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Lipid hydroperoxide-derived modifications to pyridoxamine: a novel biomarker of
oxidative stress
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Pyridoxamine (PM) is a drug candidate for various chronic diseases because
it can inhibit advanced glycation end product formation. PM might therefore prevent protein damage
from lipid hydroperoxide-derived aldehydes 4-oxo-2(E)-nonenal (ONE) and 4-hydroxy-2(E)-nonenal
HNE). Upon reaction with PM, ONE and HNE yielded an identical product containing a pyrrole ring,
which structure was characterized by LC-MS and NMR. When human serum albumin (HSA) was reacted with
a linoleic acid hydroperoxide, ONE modified more residues than did HNE. Upon treatment with PM, the
formation of ONE-modified HSA peptides, but not of HNE-modified peptides, was reduced.
Concomitantly, PM-ONE adducts increased in a dose-dependent manner. The inhibition effect of PM was
confirmed in the cell system subjected to oxidative stress. Therefore, PM can inhibit lipid
hydroperoxide-derived damage to proteins by trapping ONE preferentially, and the resulting PM-ONE
adducts can be used as a dosimeter for ONE production.
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(1) Oxidative stress has been associated with a number of inflammatory and age-related
degenerative diseases. Increased production of reactive oxygen species (ROS) and
up-regulation of lipoxygenases or cyclooxygenases result in the formation of lipid
hydroperoxides, which undergo decomposition to reactive aldehydes, such as
4-0x0-2(E)-nonenal (ONE) and 4-hydroxy-2(£)-nonenal (HNE). These reactive aldehydes
covalently modify cellular macromolecules, leading to mutation and apoptosis.
ONE-derived DNA modifications have been characterized and detected in mammalian
tissue DNA. Reaction of the histidine and lysine residues with ONE resulted in the
formation of a novel cyclic structure within bovine histone H4. We have also identified the
major ONE- and HNE-derived modifications to angiotensin (Ang) II, which has been
implicated in various cardiovascular diseases. The major modifications identified are as
follows: ONE-derived, pyruvamide-Ang II (Ang P, N-terminal a-ketoamide), [N-ONE]-Ang
II (4-ketoamide), [Arg2(ONE-H:0)]-Ang II; HNE-derived, [His¢(HNE)]-Ang II (Michael
addition product). Biological activities of Ang II are significantly altered when its
N-terminus undergoes oxidative modification.

(2) Pyridoxamine (PM) is one of vitamin B6 vitamer and functions as a coenzyme in
enzymatic transaminations in vivo. PM is also a promising pharmacological agent for the
treatment of diabetic complications and other chronic conditions. This is based on its
multiple inhibitory effects, including (i) inhibition of advanced glycation end products
formation, (ii) inhibition of advanced lipoxidation end products formation, and (iii) trapping
of ROS. Recently, it was reported that PM can react with ONE much more rapidly than
lysine and suggested its use for therapeutically scavenging ONE. However, ONE-derived
modifications to PM and potential roles of PM-ONE adducts as biomarkers of oxidative
stress have not been thoroughly investigated.
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(1) To characterize lipid hydroperoxide-derived modifications to PM

(2) To determine the major PM adducts from the reaction with reactive aldehydes in the
presence of human serum albumin (HSA) and the cells that treated with reactive aldehydes
(3) To determine lipid hydroperoxide-derived modifications to HSA and cellular proteins in
the absence and presence of PM to confirm the inhibitory effect of PM

(4) To develop enrichment procedure and MS-based quantitative analytical methodology for
the major PM-reactive aldehyde adducts selected as biomarker candidates

(5) To monitor selected PM-reactive aldehyde adducts in cell systems that subjected to
various oxidative stress to evaluate them as novel biomarkers of oxidative stress
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(1) PM was reacted with lipid hydroperoxide-derived reactive aldehydes ONE and HNE.
The modifications on PM were characterized by LC/ESI-MS, MS/MS and NMR analyses.
(2) PM was reacted with ONE and HNE in the presence of HSA and the major stable PM
adducts were determined. Lipid hydroperoxide-derived modifications to HSA were also
monitored in the absence and presence of PM to confirm the inhibitory effect of PM.

(3) As for the selected PM-ONE/HNE adducts, enrichment and LC/ESI-selected reaction
monitoring (SRM)/MS methodologies were developed.

(4) In rat L6 skeletal muscle cells, lipid peroxidation and the formation of lipid
hydroperoxide-derived reactive aldehydes were induced by CuSQO4 and ascorbic acid (AscA).
The selected PM-ONE/HNE adducts were monitored using the method developed above.
Specific PM-ONE/HNE adducts that exhibit dose-dependent increase in levels against the
extent of oxidative stress were recognized as novel biomarkers of oxidative stress.
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(1) Characterization of modifications to PM derived from ONE and HNE

e LC/ESI-MS analysis of the reaction between PM and ONE at 37 °C for 5 days revealed
the presence of nine products, which include PM + ONE — H20 (PO1 and PO2), 2PM +
20NE — 2H20 (PO3 and PO4), PM + 20NE (PO5 and PO6), PM + ONE - 2H.0 + 2H
(PO7), PM + ONE — 2H20 (PO8), and PM + 20NE - H:0 (PO9).

¢ LC/ESI-MS analysis of the reaction between PM and HNE at 37 °C for 5 days revealed
the presence of two products PM + HNE (PH1) and PM + HNE - 2H20 (PH2). Time
course experiments showed that PH1 increases quickly (0—24 h) and then decreased
(1-7 days) while PH2 increased to its maximum level at 5 days, suggesting
dehydration of PH1 to PH2.
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Figure 1. Analysis of PH2 (PO7) by (A) MS/MS and (B) NMR.

(2) Investigation of inhibition effect of PM on ONE/HNE-derived modifications to HSA

¢ In the incubation of HSA with ONE or HNE, Lys residues provided the most favorable
modification sites for both aldehydes, and the number of HNE-modified sites was
higher than that of ONE modified sites. When HSA was allowed to react with a linoleic
acid hydroperoxide (13-HPODE) in the presence of AscA, ONE modified more residues
(10 Lys, 3 His, 2 Arg) than did HNE (8 His, 2 Lys), indicating the relative reactivity of
aldehydes towards amino acid residues.

¢ Upon treatment with increasing concentrations of PM, the levels of all PM-ONE/HNE
adducts increased dose-dependently. The MS peak of POl was the most intense,
followed by PO7/PH2 and POS8. The normalized MS peak intensities of the
ONE-modified peptides decreased in a PM dose-dependent manner. In particular, the
levels of peptides modified at K162, K190, and K525 showed a clear dose-dependent
decrease. In contrast, no dose dependent change in concentration was observed for the
selected HNE-modified peptides. Our results demonstrate that PM can inhibit lipid
hydroperoxide-derived damage to proteins by trapping ONE preferentially.

(3) Investigation on the inhibition effect of PM on cellular protein damage
* SRM conditions such as mass transition, collision energy (eV), and Slens RF

amplitude (V), were optimized for PM

adducts as  follows: PH1, m/Zz 20EF3 1 opo1
325.1-152.1, 24, 107; PO1/PO2, m/z mpPo2
305.2>152.1, 25, 110; PO7/PH2, m/z ZO0R
289.2—-152.1, 23, 110; PO8, m/z

287.2—138.1, 14, 90.

e After the pretreatment of PM (0+100
pM), the cell were incubated with Ang II
in the presence of AscA and CuSO: to
induce lipid peroxidation followed by
decomposition of lipid hydroperoxides to
reactive aldehydes.

e LC/ESI-SRM/MS analysis revealed the
presence of PO1 and PO2 even without
PM treatment, indicating the formation
of PM in the cell. By the addition of PM,
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Figure 2. Changes in levels of POl and PO2
extracted from cell culture medium after
incubation with Ang I, AscA and CuSO.,.

levels of PO1 and PO2 were increased in a dose-dependent manner (Figure 2).
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