system 
was focused on shortening retention times while preserving the 
chromatographic separation of the analytes from the matrix con-
taminants. This was achieved by using a fl ow rate of 0.2 ml/min 
with the gradient described in Methods. These ions had an accept-
able retention time (6.9 min and 6.7 min, respectively;   Fig. 2  ). 
 The overall analysis time was 18 min including reequilibration 
time for the column with the initial mobile phase. 

 The radioactivity of the solution was counted using a scintilla-
tion counter, and the concentration was calculated from the spe-
cifi c activity of the [ 3 H]lysine. The dilysyl-MDA cross-link is stable: 
99.23% was recovered after storage up to 9 months at  � 80°C. 

 Method validation procedure 
 Quality control (QC) samples were prepared from washed 

platelets obtained from aphorized platelet units obtained from the 
Vanderbilt Blood Bank. Aliquots of 3 mg of protein and all stock of 
dilysyl-MDA cross-link standard were stored at  � 80°C until used. 
The stability of dilysyl-MDA cross-links was assessed by analyzing 
samples stored at  � 80°C for up to 9 months. Carryover was evalu-
ated by placing vials of blank solvent at several locations in the 
analysis set. Specifi city and selectivity of the assay were assessed by 
comparing unactivated washed platelet samples with washed plate-
let samples activated with 5  � M arachidonic acid for 2 h. 

 To determine the overall recovery of the cartridge, digested 
QC sample was spiked with IS before or after SPE. The samples 
were purifi ed and analyzed. The peak areas obtained in neat so-
lution standards as A, the corresponding peak areas for postex-
traction spiked samples as B, and the peak areas for extracted 
samples as C were used to calculated the IIS (ionization suppres-
sion) and AE (absolute recovery) values as follows: IIS (%) = B/A × 
100%; AE (%) = C/B × 100% (n = 3). The variability of the di-
gestion was assessed by comparing the amount of dilysyl-MDA 
cross-links in samples split before or after digestion, and it was 
determined according to the following equation: % digestion = 
(amount of cross-links in sample digested after split/amount of 
cross-links in sample digested before split) × 100. 

 In order to assess the intra- and interbatch precision and ac-
curacy of the assay, QC samples at 1.5, 2.1, 5.8, and 12.5 mg were 
analyzed. The intrabatch precision (repeatability) of the assay 
was evaluated by the relative standard deviation (% RSD) of three 
replicates, and the interbatch precision (reproducibility) was 
evaluated by the analysis of standard curve samples in three 
batches (in duplicate): % RSD = (SD/mean) × 100. The assay was 
considered to be acceptable if % RSD <15%. 

 To determine the linearity of the assay, we prepared 1.8 mM 
stock solution of dilysyl-MDA cross-link in water containing 0.1% 
formic acid. A dose-response curve ranging from 0.008 pg to 
7.5 pg was prepared by weighing different amounts of synthetic 
dilysyl-MDA cross-link, and the area under the curve (AUC) was 
recorded by LC/MS/MS as described in Methods. Increasing 
amounts of dilysyl-MDA cross-links gave a linear response with  y  = 
3.19e+006 x  + 442297, where  y  is the measured AUC of dilysyl-
MDA cross-link and  x  is the weighed dilysyl-MDA cross-link in pi-
cograms. The 1/slope and the correlation coeffi cient ( r  2 ) of the 
calibration plot were 3.12e-007 and 0.93, respectively. 

 The limit of quantifi cation (LOQ) and limit of detection (LOD) 
were calculated directly from the calibration plot. The calibration 
sample was prepared with [ 12 C]lysine, trace of [ 3 H]lysine, and 
TMP. The reaction mixture was extracted by SPE as previously de-
scribed. The responses AUC of the selected fragment relative to 
the corresponding amount of adduct (in picograms) were used to 

 METHODS   

 Chemicals and reagents 
 Ozagrel was from Cayman chemical Co. (Ann Arbor, MI). Tet-

ramethoxypropane (TMP; precursor of MDA), arachidonic 
acid, sodium citrate, citric acid, lysine, and aspirin (acetylsalicylic 
acid) were from Sigma-Aldrich (St. Louis, MO). Oasis TM  HLB 1 
cc cartridges containing 30 mg of poly(divinylbenzene-co- N -
vinylpyrrolidone) copolymer, were obtained from Waters Corp. 
(Milford, MA). Lysine-[ 3 H, 99%] was from American Radiolabeled 
Chemicals Inc. (St. Louis, MO), and lysine-[ 13 C 6 , 99%] was from 
Cambridge Isotope Laboratories Inc. Salicylamine acetate (SA), 
3-methoxysalicylamine acetate (3-MoSA), 5-ethylsalicylamine 
(EtSA), 5-methylsalicylamine (MeSA), and 4-hydroxybenzylamine 
(4-HoBA) were synthesized as previously described ( 4 ). PBS (10×) 
was from Fisher BioReagents-Fisher Scientifi c (Fair Lawn, NJ). 
Spin X centrifuge fi lters were purchased from Costar (Corning, NY). 
The conjugated monoclonal antibodies anti-CD62p (P-selectin) 
and R-phycoerythrin (PE)-conjugated anti-CD-41 were available 
from BD-Pharmingen (Franklin Lakes, NJ). All solvents were 
HPLC grade. 

 Equipment 
 A scintillation counter (liquid scintillation analyzer) Tri-Carb 

1900TR was from PerkinElmer. HPLC was performed using a 
Perkin Elmer Series 200 system (Perkin Elmer Shelton, CT) con-
sisting of a system controller, an LC pump, an autosampler, a 
column oven, a degasser, and a UV-vis detector. The analytical 
Aquasil C18 reverse phase column [250 × 4.6 mm inner diameter 
(ID)], from Thermo scientifi c Chromatography (Pittsburgh, PA), 
or a Phenomenex Kinetex 2.6 µM XB-C18 100A (75 × 2.1 mm 
ID), from Phenomenex (Torrance CA), was used. An LC sys-
tem was connected to a Finnigan TSQ Quantum Triple Quadru-
pole mass spectrometer (Thermo Electron Inc., San Jose, CA) 
equipped with an electrospray source. LC/MS/MS Xcalibur soft-
ware (version 1.3; ThermoFinnigan) was used to operate the in-
strument and to process the data. Aliquots of the samples were 
analyzed in the positive ion mode using an YMC TM -ODS-AQ 
(250 × 2.0 mm, 5  � m particle size) column from YMC Co. Ltd. 
(Allentown, PA). 

 Dilysyl-MDA cross-link adducts 
 For the characterization of dilysyl-MDA cross-links, a mixture 

of [ 12 C]lysine or [ 13 C 6 ]lysine and TMP (ratio 3:2) was incubated 
in 1 N HCl for 2 h at 37°C. The reaction was then neutralized 
and allowed to stand overnight at room temperature. The dilysyl-
MDA cross-links were purifi ed initially with solid phase extrac-
tion (SPE) columns (Oasis HLB cartridge), preconditioned with 
2 ml of methanol and 2 ml of water. The samples were loaded 
and then washed twice with 2 ml of water. The dilysyl-MDA cross-
links were eluted with methanol-ethyl acetate (1:1). The cartridge 
recovery was 99.83 ± 16.58%. Under nitrogen, the residual prod-
uct was concentrated down to 100  � l under nitrogen stream and 
analyzed by LC/MS/MS in the positive ion mode as described 
below. For determination of product ions, collision-induced dis-
sociation of molecular ions of putative dilysyl-MDA cross-link 
was performed from  � 10 to  � 45 eV and scanning product ions 
from  m/z  50 to 350. Spectra shown were obtained at  � 15 eV and 
 � 28 eV (  Fig. 1  ).   

 An IS of dilysyl-MDA cross-link was prepared as described 
above by reaction of TMP in the presence of [ 13 C 6 ]lysine and 
[ 3 H]lysine. The dilysyl-MDA cross-links were extracted as de-
scribed previously and purifi ed by HPLC. Fractions were collected 
every 0.5 min, and the presence of radioactivity was determined 
using a scintillation counter. The fractions containing radioactive 
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peripheral vein using a 21-gauge needle, and washed platelets 
were prepared as previously described ( 7 ). The platelets were 
counted with a Coulter counter and diluted with resuspension 
buffer to a fi nal concentration of 300,000 platelets/ � l and ali-
quoted in volumes corresponding to 500 µl. The aliquots were 
preincubated for 40 min at room temperature with vehicle, the 
thromboxane synthase inhibitor ozagrel (100 µM), aspirin 
(100 µM), or the MDA scavengers SA (1.5 mM) or 3-MoSA 
(1.5 mM). Next, arachidonic acid (5 µM) was added, and the 
platelets were incubated for an additional 2 h at room tem-
perature. The reactions were stopped by adding indomethacin 
(100 µM) and the aldehyde scavenger pyridoxamine (1 mM) for 
30 min at 4°C to inhibit all residual COX-1 activity and to prevent 
formation of MDA adducts on proteins during the purifi cation 
process, respectively. An aliquot (5 µl) of sample was used for 
protein estimations using a BCA assay. 

 In vivo platelet activation: MetSyn and SCD patients.   Formation 
of MDA adducts on platelet proteins during platelet activation 
in vitro suggested the hypothesis that MDA-protein adducts in 
platelets would be elevated in states of chronic platelet activation 
in vivo. Because most proteins in the anuclear platelet exhibit 
very little turnover, covalent adducts of these proteins would be 
expected to accumulate in states of ongoing platelet activation. 
Accordingly, the levels of dilysyl-MDA cross-links in platelets were 
measured in two conditions in which there is evidence of in vivo 
platelet activation, MetSyn ( 8, 9 ) and SCD ( 8, 9 ), and compared 
with the levels in platelets from healthy subjects isolated from 
blood collected in the same conditions. 

 Blood was collected into a 5 ml syringe containing 0.4% so-
dium citrate, aspirin (100 µM), apyrase (2 U), carbaprostacyclin 
(1 µM), and SQ   29,548 (10 nM) fi nal concentration (to prevent 

construct standard curves by least square linear regression analysis. 
LOQ and LOD were calculated as 10 � / S  and 3.3 � / S , respectively, 
where  �  is the standard deviation of  y -intercept of regression equa-
tion and  S  is the slope of the calibration plot ( 5 ). 

 Sample collection 
 Written informed consent was obtained from study partici-

pants, and human blood was obtained following a protocol ap-
proved by the Institutional Review Board of Vanderbilt University. 
Samples were obtained from three different populations: healthy 
subjects who had no component of metabolic syndrome (MetSyn) 
or sickle cell disease (SCD), patients with MetSyn, and patients 
with SCD. Patients with MetSyn were 35 to 75 years old and fi t the 
MetSyn criteria in accord with the American Heart Association/
National Heart, Lung, and Blood Institute criteria ( 6 ). Patients 
with SCD were 25 to 50 years old and were homozygous sickle 
(SS) or compound heterozygote with  � -thalassemia (S � -thal) 
phenotype. All recruited patients were queried about their non-
steroidal anti-infl ammatory drug (NSAID) use and enrolled only 
if they could confi rm lack of NSAID use for at least 7 days prior 
to sample collection. 

 Preparation of washed platelets 
 Washed platelets were prepared following two different proto-

cols depending on whether they were used for the in vitro studies 
in the mechanism by which MDA adducts are generated or for 
the in vivo measurements of protease-derived lysyl-MDA-lysyl 
cross-link (dilysyl-MDA cross-link) levels as a marker of platelet 
activation. The two protocols are described below. 

 In vitro platelet activation.   Blood obtained from healthy volun-
teers was collected into vacuum tubes containing citrate, from a 

  Fig. 1.  LC/ESI/MS/MS spectra and selected ion monitoring of dilysyl-MDA cross-link, and structure of product ions. The [MH] +  ions of 
dilysyl-MDA cross-link ( m/z  329) were subjected to collision-induced dissociation (CID). The product ions were scanned from  m/z  50 to 350. 
The spectra recorded at  � 15 (upper spectrum) and  � 28 eV (lower spectrum) are shown with the proposed structures of the major frag-
ment ions. The corresponding  m/z  values for the internal standard (IS) are presented in parentheses.   
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were purifi ed by HPLC through the Thermo Scientifi c Aquasil 
C18 column. The fractions containing the radioactivity were 
pooled, concentrated in Oasis HLB cartridge, and then dried un-
der nitrogen to a fi nal volume of 40 µl. 

 Pooled HPLC fractions concentrated using Oasis were ana-
lyzed by LC/MS/MS using an YMC OD-AQ column. Solvent A 
(99.9% water/0.1% formic acid) and solvent B (99.9% acetoni-
trile (ACN)/0.1% formic acid) were fi ltered through a 0.45  � m 
fi lter prior to mixing and ultrasonically degassed after mixing. 
The gradient was as follows: 0–5 min 100–0% A, 5–7 min 0% A, 
7–9 min 0–100% A, 9–15 min 100% A, with a fl ow rate of 0.2 ml/min. 
The mass spectrometer was operated in the positive ion mode, 
and the electrospray needle was maintained at 4,000 V. Nitrogen 
was used for both the sheath and auxiliary gas at pressures of 30 
and 5 arbitrary units, respectively. The optimizing skimmer offset 
was set at 10, capillary temperature was 300°C, and the tube lens 
voltage was 195 V. SRM of specifi c transition ions for the precur-
sor ions at  m/z  329  →  294 (dilysyl-MDA cross-link) or  m/z  341  →  
306 (IS) at  � 15 eV was used. These settings were used during all 
experiments, including the validation procedure. 

 An SRM chromatogram of dilysyl-MDA cross-links from a rep-
resentative experiment evaluating the effect of platelet activation 
on formation of the cross-links is depicted in  Fig. 2 , and this dem-
onstrates that no interfering peaks from endogenous compounds 
were observed at the retention times for either the dilysyl-MDA 
cross-link or IS, demonstrating that our purifi cation method re-
moves potentially interfering endogenous compounds and that 
the observed signals are specifi c for the analytes. 

 Synthesis of scavenger-MDA adducts 
 A mixture of SA or 3-MoSA and TMP (0.1 mmol each) was in-

cubated in 1 N HCl (1 ml) for 2 h, at 37°C. The reaction was then 
neutralized with 10 N NaOH and incubated overnight at room 
temperature. The scavenger-MDA adducts were extracted three 
times with 500 µl of ethyl acetate. The extracts were pooled and 
dried down under nitrogen stream, resuspended in 100 µl of 
ACN-water (1:1, v/v), vortexed, and fi ltered through a 0.22  � m 
spin X column. The scavenger-MDA adducts were analyzed by 
direct infusion on the TSQ Quantum triple quadrupole mass 
spectrometer equipped with a standard ESI source. 

 On a larger scale, TMP (0.84 ml, 5 mmol) was stirred with 1 N 
HCl (10 ml) at room temperature and diluted with water (90 ml). 
It was neutralized with K 2 HPO 4  (7 g) and treated with SA (0.9 g, 
5 mmol) or MoSA (1.06 g, 5 mmol) for 4 h. The adduct was ex-
tracted with ethyl acetate (4 × 20 ml). After removal of solvents, 
the adduct was purifi ed on a column of silica with ethyl acetate as 
eluent, yield 30%. 

 Determination of the rate of reactivity of the scavengers 
with MDA in vitro 

  N   �  -Acetyllysine with or without SA, 3-MoSA, or 4-HoBA was in-
cubated at 37°C in the presence of MDA (ratio 1:1) in 0.1 M phos-
phate, pH 7.4. After 4 h, 10  � l aliquots was diluted to 200  � l with 
solvent A and analyzed by HPLC. Solvent A consisted to 20% meth-
anol/0.2% formic acid and solvent B was 99.8% methanol/0.2% 
formic acid. The gradient was as follows: 0–1 min 100% A, 1–7 min 
100 –0% A, 7–14 min 0% B. A Phenomenex Kinetex column at a 
fl ow rate of 0.2 ml/min and the absorbance at 280 nm were used. 

 LC/MS/MS quantifi cation of scavenger-MDA adducts 
from washed platelets 

 Washed platelets were activated as described above. The scav-
enger-MDA adducts were extracted three times with 500 µl of 
ethyl acetate from 50 µl of the reaction mixture, as described 
above. The extract was dried down, resuspended in 100 µl of 
ACN-water (1:1, v/v), vortexed, and fi ltered through a 0.22  � m 

ex vivo platelet activation). The blood was incubated at room 
temperature for 40 min prior to preparation of washed platelets 
and protein quantifi cation, which was performed as described 
above. In all instances, two aliquots of washed platelets from the 
QC were processed in parallel. Indomethacin (100 µM) and 
pyridoxamine (1 mM) were added prior protein digestion as de-
scribed above. 

 Preparation of QC samples from washed platelets 
 Human platelet concentrate obtained from the Blood Bank 

at Vanderbilt University Hospital was acidifi ed to pH 6.4 with 
0.15 M citric acid. Pyridoxamine (1 mM fi nal concentration) and 
indomethacin (100 µM fi nal concentration) were added to the 
concentrate and incubated for 30 min at room temperature. 
Platelets were then centrifuged at 1,000  g  for 10 min. The pellet 
was resuspended in suspension buffer (8.3 mM sodium phos-
phate, pH 6.5, 0.109 M NaCl, and 5.5 mM glucose) at fi nal con-
centration of 600,000 cells/µl, and 100 µl aliquots (2.5 mg of 
protein) were stored at  � 80°C until used. 

 Analysis of dilysyl-MDA cross-links in washed platelets by 
LC/ESI/MS/MS 

 Samples ( � 3 mg of protein) were digested with proteases as 
previously described for lysyl-lactam adducts ( 7 ). In summary, 
the samples were subsequently heated at 95°C and allowed to 
cool at room temperature before step digestion with pronase 
(1 mg) at 37°C for 24 h. Pronase was inactivated by heating sam-
ples at 95°C for 10 min and then cooled to room temperature. 
Then, 1 µl of 500 mM aminopeptidase was added for every 1 mg 
of sample protein and incubated at 37°C for 24 h. Five nano-
grams of  13 C 6 -dilysyl-MDA cross-link standard was added to each 
platelet sample, and dilysyl-MDA cross-links were purifi ed using 
Oasis cartridge as described above. The eluate was dried under 
nitrogen fl ow to a volume of 100 µl, diluted up to 1 ml with a 
0.1% formic acid aqueous solution, and fi ltered using a 0.22 µm 
nylon Spin-x centrifuge tube spun at 6,000 rpm for 5 min. Samples 

  Fig. 2.  Typical selected reaction monitoring (SRM) chromatograms 
of the dilysyl-MDA cross-link. Dilysyl-MDA cross-links were purifi ed by 
Oasis cartridge and HPLC, after being digested to single amino acid 
by step digestion with proteases. The fractions containing the radioac-
tivity were pooled, concentrated, and analyzed by LC/MS/MS. SRM 
of specifi c transition ions for the precursor ions at  m/z  329 (upper 
panels) or  m/z  341 (IS, lower panels) are shown. The IS was prepared 
from reaction of MDA with lysine and is assumed to be cross-linked to 
the  � -amine, thus yielding a shorter retention time.   
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an MDA precursor, using full-scan MS. Three major cova-
lent adducts were identifi ed:  i )  N  �   -propenal-lysine ( m / z  
201),  ii ) dihydropyridine (DHP)-lysine ( m / z  281), and  iii ) 
the  N,N’- disubstituted 1-amino-3-iminopropenal cross-link 
formed by reaction of MDA with two lysines (dilysyl-MDA 
cross-link;  m / z  329) (supplementary Fig. 2). Because both 
the  N  �   -propenal-lysine and the DHP-lysine adducts still 
contain aldehyde moieties, they can further react with free 
amines during sample processing. We analyzed the DHP 
lysyl adduct by MS before and after incubation with the 
aldehyde scavenger pyridoxamine. The data presented in 
supplementary Fig. 3 demonstrate that the DHP lysyl ad-
duct still reacts with free amines, causing its disappearance 
and the concomitant appearance of the dipyridoxamine 
adduct, making them unsuitable for quantitation. In con-
trast, the dilysyl-MDA cross-link is no longer reactive and 
thus was chosen for quantifi cation. 

 The full mass spectra for the dilysyl-MDA cross-link and 
its IS adduct revealed predominant peaks at  m/z  329 and 
 m/z  341, respectively, as protonated molecular ions ([M+H] + ) 
in LC/MS/MS. These precursor ions were fragmented, 
and the product ion spectra were obtained. The correspond-
ing fragments in the CID spectra obtained at  � 15 eV and 
 � 28 eV are shown in  Fig. 1 . The probable cleavage reac-
tions of dilysyl-MDA cross-link ( m/z  329) are presented in 
 Fig. 1 . The ion fragment at  m / z  312, corresponding to the 
deaminated dilysyl-MDA cross-link, is seen at relatively low 
voltages, followed by dehydration to produce  m/z  294. A 
second dehydration from  m/z  294 will produce the product 
ion  m / z  276. The ion  m/z  183 corresponds to the loss of 
one lysine from  m/z  294, while  m/z  129 is the cyclization of 
the lysine fragment ( Fig. 1 ). The fragmentation of the IS 
(at  m/z  341) is indicated in parentheses ( Fig. 1 ). 

 To ascertain that the fragmentation pattern observed for 
the dilysyl-MDA cross-link is different from the other MDA 
adduct structures, we purifi ed both the  N  �   -propenal-lysine 
and the DHP-lysine adducts and analyzed them by LC/ESI/
MS/MS. The corresponding fragments in the CID spectra 
obtained at  � 15 eV for the  N  �   -propenal-lysine adduct and at 
 � 21 eV and  � 28 eV for the DHP-lysine adduct are shown in 
supplementary Figs. 4 and 5, respectively. 

 SRM chromatograms for the transitions of  m/z  329 to 
 m/z  294 and 129 (dilysyl-MDA cross-links), and the transi-
tions of  m/z  341 to  m/z  306 and 135 ([ 13 C 12 ]dilysyl-MDA 
cross-links IS), are shown in  Fig. 2 . The fragment ions of 
the [ 13 C 12 ]dilysyl-MDA cross-link IS elute at a similar but 
slightly earlier time than the unlabeled dilysyl-MDA cross-
link. The use of an initial SPE cartridge followed by HPLC 
purifi cation minimized impurities in the sample extracts 
that could produce ion suppression of the target analytes. 
The use of SRM provided high selectivity, sensitivity, and 
intensity for both dilysyl-MDA cross-link and IS. 

 Validation of LC/MS/MS method to measure 
dilysyl-MDA cross-link 

 Assays were validated according to US Food and Drug 
Administration guidance on bioanalytical method vali-
dation ( 5 ). The measured area under the SRM curve 
for the dilysyl-MDA cross-link was linear with the amount 

spin X column. The reactions were analyzed by LC/MS/MS us-
ing the column and gradient as described above. The mass spec-
trometer was operated in the positive ion mode, and the spray 
voltage was maintained at 5,000 V. Nitrogen was used for the 
sheath gas and auxiliary gas at pressures of 30 and 5 arbitrary 
units, respectively. The optimized skimmer offset was set at 10, 
capillary temperature was 300°C, and the tube lens voltage for 
both compounds was set to 49. SRM of specifi c transition ions for 
the precursor ions at  m/z  178  →  106 (SA-MDA adduct) or  m/z  
208  →  136 (3-MoSA-MDA adduct) at  � 15 eV was used. 

 Quantifi cation of thromboxane B 2  
 Serum thromboxane B 2  (sTxB 2 ) was measured as an indicator 

of inhibition of platelet COX activity from blood drawn into non-
citrated vacuum tubes. Serum from patients was prepared by in-
cubating the blood at 37°C for 45 min and then centrifuged at 
3,200  g  for 15 min. Serum was separated and stored at  � 80°C 
until analysis. For the ex vivo experiment, 50 µl of washed plate-
lets was used. sTxB 2  was assayed by stable isotope dilution GC/MS 
with selective ion monitoring as described previously ( 10 ). 

 Analysis of P-selectin expression 
 An aliquot of citrated blood (10  � l) was added to 980  � l of 

PBS containing PE-conjugated 10  � l anti-CD-41a antibody and 
10  � l allophycocyanin-conjugated anti-P-selectin antibody (CD62P), 
then incubated for 30 min at room temperature in the dark. At this 
time, platelets were fi xed by adding 100  � l of 2% formaldehyde in 
PBS for 45 min and analyzed by fl ow cytometry as described below. 

 Analysis of reticulated platelets 
 Reticulated platelets were characterized by measuring platelets 

positive for staining with thiazole orange following a method de-
scribed by Koike et al. ( 11 ) and modifi ed as follows. A PE-conjugated 
anti-CD-41 an antibody (BD-Pharmingen) (10  � l) was added to 
980  � l of PBS containing thiazole orange at 100 ng/ml. An aliquot 
of whole blood (10  � l) was added to this tube, incubated for 
30 min at room temperature in the dark, and platelets were fi xed 
by adding 100  � l of 2% formaldehyde in PBS, for 45 min. The plate-
lets were then analyzed by fl ow cytometry as described below. 

 Flow cytometry analysis 
 Expression of markers of platelet activation was performed by 

fl ow cytometry analysis as described by Faull et al. ( 12 ). Single color 
staining controls were included in each assay to facilitate proper 
fl uorescence compensation. Samples were analyzed on a FACS 
Canto II (BD Biosciences) ( 13 ). Increase in mean fl uorescence in-
tensity and % positive cells were recorded. Each time point and dose 
were compared with an unstimulated control, and data were ex-
pressed as the fold increases over unstimulated conditions or as the 
absolute values according to the experimental design. 

 Statistical methods 
 Statistical analysis was performed using GraphPad Prism 4.0 

(GraphPad Software Inc., San Diego, CA). Data are expressed as 
mean ± SEM, unless specifi ed otherwise. The statistical signifi -
cance was determined using one-way ANOVA (Tukey’s multiple 
comparisons test) or  t -test (two-tailed) with Welch’s correction. 

 RESULTS 

 Formation and characterization of dilysyl-MDA cross-links 
 We examined the different adducts formed by the reac-

tion of the amino acid lysine with MDA derived from TMP, 
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magnitude faster than with lysine and have shown that 
these “scavengers” protect proteins from covalent adduc-
tion by these 1,4-dicarbonyls ( 4 ). We now fi nd that these 
scavengers also protect proteins from covalent modifi ca-
tions by the 1,3-dicarbonyl MDA. Human washed platelets 
were preincubated with the scavengers SA or 3-MoSA, 
prior to activation with arachidonic acid. The data show 
that SA and 3-MoSA decreased levels of dilysysl-MDA cross-
links to baseline levels ( Fig. 3A ), demonstrating that the 
scavengers are effi cient in protecting proteins from adduc-
tion by MDA. We further evaluated the effi cacy of other SA 
analogs to protect protein against adduction by MDA and 
found that EtSA and MeSA were as effective as scavengers 
as was SA (supplementary Fig. 7). 

 To exclude the possibility that the scavengers reduced 
MDA adducts by inhibiting COX-1, we measured the level 
of thromboxane B 2  (TxB 2 ) following platelet incubation 
with scavengers. In contrast to aspirin or ozagrel, which 
both inhibited TxB 2  levels by 96%, neither SA nor 3-MoSA 
signifi cantly affected TxB 2  levels ( Fig. 3B ), demonstrating 
that the reduced formation of protein adducts by these 
compounds is due to direct scavenging of MDA and not by 
inhibiting COX-1. 

 Characterization of the product of reaction 
of scavengers with MDA 

 It was hypothesized that the scavengers prevent forma-
tion of MDA-lysine adducts by preferential formation of 
stable MDA-scavenger adducts, and that the greater reac-
tivity of the scavengers with MDA results from the pres-
ence of 2-hydroxyl in SA and its analogs. The products 
of the reaction of SA and 3-MoSA with MDA were charac-
terized by LC/MS/MS as the  N -propenal adducts of the 
scavengers (supplementary Fig. 8). The structures of  N -
propenal-3-MoSA and  N -propenal-SA adduct were con-
fi rmed by NMR (supplementary Fig. 9). The data show 
that the propenal adducts are stabilized by a hydrogen 
bond between the carbonyl of MDA and the 2-hydroxyl 
group on the ring. 

 The formation of MDA adducts of the scavengers was 
compared with that of MDA adducts of lysine, using analysis 
of the products on HPLC (  Fig. 4  ).  Formation of the MDA 
adduct of 3-MoSA was 15.1-fold greater than that of the 
MDA-lysine adduct, and the formation of the MDA adduct 
of SA was 9.2-fold greater than that of the lysine adduct, 

of weighed dilysyl-MDA cross-link added to the assay. The 
LOD and LOQ were 2.1 pg and 7.1 pg, respectively (signal-
to-noise ratio >3). These low values are indicative of the 
high sensitivity of the method. The overall variability of 
the digestion steps was 4.0%. The intra- and interday pre-
cisions were acceptable with relative standard deviation of 
6.7% and 6.6%, respectively, suggesting that the method is 
reproducible for quantifi cation of dilysyl-MDA cross-link 
in washed platelets. 

 Platelet activation leads to modifi cation of platelet 
proteins by MDA 

 To determine whether platelet activation leads to modi-
fi cation of platelet proteins by MDA, we compared the 
level of protease-derived dilysyl-MDA cross-links in unacti-
vated washed platelets with washed platelets activated with 
5  � M arachidonic acid for 2 h. Dilysyl-MDA cross-links in-
creased from a mean of 14.2 (SE ± 1.2) to 43.1 (SE ± 5.6) 
following platelet activation ( P  < 0.0001) (  Fig. 3  ).  To assess 
whether the cross-links come from proteins or from the 
pool of lysine available in platelets, we compared the levels 
of dilysyl-MDA cross-links from samples digested to single 
amino acids with those of samples in which the last prote-
ase (aminopeptidase) was omitted. Our data showed that 
91% of the cross-links are derived from adducted proteins 
(supplementary Fig. 6). 

 Inhibitors of thromboxane synthesis and scavengers of 
reactive dicarbonyls protect proteins from adduction by 
MDA in activated platelets 

 MDA can be synthesized in platelets by sequential me-
tabolism of arachidonic via COX-1 followed by the throm-
boxane synthase (supplementary Fig. 1) ( 1 ). To ascertain 
that dilysyl-MDA cross-links were formed during ex vivo 
platelet activation via the COX-1-initiated thromboxane 
pathway, human washed platelets were preincubated with 
vehicle, the COX-1 inhibitor aspirin, or the thromboxane 
synthase inhibitor ozagrel prior addition of 5 µM arachi-
donic. Both aspirin and ozagrel reduced levels of the dilysysl-
MDA cross-link to baseline levels ( Fig. 3A ). Together, these 
data demonstrate that MDA is generated in human plate-
lets in a COX-1/thromboxane synthase-dependent fashion 
and forms covalent adducts with proteins. 

 We previously have developed small molecules that re-
act with the  � -ketoaldehyde levuglandins three orders of 

  Fig. 3.  Dilysyl-MDA cross-links are formed in acti-
vated human washed platelets in a thromboxane 
synthase-dependent way. Human washed platelets were 
preincubated with vehicle (subject) or either with 
100 µM ozagrel (Oz), 100 µM aspirin (Asp), or 1.5 mM 
SA or 3-MoSA for 40 min. After incubation, 5 µM ara-
chidonic acid (AA) was added for 2 h. A: Dilysyl-MDA 
cross-links were purifi ed and quantifi ed by isotopic di-
lution using LC/MS/MS. The product ions at  m/z  294 
for dilysyl-MDA cross-link and  m/z  306 for the IS were 
monitored. *  P  < 0.0001 versus all other conditions. B: 
As a measure of COX activity, TxB 2  was determined by 
GC/MS from 50 µl of washed platelet. **  P  < 0.0001 
versus subject, Oz or Asp  . One-way ANOVA followed by 
Tukey’s multiple comparisons test was used (n > 6).   
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the protective effect of the scavengers is due to their reac-
tion with MDA and formation of a stable nonreactive adduct. 

 Increased formation of MDA adducts of platelet proteins 
in vivo in patients with MetSyn 

 Analysis of dilysyl-MDA cross-links of platelet proteins 
provided signifi cant discrimination between the group of 
patients with MetSyn and healthy subjects. Levels of dilysyl-
MDA cross-links in the platelets of patients with MetSyn 
were increased 2-fold in comparison with those of healthy 
subjects (MetSyn, 6.63 ± 3.56 ng/mg protein; healthy sub-
jects, 3.38 ± 1.43 ng/mg protein;  P  = 0.0002) (  Fig. 6A  ). 
 Fifty-fi ve percent of the patients had values elevated above 
the normal range. The capacity of platelets to produce 
thromboxane A 2  ex vivo was not different between pa-
tients with MetSyn and healthy subjects (sTxB 2  was 265.2 ± 
74.6 ng/ml in patients with MetSyn and 278.1 ± 114.2 ng / ml 
in healthy subjects). 

 The increases in dilysyl-MDA cross-links were compared 
with those of single platelet P-selectin expression, a marker 
of in vivo platelet activation. Single platelet levels of P-
selectin were increased signifi cantly but to a lesser extent 
(1.3-fold); levels in MetSyn were 4.73 ± 2.06% and in healthy 
subjects 3.66 ± 0.89% ( P  = 0.0002), with values above the 

indicating the strong preferential reactivity of MDA with 
these 2-hydroxybenzylamine scavengers. By contrast, 4-HoBA 
formed an MDA adduct in an amount even less than that 
of lysine (0.6-fold). 

 The hydrogen bonding of MDA with the 2-hydroxyl of 
the scavengers likely facilitates the interaction of MDA 
with the amino group that initiates formation of the ad-
duct, accounting for the preferential reactivity of MDA 
with the scavengers relative to reaction with the amino 
group of lysine. By contrast, the 4-hydroxyl of 4-HoBA is 
unable to participate in H bonding with MDA, likely due 
to its remoteness from the amine (supplementary Fig. 8). 

 Levels of scavenger-MDA adducts in human washed 
platelets 

 The formation of MDA adducts of SA and 3-MoSA in 
activated platelets was analyzed. The adducts were ex-
tracted from the platelet supernatant and analyzed by 
LC/MS/MS by monitoring the transitions of  m/z  = 208 to 
 m/z  = 136 and  m/z  = 178 to  m/z  = 106 for 3-MoSA-MDA and 
SA-MDA, respectively (  Fig. 5  ).  We fi nd that inhibition of 
dilysyl-MDA cross-links on platelet proteins is associated 
with the concomitant appearance of the equivalent scav-
enger-MDA adduct ( Fig. 5 ). These results demonstrate that 

  Fig. 4.  Lysine-MDA adducts formation is inhibited 
by SA or MoSA. Lysine and MDA were incubated at 
37°C for 4 h in presence of vehicle (A), MoSA (B), SA 
(C), or 4-HoBA (D). The profi les were determined by 
HPLC as described in Methods.   

  Fig. 5.  Scavenger-MDA adducts are formed when 
human washed platelets are activated in presence of 
scavengers. Human washed platelets were preincu-
bated with MoSA or SA (1.5 mM fi nal concentration) 
for 40 min, followed by arachidonic acid (AA; at 5 µM 
fi nal concentration) for an additional 2 h. Scavenger-
MDA adducts were extracted with ethyl acetate and 
analyzed by LC/MS/MS by monitoring the specifi c 
SRM transitions of  m/z  208 → 136 (SA-MDA) and 
178 → 106 (MoSA-MDA).  +   P  < 0.0001 versus subject or 
AA. One-way ANOVA followed by Tukey’s multiple 
comparisons test was used (n > 7).   
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( 14, 15, 17–19 ). We found that dilysyl-MDA cross-links 
were elevated in MetSyn to a mean level 2-fold greater 
than normal ( P  = 0.0002), and 52% of the patients had 
values greater than the upper limit of the normal range. 
Platelet activation is also a feature of SCD, and levels of 
dilysyl-MDA cross-links also are increased in platelets from 
patients with this disease ( P  < 0.0001). Thus, increased lev-
els of MDA adducts of platelet proteins are correlated with 
diseases that produce platelet activation, recapitulating 
the formation of these adducts during ex vivo platelet acti-
vation. These fi ndings raise the possibility that analysis of 
dilysyl-MDA cross-links could provide a biomarker for in 
vivo platelet dysfunction. 

 The origin of the MDA adducts from the platelet COX-1/
thromboxane synthase pathway is clearly demonstrated in 
the experiments with normal platelets activated ex vivo, in 
which aspirin and the thromboxane synthase inhibitor 
ozagrel reduce the dilysyl-MDA cross-links to the levels in 
nonactivated platelets. A major contribution of the COX-1 
pathway to the increased formation of dilysyl-MDA cross-
links SCD is also suggested by the fi nding that therapeutic 
use of the COX inhibitor ketorolac in these patients was 
associated with a reduction of dilysyl-MDA cross-links to 
the level found in normal platelets; this occurred in con-
junction with a 69% reduction in sTxB 2 . However, MDA is 
also a product of radical catalyzed lipid peroxidation, and 
reactive oxygen species are generated by platelet activa-
tion ( 20 ). Whereas normal platelets have robust antioxi-
dant defenses and virtually all of MDA adduct formation is 
COX-1 derived, oxidant stress is evident in platelets in 
MetSyn. We have found an increase in F 2 -isoprostanes es-
terifi ed to platelet lipids in MetSyn, and ascorbate levels 
are decreased ( 21, 22 ). Thus, it is possible that in diseases 
such as MetSyn, platelet activation could generate MDA 
via radical catalyzed lipid peroxidation in addition to that 
generated via COX-1. If that were the case in MetSyn, the 
in vivo formation of MDA-protein adducts as a marker of 
platelet dysfunction would be amplifi ed. 

 These fi ndings provide a basis for considering the 
dilysyl-MDA cross-link as a biomarker of in vivo platelet dys-
function in MetSyn. The alternative approach to assessing 
platelet activation-induced metabolism of arachidonic 
acid via the COX-1/thromboxane synthase pathway is 
based on our discovery that 11-dehydrothromboxane B 2  

upper limit of normal in 37.5% of patients (supplemen-
tary Fig. 10). Levels of reticulated platelets, indicators of 
platelet turnover, were increased only 1.2-fold in MetSyn 
(2.18 ± 1.55%) when compared with healthy subjects (1.85 ± 
1.18%), and the difference was not signifi cant (supple-
mentary Fig. 10). 

 Increased formation of MDA adducts of platelet proteins 
in vivo in patients with SCD 

 The levels of dilysyl-MDA cross-links in protein from 
platelets of patients with SCD (6.52 ± 2.67 ng/mg of pro-
tein) were 2-fold higher than those of healthy subjects 
(3.38 ± 1.43 ng/mg of protein;  P  < 0.0001) ( Fig. 6B ). When 
patients were treated with the nonselective COX inhibitor 
ketorolac, during admission for vaso-occlusive crisis, the 
levels of platelet dilysyl-MDA cross-links were signifi cantly 
lower (3.15 ± 1.18 ng/mg of protein), consistent with inhi-
bition of the biosynthesis of MDA that is derived from 
COX-1. Verifying the inhibition of platelet COX-1 by ke-
torolac, levels of sTxB 2  during ketorolac treatment were 
reduced from 219.7 ± 183.1 ng/ml to 68.9 ± 127.7 ng/ml. 

 DISCUSSION 

 We have demonstrated that platelet activation leads 
to formation of MDA adducts of platelet proteins via the 
COX-1/thromboxane synthase pathway. Metabolism of 
PGH 2  by the thromboxane synthase yields MDA in amounts 
approximately equivalent to thromboxane A 2  ( 1 ). As a 
reactive 1,3-dicarbonyl, MDA forms adducts of proteins, 
such as the  N  �   -propenal-lysine, that can further react with 
an additional amino group to form intra- and intermolec-
ular cross-links. 

 Evidence that MDA adducts of platelet proteins are 
formed during activation of platelets ex vivo engendered 
the hypothesis that these modifi cations of platelet pro-
teins also would occur in diseases in which platelet acti-
vation occurs in vivo. Development of an LC/MS/MS 
method for analysis of one of these adducts (the dilysyl-
MDA cross-link) has made it possible to address this 
hypothesis. 

 Platelet function is disordered in MetSyn. Platelets from 
these patients are hyperactive when studied ex vivo ( 14–
16 ), and there is evidence for in vivo platelet activation 

  Fig. 6.  Dilysyl-MDA cross-links isolated from washed 
platelets of patients with MetSyn or SCD. The dilysyl-
MDA cross-link was purifi ed and analyzed by LC/
MS/MS. A: Levels of dilysyl-MDA cross-links were 
2-fold higher in unactivated platelets from MetSyn 
patients (n = 25) than healthy volunteers [n = 20;  P  = 
0.0002 by  t -test (two-tailed) with Welch’s correction]. 
B: In platelets from SCD patients with no NSAIDs 
(n = 12), levels of dilysyl-MDA cross-links were 2-fold 
higher than from healthy volunteers (n = 20;  P  < 
0.0001, SCD no NSAIDs vs. healthy patients or vs. 
SCD NSAIDs patients). One-way ANOVA followed by 
Tukey’s multiple comparisons test was used. The bars 
represent the mean for each category. No statistical 
signifi cance was found between healthy volunteers 
and SCD NSAIDs (n = 9) patients.   
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(TxM) is a major metabolite of TxB 2  in humans ( 23 ). An 
average of 70–80% of urinary TxM is derived from plate-
lets ( 24 ), but the amount from nonplatelet sources is 
highly variable ( 10, 24, 25 ). Thus, the urinary excretion of 
TxM has been a useful indicator of large increases in plate-
let activation such as occurs in acute coronary syndrome 
( 26 ) and antiphospholipid antibody syndrome ( 27, 28 ). 
However, assessing individual changes in urinary TxM 
closer to the normal range is problematic because the 
amounts derived from nonplatelet sources is variable; for 
example, nonplatelet production of TxB 2  is increased in 
smokers ( 25 ). By contrast, formation of MDA specifi cally in 
the platelets is the likely source of virtually all of the dilysyl-
MDA cross-links in platelets. 

 SA and its analogs 3-MoSA, EtSA, and MeSA prevent for-
mation of MDA adducts of platelet proteins. Demonstra-
tion that MDA reacts preferentially with these scavengers 
to form covalent adducts of the scavengers provides a 
mechanism for their ability to protect proteins from the 
attack of MDA. In addition to the COX-1-dependent for-
mation of the 1,3-dicarbonyl MDA upon platelet activa-
tion, platelet COX-1 is also the source of highly reactive 
1,4-dicarbonyls, the levuglandins, which are formed from 
rearrangement of PGH 2 . We have shown previously that 
SA also reacts with the levuglandins to prevent formation 
of levuglandinyl adducts of platelet proteins ( 4 ). Thus, 
these 2-hydroxybenzylamines are highly reactive with both 
1,3- and 1,4-dicarbonyls, acting to scavenge these and simi-
lar dicarbonyls to prevent them from reacting with amino 
groups of cellular molecules. The effi cacy of these scaven-
gers to prevent protein modifi cation by MDA and levug-
landins in the platelets is likely to be extended to other 
cells and to lipoproteins. 

 The discovery of MDA adducts of platelet proteins is not 
per se a basis for concluding that they lead to functional 
consequences. However, demonstration that platelet acti-
vation produces MDA-protein adducts and cross-linking 
now provides a hypothesis for research to determine whether 
there is a functional consequence of these protein modifi -
cations. MDA has been shown to modify the functions of 
several proteins. ApoA-1-induced cholesterol effl ux is in-
hibited by MDA ( 2 ). Paraoxonase-1 catalytic activity is 
blocked by treatment of HDL with MDA ( 29 ), MDA inhib-
its nuclear translocation of aldehyde dehydrogenase ( 30 ), 
and it inhibits endothelial NO production ( 31 ). Explora-
tion of the contribution of MDA and its protein adducts to 
platelet function will be enhanced by the availability of SA 
and its analogs that scavenge MDA but do not inhibit the 
COXs ( 4 ).   
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