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ABSTRACT. Isoketals and levuglandins are highly reactivéetoaldehydes formed by oxygenation of
arachidonic acid in settings of oxidative injury and cyclooxygenase activation, respectively. These
compounds rapidly adduct to proteins via lysyl residues, which can alter protein structure/function. We
examined whether pyridoxamine, which has been shown to scavedgdoaldehydes formed by
carbohydrate or lipid peroxidation, could also effectively protect proteins from the more reactive
y-ketoaldehydes. Pyridoxamine prevented adduction of ovalbumin and also prevented inhibition of RNase
A and glutathione reductase activity by the synthetiketoaldehyde, 15-Fisoketal. We identified the

major products of the reaction of pyridoxamine with the Lsidbketal, including a stable lactam adduct.

Two lipophilic analogues of pyridoxamine, salicylamine afwD5pentylpyridoxamine, also formed lactam
adducts when reacted with 15-EBoketal. When we oxidized arachidonic acid in the presence of
pyridoxamine or its analogues, pyridoxamine-isoketal adducts were found in significantly greater abundance
than the pyridoxamin®&-acyl adducts formed bg-ketoaldehyde scavenging. Therefore, pyridoxamine
and its analogues appear to preferentially scaverkretoaldehydes. Both pyridoxamine and its lipophilic
analogues inhibited the formation of lysyl-levuglandin adducts in platelets activated ex vivo with arachidonic
acid. The two lipophilic pyridoxamine analogues provided significant protection agaistrHediated
cytotoxicity in HepG2 cells. These results demonstrate the utility of pyridoxamine and lipophilic
pyridoxamine analogues to assess the potential contributions of isoketals and levuglandins in oxidant
injury and inflammation and suggest their potential utility as pharmaceutical agents in these conditions.

Highly reactive y-ketoaldehydes are formed via the adducts, including a lysyl-lactam adduct and intermolecular
cyclooxygenase pathway and by radical-catalyzed lipid cross-links 1—4). Levels of yKA adducts significantly
peroxidation. Prostaglandin,Hthe product of the cyclooxy-  increase in pathological conditions including atherosclerosis,
genase enzyme, rearranges in aqueous solution to form and-stage renal disease, and Alzheimer’s dise&s&)(
number of eicosanoids, approximately 20% of which are the Increased’KA adduct formation has also been characterized

y-ketoaldehydes levuglandir,Bnd Dy. Lipid peroxidation
yields a series of prostaglandin idomers that also rearrange
to corresponding/-ketoaldehydes, designated as isoketals
(IsoK).! These y-ketoaldehydes »KAs) react extremely
rapidly with the lysyl residues of protein to form stable
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adducts on proteins contributes to disease will require
methods to selectively reduce the levelsy&fA adducts in
Vvivo.

One strategy for inhibitinggKA adduction to proteins is
simply to reduce the formation gfkKAs with antioxidants
and cyclooxygenase inhibitors (NSAIDS or coxibs). How-
ever, since neither of these approaches selectively inhibits
the formation ofyKAs, it would not be possible to assess
the pathophysiologic importance of the formation of these
yKAs in settings of oxidant injury and inflammation.
Therefore, we sought to develop strategies to selectively
scavengeyKAs before they adduct to proteins (Figure 1).
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Ficure 1: Schematic of scavenging pfketoaldehyde by pyridoxamine. Highly reactiveketoaldehydes can be formed by two pathways
during disease processes. Cyclooxygenases convert arachidonic acid to prostaglamvdmchi rearranges nonenzymatically to form
levuglandins Eand D, or is transformed enzymatically to form prostaglandins and thromboxane. Free radical mediated oxidation of arachidonic
acid forms PGH isomers, which similarly rearrange to form the isoketals, a series of 64 regio- and stereoisomers of the levuglandins, as
well as isoprostanes. Once formed, thesietoaldehydes rapidly adduct to proteins, potentially altering their structure and function and
leading to cell death. By rapidly reacting with thegeetoaldehydes to form stable adducts, pyridoxamine prevents the formation of
protein adducts.

An effective scavenger would need to react significantly found that salicylamine (SA), which readily dissolves in ethyl
faster withyKAs than theyKAs react with lysyl residues of ~ acetate, also rapidly reacted witKAs (29). We interpreted
protein and would have to achieve sufficient concentrations this finding to suggest that an aminomethyl group and an
in vivo to compete effectively with lysyl residuegq). adjacent hydroxyl on an aromatic ring were the critical
One important candidate for an effectivkA scavenger components folyKA scavenging. This result also suggests
is pyridoxamine (PM), a vitamin Bvitamer. We previously  that converting thgs-hydroxyl group at the Bposition of
determined that the reaction ratejdfA with PM to form PM to an ether would not interfere withKA scavenging.
pyrrole adducts was over 2000 times greater than its reactionSuch ethers should be substantially more lipophilic than PM.
rate with N-acetyllysine 29). PM can be delivered at We therefore examined the properties of PM and two
relatively high concentration in vivo. Supplementation of lipophilic analogues to determine their potential usefulness
drinking water with 2 g/L PM gave a plasma PM concentra- as selective agents to redud€A protein adduct formation.
tion of 6 uM in healthy rats and more than 1QM in
streptozotocin-diabetic rat8@). PM can also scavenge a EXPERIMENTAL PROCEDURES
number ofa-ketoaldehydes formed during glucose or lipid Materials. Unlabeled 15-kIsoK, methyl ester [12H]-
degradation 1, 32). Therefore, we thought it would be 15-E-IsoK ([*H]-MelsoK), and [3Cs]-15-Ex-IsoK were
useful to determine the relative amounts of PM products synthesized by the method of Amarnath et aB)( [4-*H]-
formed from both of these classes of aldehydes during lipid 4-Hydroxy-2€)-nonenal (H]-HNE) was synthesized ac-
peroxidation. cording to the published method34j. Pyridoxamine dihy-
PM is quite hydrophilic, and we have previously found drochloride, arachidonic acid, chicken egg ovalbumin (OVA),
that IsoK formation initially occurs in situ on membrane yeast RNA, baker’s yeast, glutathione reductase, oxidized
phospholipids 7). Therefore, modification of PM in a way  glutathione, sodium citrate, citric acid, and NADPH were
that retained its high reactivity but increases its lipophilicity purchased from Sigma-Aldrich (St. Louis, MO). Pyridox-
could enhance its effectiveness as a scavenger. We previouslamine free base was a generous gift from BioStratum, Inc.
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(Durham, NC). Salicylamine was purchased from Fischer [3H]-HNE was incubated for 24 h to achieve a similar rate
Scientific USA (Pittsburgh, PA), and additional salicylamine of adduction as with3H]-IsoK. Ice-cold ethanol (75@L)
hydrochloride was synthesized by the method of Reany etwas added and vortexed, and the solution was centrifuged
al. (35. RNase A was obtained from Worthington Bio- at ~1400Q@ for 15 min at 4 °C to pellet OVA. The
chemical (Lakewood, NJ). Dazoxiben was a generous gift supernatant was removed, and the pellet was washed with
from Pfizer Limited (Sandwich, U.K.). Sepharose 2B was another 1 mL of ice-cold ethanol. The supernatant was again
from Amersham Pharmacia Biotech (Uppsala, Sweden). Sepremoved, and the radioactivity remaining in the pellet was
Pak tC18 cartridges were obtained from Waters Corp. determined by a liquid scintillation counter. The amount of
(Milford, MA). Pronase and aminopeptidase M from porcine radioactivity pelleted in the absence of inhibitor was set as

kidney were from Calbiochem (San Diego, CA). 100% adduction, and the amount of pelleted radioactivity
Synthesis of'50-Pentylpyridoxamine (PPMRyridoxine when no protein was present was set at 0%.
was converted to 3,4D-isopropylidenepyridoxine 36), Measurement of RNase and Glutathione Reductase-Acti

which was added to a suspension of NaH (4 g of 60% ity. RNase activity was determined by measuring the
suspension in oil, 50 mmol) in THF (50 mL) under argon. formation of acid-soluble oligonucleotide, as described by
The reaction mixture was refluxed for 30 min, and a solution Kalnitsky et al. 88), with modifications. For the assay, 100
of 1-iodopentane (6 mL, 45 mmol) in THF (10 mL) and ulL of 3 ug/mL RNase in 100 mM sodium acetate, pH 5.0,
DMF (20 mL) was added over 1 h. After cooling, saturated was mixed with 10Q:L of 1% yeast RNA in the same buffer.
NH,CI (100 mL) was added to quench the reaction, ant 3,4 After incubation at 37C for 5 min, the reaction was stopped
O-isopropylidene-50-pentylpyridoxine was extracted with by the addition of 10Q:L of an ice-cold solution of 0.8%
CHCl, (3 x 20 mL): yield 5.1 g (70%). The pentyl lanthanum nitrate in 18% perchloric acid. Incubation tubes
derivative (8 g) was heated with 1:1 watdormic acid (32 were kept on ice for 5 min to ensure complete precipitation
mL) at 50°C for 4 h. The reaction mixture was evaporated, of undigested RNA and then centrifuged at 12§®6r 10

and the residue was dissolved in ethyl acetate (75 mL), min. An aliquot of the supernatant (2Q) was diluted to 1
washed with 10 M NaHC®(30 mL), and dried 7). Pure mL with distilled water, and the amount of digested
5'-O-pentylpyridoxine (5.8 g) was obtained as a white solid (solubilized) RNA was determined by measuring absorbance
(mp 114-115°C) after purification on a column of silica at 260 nm. The activity of RNase A incubated alone at 37
using 1:2 hexaneethyl acetate. It (2.4 g, 10 mmol) was °C was monitored separately and used as the reference for
dissolved in CHG (50 mL) and stirred with Mn@(3.6 g) each incubation time. This reference activity did not change
for 18 h. The solid was removed by filtration, and the filtrate significantly over the course of incubation.

was concentrated and stirred with B®H-HCI (0.6 g) and Glutathione reductase (GR) activity was determined by
CH3;CO:Na (0.7 g) in ethanol to obtain-&-pentylpyridoxal measuring the initial rate of NADPH consumpti@9). The
oxime: 1.6 g (65%); MSWz 253 (M+ 1), 235 (M— H;0). mixture of 1 mM GSSG and 0.3 mM NADPH was incubated
The oxime (2.5 g, 10 mmol) was dissolved in acetic acid in 200 mM Tris-HCI buffer, pH 7.5 at 37°C, in a

(15 mL), cooled to 1C°C in a large ice-water bath, and  temperature-controlled spectrophotometer cell equipped with
stirred with zinc dust (2.6 g) at 15 °C for 1 h and at magnetic mixer. After the equilibration of the temperature
room temperature for 1 h. Solid was removed by filtration and baseline stabilization, GR was added to the spectropho-
through a bed of Celite, and the filtrate was evaporated. Thetometric cell to make 0.06 unit/mL GR. The activity was
residue was taken up in water (10 mL), and pH was raised assayed at 37C by monitoring the absorbance at 340 nm
to 8.5 with 1 M NH,OH. Water was removed, and the residue for 1 min at 0.1 min intervals. The rate of NADPH
was dissolved in methanol (15 mL) and purified by flash consumption was calculated using Carry 100 Bio-tiNsible
chromatography (1:630% methanol in acetic acid) to yield spectrophotometer software.

a white solid: 1.6 g (67%); mp 118120°C; MS m/z 239 Identification ofyKA-PM AdductsSynthetic 15-E1soK

(M + 1), 222 (M— NH,), 151 (222— CsHy,), 136 (151— or [*3C3)-15-Ex-IsoK (250 uM final concentration) was
CHz). To determine the second-order rate constant for pyrrole incubated with 1 mM PM overnight at 3T in triethylamine
formation with a modeyKA, 4-oxopentanal, 1 mM each of  acetate buffer (pH 8.0). Separate experiments were also
4-oxopentanal and PPM, PM, or SA was incubated together,carried out in PBS. Additional control reactions with IsoK
and measurements were carried out as described i29ef or PM alone were also carried out under identical conditions.
except that the reaction buffer was 50 mM phosphate buffer The resulting products were analyzed by mass spectrometry

in 1:1 acetonitrile-water. using a ThermoFinnigan (San Jose, CA) TSQ Quantum triple
Measurement of HNE and Isoketal AdductiétM (10 quadrupole mass spectrometer equipped with a standard
mM), 10 mM N*-acetylcysteine, and 100M OVA were electrospray ionization source. Nitrogen was used for both

prepared in water. OVA (0.45 mg/mL final concentration) the sheath and auxiliary gas. The mass spectrometer was
was incubated in phosphate-buffered saline (PBS) with up operated in the positive ion mode and the electrospray needle
to 1 mM PM, 100 mM N*-acetyllysine, or 1 mMN®*- potential maintained at 4000 V. The ion transfer tube was
acetylcysteine and?ifi]-MelsoK (50 «M) or [3*H]-HNE (50 operated at 35 V and 21%. The tube lens voltage was set
uM) in 750 uL final volume. PH]-MelsoK was used instead to 90 V. Source CID was 5 V. Full scan spectra were
of IsoK free acid because of its availability and to simplify acquired fromm/z450 tomyz 550 over 1 s. Xcalibur software,
extraction of unadducted compound into ethanol. The reac-version 1.3, from ThermoFinnigan was used to control all
tion rates of MelsoK and IsoK do not differ significantly instruments and to process the data. Novel ions present only
(unpublished observations). A solution without OVA was in the reaction with both IsoK and PM were subjected to
used as a negative controtH]-MelsoK was incubated for  collision-induced disassociation at a collision energy of 30
2 h. Because of the considerably slower reaction rate of HNE, eV followed by product ion scan.
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Table 1: Precursor and Product lons Used for Selective Reaction Monitoring of IsoK-LadtBentanedioyl, ant-Hexanoyl Adducts of PM
Analogued

amine IsoK-lactam N-pentanedioyl N-hexanoyl

PM m/z501— 152 (3.5 min) m/z283— 152 (0.7 min) m/z267— 152 (3.0 min)
SA m/z 456— 107 (3.6 min) m/z 238— 107 (2.2 min) m/z 222— 107 (3.3 min)
PPM m'z571— 222 (4.1 min) m/z 353— 222 (3.1 min) m/z 337— 222 (3.9 min)

@ Retention times of the peak integrated for each product are in parentheses. The C18 magic bullet columev2byphe(0.13 min).

dazoxiben (final concentration of M), and either vehicle

or PM analogues (final concentration of 10M or 1 mM)

for 30 min at room temperature. At this time, the platelets
were activated by adding arachidonic acid @M final

Quantification of Adducts Formed during Free Radical
Catalyzed Oxidation of Arachidonic Acidrachidonic acid
(10 mM) was oxidized in 5 mL of PBS using iron/ADP/
ascorbic acid as previously describetD) for 2 h, except
that we added 20% isopropyl alcohol to improve solubility concentration) and incubated at room temperature for 2 h.
of oxidation productions. To minimize potential effects of After incubation, platelets were pelleted at 26@6r 10 min
iron chelation by pyridoxamine or its analogues, the ana- at 4 °C. After centrifugation, the lysyl-levuglandin-lactam
logues and lysine were not added to the mixture during this adduct was isolated from a proteolytic digest of the pelleted
initial period of lipid peroxide formation. After 2 h, a solution  proteins and analyzed by high-performance liquid chroma-
containing 2 mM (final concentration) lysine and 10®1 tography coupled to tandem mass spectrometry (LC/MS/MS)
(final concentration) appropriate scavenger was added to theas described previousiyL,(10, 44). Levels of prostaglandin
reaction, which was then further incubated for 22 h. E,(PGE) in the platelet supernatant were analyzed by GC/
[BCeN]-lysyl-IsoK-lactam andqH4]-15,-isoprostane were  MS as previously describe@)
added as internal standards. Lysine and PM or PM analogue H,O,-Induced Cytotoxicity in HepG2 CellsConfluent
adducts were analyzed by LC/MS/MS using a high through- HepG2 cells were trypsinized and resuspended in Dulbecco’s
put C18 column (Magic Bullet C18 column 3A; Michrom modified Eagle’s medium (Mediatech, Inc., Herndon, VA)

BioResources, Auburn, CA) with the gradient programed
from 100% solvent A (5 mM ammonium acetate with 0.1%
acetic acid) to 100% solvent B (acetonitrile/methanol, 95:5)
from 0.5 to 3.0 min and then continuing at 100% solvent B

containing 10% serum (Hyclone, Logan, UT) and penicillin,
streptomycin, and amphocetrin (DMEM) at>2 10° cells/

mL, 100 uL of this solution was added to each well of
multiple CulturPlate TC-96 well plates (Perkin-Elmer,

for an additional 1.5 min. The column volume for this Boston, MA), and the cells were allowed to adhere for 4 h.
column is 25uL, and the flow rate was 190L/min (7.6 Cells were then pretreated with the appropriate PM analogue
column volumes/min). Eluant was coupled directly to the for 45 min, and then eight replicate wells were treated with
mass spectrometer operated in the selective reaction monitoreach concentration of 4@, for 24 h. This time point was
ing (SRM) positive ion mode. For all reactions, SRM was chosen because preliminary experiments showed that most
performed atm/z 479.3— m/z 84.1, 30 eV (lysyl-IsoK- of the cytotoxicity occurred within the fitgl h of exposure
lactam), andnz 487.3— mVz 84.1, 30 eV (J°Cs'°Ny]lysyl- to oxidation. Therefore, if PM analogues only slowed or
IsoK-lactam. Additionally, the appropriate SRM for adducts delayed the onset of cytotoxicity induced by oxidation, the
of the particular PM analogue was performed as shown in measurements at 24 h would still likely capture the full extent
Table 1. In summary, precursor masses for pen- of cytotoxicity induced by HO, under these conditions. The
tanedioyl andN-hexanoyl 41) as well as the isoketal-lactam  viability of cells was quantified by measuring ATP levels
adducts were chosen on the basis of those formed with PM(45) with the ATPlite luminescence ATP detection assay
so that 114, 98, and 332 Da, respectively, were added to thesystem (Perkin-Elmer) using a Packard Lumicount lumines-
appropriate PM analogue [M- H™] mass. Product ion  cent microplate reader (Global Medical Instrumentation,
masses were calculated ad7 daltons (deamidation frag- Ramsey, MN). The percent viability of each well was
mentation) from the appropriate PM analogue {MH*] calculated by dividing the individual well value by the
mass. The collisional energy was 30 eV for all transitions. average value of the replicate wells untreated wit®Hn

The ratio of the area of the individual peak to the area of the same plate. Statistical analysis was performed using
the [L3C6'®N;] lysyl-IsoK-lactam peak was used for quanti- GraphPad Prism 4.0 (GraphPad Software, Inc., San Diego,
fication. CA).

For analysis of Fisoprostanes @FlsoP), the mass spec-
trometer was set to selective reaction monitoring in the
negative ion mode fom/z 353.3— m/z 309.1, 30 eV (k& Pyridoxamine Protects Proteins from Adductiomt$As.
IsoP), andwz 357.3— m/z313.1, 30 eV ({H.]-8-epi-PGF). We previously determined that the reaction of pyridoxamine

Measurement of Cyclooxygenase Products in Platelets. with a modelyKA, 4-oxopentanal, is more than 2000 times
Human blood was obtained following a protocol approved faster than that oN*-acetyllysine with 4-oxopentana29).
by the Institutional Review Board of Vanderbilt University. To test whether PM would prevent the adductiony&iAs
Washed human platelets were isolated as described previto protein, we incubated a model protein, ovalbumin (OVA),
ously @2, 43). The eluted platelets were counted with a with 50 uM methyl ester of 15-ElIsoK containing tracer
Coulter counter and diluted with buffer (8.3 mM sodium amounts of radiolabel H]-MelsoK) in the presence of
phosphate, pH 7.5, 0.109 M NacCl, 5.5 mM glucose) to a various concentrations of PM d¢-acetyllysine. The extent
final count of 600000 platelesl. Washed platelets were  of [®H]-MelsoK adduction was determined as the amount
then preincubated with the thromboxane synthase inhibitor, of radioactivity present in the ethanol-precipitated protein.

RESULTS
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Ficure 2: Pyridoxamine protects proteins from adductionmgA

but not HNE. OVA (1QuM) was incubated with either 50M [3H]-
MelsoK for 2 h or 50uM [3H]-HNE for 24 h in the presence of
various inhibitors. OVA was precipitated and washed, and the
radioactivity was counted. (A) Percent of radioactivity precipitated
with OVA incubated with $H]-MelsoK in the presence of various
concentrations of either pyridoxaminm)(or N*-acetyllysine [J)
(mean+ SEM, n = 3). (B) Percent of radioactivity precipitated
with OVA incubated with H]-HNE in the presence of various
concentrations of either pyridoxamirill)(or N*-acetylcysteine®)
(mean+ SEM, n = 3).

PM dose-dependently inhibited the adduction BiH]{
MelsoK to OVA (IG5 88 uM), with 1 mM PM sulfficient to
completely prevent®H]-MelsoK adduction (Figure 2A). In
contrast, coincubation of OVA with even 100 mMN*-
acetyllysine still allowed 38%°H]-MelsoK binding. These

Davies et al.

too unstable for analysis, we tested the effect of PM®bii[
HNE adduction to OVA. PM did not significantly decrease
the amount of §H]-HNE binding to OVA even at 1 mM
(Figure 2B). In contrast\*-acetylcysteine, an excellent direct
scavenger of HNE, effectively protected OVA from adduc-
tion by [FH]-HNE (ICsp 129 uM).

Pyridoxamine Protects Enzymes from Inhibitiomt{As.

The effective elimination of KA adduction to OVA by PM
suggested that PM should also protect enzymatic activity
from inhibition by yKAs. We chose RNase A as a model
enzyme because it features a catalytically important lysine
residue. Preincubation of RNase A with increasing concen-
trations of IsoK fao 2 h resulted in dose-dependent inhibition
of activity (ICso 38 uM) (Figure 3A). Addition of 200uM

IsoK led to 50% inhibition in less than 12 min, with complete
inhibition achieved somewhere between H&hh (Figure
3B). Preincubation of RNase A with 501 PM completely
protected RNase activity from inhibition by 20M IsoK

at all time points. Lower concentrations of PM still partially
protected RNase A activity (not shown). Similarly, PM also
protected another model enzyme, glutathione reductase, from
inhibition by IsoK (Figure 3C).

Pyridoxamine Reacts with IsoK To Form Stable PM-
Pyrrole Adducts.n order to compare the ability of pyri-
doxamine to scavenge various- and y-ketoaldehydes
formed during lipid peroxidation, we determined the major
products formed by the reaction of 15-EoK with PM. Our
expectations of potential products were based on our previous
studies of the products of the reactiomdAs with lysine,
where the major stable products are the oxidized pyrrole
species, lactam and hydroxylactam addut}sWe incubated
1 mM PM with 250uM IsoK or [*3C;]-IsoK overnight at 37
°C and analyzed the resulting products. Previously, the
reaction of PM with glyoxal was shown to cause a shift in
the absorbance maxima of PM from 324 to 282 &1 (In
contrast, we found that the reaction of IsoK with PM did
not cause significant changes in the absorption spectrum of
PM (Figure 4A). This result suggests that the 3-hydroxypy-
ridine moiety is preserved during the reaction, as would be
expected for pyrrole formation and subsequent oxidation.

To further characterize the product of the IsoK reaction
with PM, we analyzed the products by electrospray ionization
mass spectrometry operating in the positive ion mode.
Limited mass scanning of the reaction products revealed three

results indicate that PM, as expected, is a far better scavengemajor species withm/z 467, m/z 485, andnm/z 501 (Figure

of yKAs than N*-acetyllysine and can also compete ef-
fectively with protein lysyl residues for IsoK. Interestingly,
0.1 and 1 mMN*-acetyllysine actually increased the amount
of [*H]-MelsoK binding over that with vehicle alone.

4B). These masses are consistent with PM-IsoK-anhydro-
pyrrole, PM-IsoK-pyrrole, and PM-IsoK-lactam adducts,
respectively. Analysis of the reaction products'8€f]-1soK

with PM showed ions atw/z 470, m/z 488, andm/z 504,

Presumably, this increase results from secondary reactionsconsistent with the heavy isotope species of these same

of N*-acetyllysylpyrrole adducts to form cross-links with
OVA. Cysteine residues from OVA would be expected to
more freely participate in cross-linking reactions with the
more mobileN*-acetyllysylpyrroles than with intramolecular
lysylpyrroles.

HNE is a major product of lipid peroxidation that also
adducts to proteins, but primarily via Michael addition

products (data not shown).

The lysyl-IsoK-lactam adduct is very stable, suggesting
that the putative PM-IsoK-lactam would also be a stable
product useful for analysis. We therefore chose to further
characterize the putative PM-IsoK-lactam species. Collision-
induced disassociation (CID) of thevz 501 ion gave
prominent ions atn/z 152, m'z 314, m/z 332, m/z 465, and

reactions with cysteine residues. No HNE-PM adduct has nvz 483 (Figure 5C). The CID spectrum of the PR¢;]-

been identified with PM Z9, 32), yet PM prevents the

formation of HNE-lysine adducts during oxidation of arachi-
donic acid 82). Because PM might have potentially inac-
tivated HNE by formation of an intermediate that was simply

IsoK productm/z 504 ion gave rise to product ions with'z
152,m/z 317, m/z 335, andm/z 486 (data not shown). Our
interpretation of the CID spectrum is shown in Figure 4C
and is consistent with PM-IsoK-lactam. Fragmentation of
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syntheticyKA, 15-E,-IsoK, inhibits activity of RNase A in a dose- i { |
dependent manner. RNase A (4d/mL) was incubated with-6200 NI VNI skl L pmi L
uM IsoK for 2 h and RNase A activity measured. (B) PM protects 100 200 300 400 500
RNase A from inhibition by IsoK. RNase A (44g/mL) and IsoK m/z

(200 uM) were incubated either in the absence) (or in the
presencel) of 500uM pyridoxamine. RNase A was also incubated
with a corresponding amount of vehicle (DMS@J)( (C) PM
prevents inhibition of glutathione reductase by IsoK. Glutathione
reductase (4.mg/mL) was incubated with vehicl& or IsoK (50
uM) either in the absencea| or in the presencel) of 200 uM

PM.

PM and many PM adducts gives rise to anz 152 ion,
consistent with the deamidation of PM by fragmentation of
thef-amine B2, 41). Fragmentation of this same bond with
loss of one water molecule also gives rise to thig 332

ion (m/z 335 for the PM-{3C3]-IsoK product). Previously,
we showed that fragmentation of the analogous bond in the
lysyl-IsoK-lactam adduct results in @/z 332 product ion

as one of the most prominent speciés (Ve interpret the
m/z 314 ion to result from the loss of a second water molecule

FiGure 4. PM reacts with IsoK to form a lactam adduct, as well
as other products. 15,HsoK (250uM) was reacted with PM (1
mM) overnight. (A) UV spectrometric scans of reaction solutions
containing either IsoK (lower curve), PM (upper curve), or IsoK
with PM (middle curve) reveal no shift in absorption maxima for
PM after reaction with IsoK. (B) ESI positive ion mass spectrometry
mass scanning fromvz 450 tomyz 550 of the reaction products of
IsoK with PM identifies three major product peaks includimig
501, the putative lactam product. Scans for the solution with IsoK
alone and with PM alone were subtracted to identify novel peaks
present only in the reaction with IsoK and PM. (C) Collision-
induced disassociation fon/z 501 gives the signature product ion
(mz 332) for the lactam adduct and PMg 152), as well as peaks
consistent with the loss of water molecules from the parent and
product ions.

from this fragmentation product. The/z 483 andm/z 465
likely arise from the loss of one and two water molecules,
respectively, from the parent molecular ion.
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Ficure 5: PM and its lipophilic analogues. Pyridoxamine, salicy-
lamine, and 50-pentylpyridoxamine all share a methylamine
substituent adjacent to the phenolic group of the aromatic ring. The
second-order reaction ratdg (ith the modelyKA, 4-oxopentanal,

are shown relative to PM.

Synthesis of '80-PentylpyridoxaminePM is strongly
hydrophilic, but isoketal formation is expected to primarily
occur in phospholipid membranes. Therefore, lipophilic

analogues of PM may be more useful scavengers of endog-

enously formed isoketals. Salicylamine, like PM, includes
adjacent methylamine and hydroxyl substituents on an
aromatic ring and reacts only slightly slower than PM with
y-ketoaldehydes in PBS29) but is much more lipophilic
because there is no pyridine ring nitrogen. To retain all of
the structural determinants of PM, but to increase lipophi-
licity, we also modified PM by converting the-Bydroxyl
group to a pentyl ether group to form-6-pentylpyridox-
amine (Figure 5). Unlike PM, both®-pentylpyridoxamine
(PPM) and salicylamine (SA) partition into ethyl acetate from
water as expected for lipophilic compounds. We then
determined the second-order rate constant for pyrrole forma-
tion by the three compounds when reacted with a model
yKA, 4-oxopentanal. A 1:1 acetonitritephosphate buffer

solution has been proposed as a reasonable model of the low

dielectric microenvironment of cellular membrand$§)( In

1:1 acetonitrile-phosphate buffer, the second-order rate
constant for SA [2.1A 0.26 L/(smol)] was 1.2 times faster
than that of PM (1.84+ 0.17) or PPM (1.87+ 0.08).
When the two lipophilic PM analogues were reacted with
15-E-isoketal, both formed precursor and product ions
with the expectedwz for IsoK-lactam adducts (data not
shown).

The IsoK-Lactam Adduct Is a Major Product of PM
Analogue Sceenging during Oxidation of Arachidonic Acid.
Scavenging ofaKAs and other lipid and carbohydrate
degradation products3Q—32, 41, 47, 48), as well as
chelation of redox active metald, 50), has previously been
demonstrated to contribute to the protective effects of PM
during lipid peroxidation. However, our previous finding of
greater reactivity of PM withyKAs suggested that where
the ratio of PM was limiting, PM scavenging of lipoxidation
aldehydes would be primarily directed towartlAs (29).

To test this possibility, we incubated 10 mM arachidonic
acid with an oxidizing solution of iron/ADP/ascorbate for 2
h to initially form lipid peroxides and then incubated this
reaction mixture for an additional 22 h in the presence of 1
mM lysine and 10:M PM or its lipophilic analogues, after
which we measured the two most abundant putadiviee-
toaldehyde adduct$y-pentanedioyl andN-hexanoyl, along

Davies et al.
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Ficure 6: PM analogues preferentially intercepKA formed
during oxidation of arachidonic acid to prevent lysyl adduct
formation. Arachidonic acid was oxidized for 2 h, and then 1 mM
lysine and either vehicle or 100M PM analogue were added.
Twenty-two hours after the addition of the amines, the reaction
products were analyzed by LC/MS/MS. (A) Levels of the lysyl-
IsoK-lactam adduct formed (meah SEM, n = 3). Inclusion of
100uM PM, PPM, or SA all significantly reduced the amount of
adduct compared to the vehicle contil{ 0.01,t test). (B) Levels

of Fp-isoprostanes, nonreactive products of the same lipid peroxi-
dation pathway that form IsoKs, generated during arachidonic acid
oxidation (meant SEM, n = 3). Inclusion of 10uM PM, PPM,

or SA did not significantly alter the amount of-#soprostanes
compared to the vehicle contrgd & 0.05,t test). (C) Amount of
two putativea-ketoaldehyde adductisi-pentanedioyl (dashed bars)
and N-hexanoyl (open bars), formed relative to the IsoK-lactam
adduct (solid bars) formed in the presence of individual PM
analogues (meatr SEM, n = 3).

]
veh

C

100

75

% of PM analog-IsoK-lactam

with the IsoK-lactam adduct using LC/MS/MS witRCs'N,]-
lysyl-lIsoK-lactam as an internal standard (Figure 6).
Iron-mediated oxidation of arachidonic acid in the presence
of lysine and vehicle (PBS) resulted in the robust formation
of the lysyl-IsoK-lactam adduct (Figure 6A). Coincubation
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with 100uM PM, PPM, or SA reduced the amount of lysyl- A %
IsoK-lysine adduct by 81%, 71%, and 71%, respectivply ( = 100 =
< 0.01). The decrease in lysyl-IsoK-lactam formation by PM g
analogues was not accompanied by a reduction in F O 80« *
isoprostane levels (Figure 6B), a nonreactive product of the 9
lipid peroxidation pathway. Therefore, although PM ana- = 60+
logues have the potential to reduce lipid peroxidation by iron £
chelation, a reduction of lipid peroxidation and thus iso- g 40 = *
prostane and IsoK formation is not likely to be the cause of o
the decreased lysyl adduction under these experimental = 20+ .
conditions. ?,‘ r‘l
Consistent with scavenging being the primary mechanism _>|‘ 0
for inhibition of lysyl-IsoK-lactam formation, coincubation PM
with PM was accompanied by the formation of the PM-IsoK-
lactam adduct. In the reactions with lysine only, 136 ng of B 1 *
lysyl-IsoK-lactam formed. In contrast, in the reactions — 125+ =
coincubated with PM, only 31 ng of lysyl-IsoK-lactam ©
formed, while the signal for the PM-IsoK-lactam was 2.4- -"=-'r 100 -
fold higher than that of the lysyl-IsoK-lactam in this reaction, o
so that we estimate that 74 ng of PM-IsoK-lactam formed. O 754
The potential differences in ionization and fragmentation X
efficiency of PM versus lysine adduct make quantification ~ 50
of their relative concentrations using a single internal standard g
somewhat inexact; nevertheless, a significant proportion of 0 25+
the IsoK appears to be diverted from reacting with lysine
by reacting with PM. 0
Deamidation fragmentation during LC/MS/MS of the PM- PM PPM SA
IsoK-lactam, PMN-pentanedioyl, and PN&-hexanoyl ad- ~ FIGURE 7: PM analogues dose-dependently inhipitA adduct
ducts yields the same product ionratz 152 @2, 41), so formation in platelets without inhibiting cyclooxygenase activity.

L . . s s Washed human platelets were preincubated withMGdazoxiben
that monitoring the ion current for this product ion is likely - 34 M (solid bars), 0.1 mM (shaded bars), or 1 mM (open bars)
to be a relatively accurate measure of the abundance of eactPm analogue for 30 min. Arachidonic acid was then added to a

precursor. PPM and SA also undergo similar deamidation final concentration of 2uM. After 2 h the cells were pelleted,

fragmentation during LC/MS/MS to yield product ions of lysyl-levuglandin-lactam protein adducts in the cell pellet were
m/z 222 andm/z 107, respectively (data not shown). To measured by LC/MS/MS after complete proteolytic digestion, and
. . the levels of PGEin the supernatant were measured by GC/MS.
compare the relative yield af-ketoaldehyde versug-ke- (A) Levels of lysyl-levuglandin-lactam adduct present in the platelet
toaldehyde products scavenged by these PM analoguegellet (meant SEM; PM,n = 10; PPM,n= 4; SA,n=8; +, p

during arachidonic acid oxidation, we performed SRM for < 0.05; *, p < 0.001; Dunnet's post-test after one-way ANOVA
the expected precursor mass for the IsoK-lactahpen- for the individual PM analogue). (B) Levels of P&i the platelet
tanedioyl, and\-hexanoyl adduct of each PM analogue with SUPernatant (meat SEM; *, p < 0.01).
transition to the appropriate product ion (Table 1), integrated activity by PM analogues, we measured the effect of the PM
the relative peak area for each product, and then normalizedanalogues on the major product of Pg&HMynthesis in
these values to the average IsoK-lactam value. For each PMdazoxiben-inhibited platelets, P@Hn contrast to inhibiting
analogue, theKA product, IsoK-lactam, was formed in far  lysyl-levuglandin-lactam formation, PM analogues did not
greater abundance than the putativketoaldehyde products, inhibit formation of PGE (Figure 7B), and in fact SA
N-pentanedioyl andN-hexanoy! (Figure 6C). slightly, but significantly, increased PGErmation. There-
PM Protects againstKAs Formed Endogenously in Cells.  fore, the reduction of protein adducts by PM analogues is
While our results suggest that PM analogues are effective most likely due to direct scavenging of levuglandin and not
y-KA scavengers in vitro, the intracellular milieu contains by inhibition of cyclooxygenase activity. The slight increase
an undefined amount of lysyl residues and microdomains in PGE levels in platelets incubated with SA could be a
that may prevent the effective scavengingy#fAs formed result of SA protecting cyclooxygenase from modification
endogenously. We have previously demonstrated that le-by levuglandin, as we have previously shown that cyclooox-
vuglandin adducts form in stimulated platelets after activation genase becomes modified by levuglandin as a consequence
with arachidonic acid and that levuglandin adduct levels can of its synthesis of PGH(51).
be further increased by pretreatment of platelets with PM Analogues Protect against,8,-Mediated Cytotox-
dazoxiben, a thromboxane synthase inhibitd0)( We icity. To examine whether blocking protein-isoketal adduct
therefore preincubated platelets with dazoxiben andM0  formation during oxidant stress had a significant biological
or 1 mM PM analogue and measured the amount of lysyl- impact, we examined whether lipophilic PM analogues would
yKA-lactam adduct formed. Lysyl-levuglandin-lactam adduct provide protection against oxidant-induced cytotoxicity.
was reduced by 29%, 31%, and 64% by 100 PM, PPM, Isoketals are one of the most cytotoxic products of lipid
or SA, respectivelyg < 0.05), and by 70%, 78%, and 86% peroxidation 24), and hydrogen peroxide ¢8,) is a well-
by 1 mM PM, PPM, or SA, respectivelyp(< 0.001). To studied inducer of the isoprostane pathway of lipid peroxi-
exclude the possibility of direct inhibition of cyclooxygenase dation 62—57) and cytotoxicity 68, 59). We performed a
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are more reactive than lysyl groups. Previous observations
suggested that PM was a good candidate foikeA
scavenger because it reacts wjtKAs about 2000 times
faster than does lysin@9). Our present study showed that
PM significantly inhibited the formation of lysyl-IsoK
adducts when coincubated with excess lysine and oxidized
arachidonic acid. PM also protected proteins and their
enzymatic activity against adduction by IsoKs and levuglan-
dins when added in vitro. Importantly, PM provided protec-
tion to platelet proteins against adduction by levuglandin
formed endogenously during ex vivo activation by arachi-
donic acid. Thus PM appears to be a very useful agent to

100

~
(3]

50

% viability

25=

O — scavenge the levuglandins formed by cyclooxygenase or
0 250 500 750 1000 nonesterified IsoKs formed by free radical oxidation of
H.O., uM arachidonic acid and could be used to investigate the
22 1 contribution of levuglandins in cell culture models of

FiIcure 8: Lipophilic PM analogues protect againsi®}-mediated cyclooxygenase-mediated events.

cytotoxicity in HepG2 cells. HepG2 were plated in multiple 96- : : e
well plates at 2x 10* cells per well and pretreated with vehicle While PM is useful to scavenge the nonesterified forms

only @), 2 mM PM (©), 0.5 mM PPM W), or 0.5 mM SA @) of VKA, its hydrop'hilic;ity may Iim.it its ef'fi'cacy under .
for 45 min. Replicate wells were treated with 0, 25, 75, 125, 250, conditions where oxidation occurs with esterified arachidonic
500, or 75uM H0,, and cell viability after 24 h was determined  acid. We hypothesized that the basic structure of PM could
by measuring ATP levels (meax SEM, n = 8). Two-way  he modified to be more lipophilic while still retaining its

ANOVA of vehicle-treated cells vs each of the individual PM . o -
analogues showed a significant effect of pretreatment with [BA ( high reactivity foryKAs. SA was previously shown to also

< 0.0001) and PPMp( < 0.0015) but not with PM[{ = 0.333). rapidly react withyKAs, suggesting that the critical com-
. . _ ponents foryKA scavenging were an aminomethyl group
preliminary dose curve in cultured HepG2 cells to determine 5nd an adjacent hydroxyl on an aromatic ring. We reasoned,
the maximal concentrations of each PM analogue that would therefore, that converting thé-hydroxyl group at the '5
not induce cytotoxicity. No significant loss of HepG2 cell hqsition of PM to a pentyl ether to form PPM would not
viability was seen at 2 mM PM, 1 mM SA, or 1 mM PPM interfere withyKA scavenging but would increase lipophi-
(data not shown). To determine the effect of the PM jicity The reaction rate of PPM with the modeKA,
analogues on #D,-induced toxicity, we preincubated HepG2  4_oxopentanal, was identical to that of PM, and the reaction
cells with either vehicle only (DMEM), 2mM PM, 0.5mM 446 of SA was slightly faster when 50% acetonitrile was
PPM, or 0.5 mM SA for 45 min and then treated the cells yseq as the reaction solvent. When the PM analogues were
with either 0, 25, 75, 125, 250, 500, or 760 H,0, for 24 a4ded to a 10-fold greater concentration of lysine and then
h. H,0, dose-dependently reduced the viability of vehicle incybated with oxidized arachidonic acid, all three analogues
only pretreated cells (estimated 54 4M), with essentially  inhibited the formation of the lysyl-IsoK-lactam adduct about
complete toxicity induced by 128M H,O, (Figure 8). While  equally well. These resuilts are consistent with our postulated
H,O, also dose-dependently reduced the viability of SA, mechanism for PM as aKA scavenger and demonstrate
PPM, and PM pretreated cellp (< 0.0001, two-way  that the basic structure of PM can be readily modified to
ANOVA for vehicle vs individual PM analogues), preincu-  form more lipophilic analogues that retain the rapid reactivity
bation with the two lipophilic PM analogues caused a required foryKA scavenging.
significant rightward shift in the concentration of,® PM scavenges-ketoaldehydes formed from carbohydrate
required to induce cytotoxicity (estimated éof 221 uM, and lipid degradation. We have previously reported that
p = 0.0001, two-way ANOVA, vehicle vs SA pretreatment;  4_oxopentanal reacted about 190 times faster with PM than
estimated LG 124 ofuM, p < 0.0015, two-way ANOVA, 3 modela-ketoaldehyde, methylglyoxal, and that PM does
vehicle vs PPM pretreatment). In contrast, preincubation with .t react to a significant extent with HNR9). Therefore,
even 2 mM PM did not significantly enhance viability after - \ye would expect abundant IsoK adduct formation along with
exposure to bD, (estimated L€ 43 uM, p = 0.333, tWo-  the formation ofN-acyl adducts of PM when arachidonic
way ANOVA, vehicle vs PM treatment). The ability of  56ig was oxidized in the presence of PM or its lipophilic

lipophilic PM analogues to significantly protect agains@zt  analogues. However, studies by Metz et al. examining the
induced cytotoxicity suggests that esterified IsoKs are an proqucts formed by noncatalyzed oxidation of arachidonic
important mediator of kD, cytotoxicity. acid in the presence of PM did not report finding a product

corresponding to an IsoK adduetl). We therefore char-
DISCUSSION acterized the PM and PM analogue adducts formed by
Previous work showed that the levels of IsoK and reaction with 15-&IsoK and then examined whether PM
levuglandin protein adducts increase in a number of patho- or its lipophilic analogues formed this PM analogue-IsoK-
logical conditions $—9), suggesting that thegdAs might lactam adduct during iron-catalyzed arachidonic acid oxida-
contribute to the pathogenesis of disease. To investigate thetion using these analytical methods to determine its abun-
contribution of these adducts to disease, we sought effectivedance relative ttN-acyl adducts. Using our experimental and
methods to prevent formation of these protein adducts. Oneanalytical methods, we found that PM- and PM analogue-
of the most promising and selective strategies might be to IsoK-lactam adducts were formed in far greater abundance
scavenge thegeKAs with amine containing compounds that thanN-acyl adducts. These results suggest that PM and its
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analogues strongly favor scavengipAs, so that at least
some of the beneficial effects seen with PM supplementation
in diabetic animals 30, 41, 47) may derive from the
inhibition of proteinyKA adduct formation.

The mechanism we postulated for the reactivity of PM
with yKAs (29) also rationalizes the selectivity of PM and
its analogues towargkAs. While all aldehydes should react
with PM at approximately the same rate to form the initial,
reversible hemiaminal adduct, only the hemiaminal formed
by yKAs can go on to attack the ketone moiety of §heA
and form an irreversible pyrrole adduct, thus driving the
reaction rapidly forward. The presence of the phenolic
hydroxyl group likely accelerates pyrrole formation by
protonating the ketone moiety of th&A and holding it in
place for attack by the hemiaminal. Theketoaldehyde
hemiaminal cannot form a pyrrole, but as proposed by Metz
et al. 37), the phenolic hydroxyl group may still increase
the reactivity of the amine by attacking the ketone to
transiently form a seven-membered ring that would then
fragment to form an amide. Although this reaction for
o-ketoaldehydes would not be nearly as favored as pyrrole
formation for yKAs, it would still be favored over the
reaction of theo-ketoaldehyde with lysyl groups.

The potential greater utility of lipophilic PM analogues
over PM itself was borne out in a cellular model of oxidant
injury. IsoKs are highly cytotoxic, so that we anticipated that
they might make important contributions to cytotoxicity
induced by reactive oxygen species. Treatment witdH
can induce cytotoxicity both by apoptosis and by necrosis,
depending on its concentratio®( 61). Treatment with HO,
induces the formation of the mitochondrial permeability
transition pore and the collapse of mitochondrial membrane
potential, thereby triggering apoptosi9( 62—64). Phos-
pholipid-bound IsoKs would be well positioned to adduct
to mitochondrial proteins regulating pore formation and
membrane potential. We therefore utilized PM analogues to
examine the potential role of IsoKs in HepG2 cells exposed
to H,O,. We found that the two lipophilic PM analogues
provided significant protection, such that substantial viability
was seen at ¥, concentrations that are normally completely
cytotoxic. In contrast, even a 4-fold greater concentration
of hydrophilic PM did not provide any significant protection
against HO.-induced cytotoxicity. The lack of efficacy of
PM in this cellular system suggests that PM does not reach
the sites of IsoK adduction critical for cytotoxicity, because
it either does not enter cells as readily as lipophilic PM
analogues or does not partition to the same extent as
lipophilic PM analogues into the membranes which are the
principal sites of IsoK formation. Further studies investigating
the effect of lipophilic PM analogues on known signaling
pathways leading to cell death should yield important
information about the mechanisms underlying IsoK-induced
cytotoxicity. While the present studies do not rule out
additional mechanisms of cytoprotection by PM analogues
besides that of IsoK scavenging, the lack of efficacy of PM
does suggest that metal chelation is not an important
mechanism of protection fromJ 9, under these conditions,

because all three PM analogues chelate metals equally well.

While the effects of lipophilic PM analogues on HepG2
cells suggest their potential as therapeutic agents, the utility
of these compounds will be dependent on whether effective
concentrations can be delivered in vivo without toxicity. The
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concentrations of lipophilic PM analogues used in the HepG2
cell study were relatively high (50@M), but we did not
determine the minimum concentration required for cytopro-
tection. Approximately 10@M plasma concentrations of PM
were reported in diabetic rats given 1 g/L PM in their
drinking water 80), so that it may be possible to deliver
PM analogues at relatively high concentrations in vivo.

In summary, we have found that PM is an effective
scavenger of nonesterifiggKAs such as levuglandins and
the free fatty acid form of IsoK. Modifications of PM that
preserve the core phenolic amine structure, but enhance
lipophilicity, retain the rapid reactivity and selectivity for
yKAs and enhance efficacy in conditions where esterified
IsoKs are likely to form. The efficacy of lipophilic PM
analogues against;B,-induced cytotoxicity suggests a role
for esterified IsoK in this model of cytotoxicity and provides
the rationale for future studies to examine their potential
therapeutic effects in conditions linked to oxidative injury
and cyclooxygenase activation.
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