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ARTICLE INFO ABSTRACT

Background: Proteins in human tissues and body fluids continually undergo spontaneous oxidation and glycation
reactions forming low levels of oxidation and glycation adduct residues. Proteolysis of oxidised and glycated
proteins releases oxidised and glycated amino acids which, if they cannot be repaired, are excreted in urine.

Scope of Review: In this review we give a brief background to the classification, formation and processing of
oxidised and glycated proteins in the clinical setting. We then describe the application of stable isotopic dilution
analysis liquid chromatography-tandem mass spectrometry (LC-MS/MS) for measurement of oxidative and
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ysis for improved surety of analyte estimations.

Major conclusions: Stable isotopic dilution analysis LC-MS/MS provides a robust reference method for measure-
ment of protein oxidation and glycation adducts. Optimised pre-analytic processing of samples and LC-MS/MS
analysis procedures are required to achieve this.

General significance: Quantitative measurement of protein oxidation and glycation adducts provides information
on level of exposure to potentially damaging protein modifications, protein inactivation in ageing and disease,
metabolic control, protein turnover, renal function and other aspects of body function. Reliable and clinically
assessable analysis is required for translation of measurement to clinical diagnostic use. Stable isotopic dilution
analysis LC-MS/MS provides a “gold standard” approach and reference methodology to which other higher
throughput methods such as immunoassay and indirect methods are preferably corroborated by researchers
and those commercialising diagnostic kits and reagents. This article is part of a Special Issue entitled Current
methods to study reactive oxygen species - pros and cons and biophysics of membrane proteins. Guest Editor:
Christine Winterbourn.
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Abbreviations: AASA, aminoadipic semialdehyde; AGE, advanced glycation endproduct; 1. Introduction
AOPP, advanced oxidation protein product; AQC, 6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate; BUL, bilateral ureteral ligation; BNX, bilateral nephrectomy; CEL,
Ne-(1-carboxyethyl)lysine; CML, Ne-carboxymethyl-lysine; CRF, chronic renal failure;
3DG-H, 3DG-H1 (Ns-[5-(2,3,4-trihydroxybutyl)-5-hydro-4-imidazolon-2-yl]ornithine)
and related structural isomers 3DG-H2 and 3DG-H3 see [1]; ESI, electrospray ionisation;
FCR, fractional clearance rate; FL, N.-fructosyl-lysine; GSA, glutamic semialdehyde;
FN3K, fructosamine-3-kinase; FN3KRP, fructosamine-3-kinase related protein; G-H1, Ns-
(5-hydro-4-imidazolon-2-yl)ornithine; GOLD, glyoxal-derived lysine dimer, 1,3-di(N®-
lysino)imidazolium salt; HD, hemodialysis; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; LDL, low density lipoprotein; MALDI, matrix assisted laser desorption
ionisation; MetSO, methionine sulfoxide; MG, methylglyoxal; MG-H1, Ns-(5-hydro-5-
methyl-4-imidazolon-2-yl)ornithine; MOLD, methylglyoxal-derived lysine dimer, 1,3-
di(N°®-lysino)-4-methyl-imidazolium salt; MRM, multiple reaction monitoring; MSR,
methionine sulfoxide reductase; NFK, N-formylkynurenine; 3-NT, 3-nitrotyrosine; PD,

Proteins in human tissues and body fluids continually suffer spon-
taneous modifications by reactions with oxidants, saccharides and
saccharide derivatives. This forms oxidised and glycated amino acid
residues within proteins [1-3].

1.1. Classification of glycated and oxidised proteins
Glycation adducts are classified into two groups: early glycation

adducts — Schiff's base and Amadori products or fructosamine residues
formed at early stages of glycation processes - also called the Maillard re-

peritoneal dialysis; SAF, skin autofluorescence; TFA, trifluoroacetic acid; UPLC, ultra high
performance liquid chromatography
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action; and advanced glycation endproducts (AGEs) — other glycation ad-
ducts initially considered to be formed in later or advanced stages of the
Maillard reaction but are rather formed in both early and advanced stages
[4]. Major glycation adducts in physiological systems, N.-fructosyl-
lysine (FL) residues and methylglyoxal derived hydroimidazolone Ng-
(5-hydro-5-methyl-4-imidazolon-2-yl)ornithine (MG-H1), are formed
by non-oxidative processes [5,6]. Some AGEs are formed by oxidative
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processes and are called glycoxidation products [4]. Examples are Ng-
carboxymethyl-lysine (CML) [7] and pentosidine [8].

A classification in protein oxidation research that has been used
is the term “advanced oxidation protein products” (AOPPs). AOPP
measurement is an indirect measure of protein oxidation: a measure
of the ability of oxidised proteins to oxidise iodide to iodine, with mea-
surement of iodide formation by quantitation of the tri-iodide ion I3™ by
spectrophotometric measurement at 340 nm [9-11]. This is a mecha-
nism of formation related definition where the molecular nature of
AOPPs remains unclear. This is thought to be related to N-chloramines
derivatives formed by oxidation of protein with hypochlorite generated
by myeloperoxidase [12]. Dityrosine and pentosidine have bene claimed
to contribute to the AOPP response but independent measurements
show that their low levels in plasma cannot account for the absorbance
at 340 nm found in the AOPP measurement [13]. The molecular species
contributing to the AOPP response are most readily formed by the hy-
drogen peroxide/myeloperoxidase/ chloride which forms hypochlorite
[12]. A recent study has claimed that AOPP activity in plasma is due to
oxidised fibrinogen on the basis of AOPP activity correlating to fibrino-
gen concentration but confirmation of molecular nature of the oxidant
is required [14]. Molecular characterisation of AOPP(s) of fibrinogen
and possibly other proteins remain to be disclosed.

Oxidation and glycation of proteins form oxidation and glycation
adducts, respectively, which are part of the peptide backbone of the
protein and are appropriately called oxidation and glycation adduct
residues. Measurement of these is often normalised to the amount
of related unmodified amino acid in the protein sample. For example,
estimates of methionine sulfoxide (MetSO) residues are often reported
as mmol/mol methionine and estimates of FL residues as mmol/mol
lysine [1]. In some clinical research areas - particularly studies of
renal failure - oxidation and glycation adduct residues have been called
“protein-bound” adducts. This nomenclature is not strictly correct as
part of the oxidation and glycation adduct is a residue of the protein
precursor. Nomenclature and collective terms commonly used in
protein oxidation and glycation research are given in Table 1. Important
oxidised and glycated amino acid residues are given in Fig. 1.

1.2. Endogenous repair of oxidised and glycated proteins

It was initially thought that protein oxidation and glycation gives
rise to adducts that remain in organs and body fluids throughout
life and accumulate therein. This is only correct for oxidation and
glycation adducts that are chemically stable, not repaired in situ and
formed on lived-lived proteins. Examples are dityrosine and CML
residues on articular cartilage in good skeletal health [19]. For most
oxidised and glycated proteins, however, this is not the case. Oxidation
and glycation adducts are repaired in situ or the oxidised and glycated
proteins are degraded and replaced by de novo protein synthesis.
MetSO residues are repaired by reduction to methionine residues by

methionine sulfoxide reductases (MSRs) [20] and FL residues are
repaired to lysine residues by fructosamine-3-phosphokinase [21].
This is of current clinical importance and impact as the universally
used marker of glycemic control, glycated hemoglobin HbA, is hemo-
globin modified mainly on 3-val-1 and a-lys-66 with 1-deoxyfructosyl
residues [22]. The extent of glycation of hemoglobin is a balance be-
tween rate of glycation by glucose exposure in the 6-8 weeks prior to
blood sampling and the rate of de-glycation by fructosamine-3-
phosphokinase [23]; and also influenced by red blood cell turnover
[24]. Where there is slow dynamic reversibility of adduct formation -
such as for MG-H1 formation from methylglyoxal [25] - sustained
decrease of the modifying agent — as may likely be achieved by induc-
tion of expression of glyoxalase 1 which metabolises methylglyoxal
[26] - will provide for in situ repair of the modified amino acid residue.
Examples of repair of oxidation and glycation adducts are given in
Table 2.

1.3. Turnover of oxidised and glycation proteins and measurement of
protein oxidation and glycation in the steady-state

Oxidised and glycated proteins that are not repaired are usually de-
graded and replaced. Measurement of oxidised and glycated proteins,
therefore, is an estimate of the steady-state level dependent on the
rate of formation, rate of repair or further modification and rate of turn-
over or clearance of the protein substrate. Proteolytic degradation of
oxidised and glycated proteins by cellular proteolysis gives rise to
release and excretion of oxidised and glycated amino acids, also called
oxidation and glycation free adducts [ 1]. Oxidised and glycated proteins
are often predicted to have distorted or damaged structures [6,29,30]
and therefore may be targeted for proteolysis by the proteasome
[31-33]. Lysosomal proteolysis is also important for degradation of
long-lived cellular proteins, endocytosed extracellular proteins [34]
and chaperone-mediated autophagy of cellular proteins [35]. Release
of glycation and oxidation free adduct from cells and tissues [1] and
decrease of oxidised and glycated proteins with increased cellular 20S
proteasome activity [31,32] is consistent with targeting of proteins
damaged in this way for proteasomal degradation. Oxidation and
glycation free adducts are also formed by direct oxidation and glycation
of amino acids and are also absorbed from the gastrointestinal tract
from digested damaged proteins in ingested foods [16]. They are the
major form by which oxidation and glycation adducts are excreted
from the body [1,36,37]. A scheme of multi-compartment formation
and gastrointestinal tract absorption of oxidized and glycated proteins
and their proteolytic processing in the body and renal excretion of
free adducts is given in Fig. 2.

Estimation of protein oxidation and glycation adduct content of pro-
teins in the steady-state suggests that the extent of modification is
influenced by both changes in rate of oxidation and glycation and also
rates of protein turnover. In the case of plasma protein, the level of

Table 1

Classification terms of protein oxidation and glycation research.
Term Definition Comment Reference
Oxidation/glycation adduct Product of oxidation/glycation of precursor amino acid Also termed “protein bound” oxidation/glycation adducts [1,4,15]

residues
Oxidation/glycation free adducts

residues in a protein or peptide

Oxidised/glycated amino acids formed by release of

Also absorbed from food and are the major form of oxidation/ [1,4,15]

oxidation/ glycation adduct residues from proteins and direct glycation free adduct excretion in urine.

oxidation and glycation of amino acids.

Oxidised/glycated peptides Peptides (molecular mass <10 kDa)? containing oxidation/ Initially mistaken for oxidation/ glycation free adducts [16,17]
glycation adduct residue(s)
Early glycation adducts Schiff's base and Amadori products formed in early stages of [4]
the Maillard reaction
Advanced glycation endproducts ~ Non-early glycation adducts formed in early and late, Initially defined as “brown fluorescent pigments which [4,18]
(AGEs) advanced stages of the Maillard reaction. crosslink proteins”
Advanced oxidation protein Measure of ability of protein oxidation products to oxidise iodide Molecular components of AOPPs are unknown. [11,12]

products (AOPPs)

to iodine - thought to be activity of N-chloramine derivatives

¢ Molecular mass cut-off is arbitrary.
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Fig. 1. Protein glycation, oxidation and nitration adduct residues in physiological systems. a. Early glycation adducts — FL and N-(1-deoxy-p-fructos-1yl)amino acid residues. Ad-
vanced glycation endproducts: b. Hydroimidazolones, c. Monolysyl d. Fluorophores, AGEs, e. Non-fluorescent crosslinks, f. Oxidation adducts, and g. Nitration adduct. Protein
glycation, oxidation and nitration adduct residues are shown. For the corresponding free adducts at physiological pH, the N-terminal amino group is protonated —NH3 and the

C-terminal carbonyl is a carboxylate —CO5 moiety.

oxidised and glycated proteins is influenced by the rates of oxidation
and glycation of protein in the plasma compartment and also by the
rate of clearance of plasma proteins or plasma fractional clearance
rate (FCR). Examples of effects of change in FCR of plasma protein are
increased plasma protein glycation and oxidation adduct residues in:
(i) diabetic patients with microalbuminuria (a “leaky” glomerular filter)
where tightening of the glomerular filter by treatment with an angio-
tensin blocker decreased clearance of FL-modified albumin and
increased plasma protein FL residue content [38]; and (ii) liver cirrhosis
where decreased albumin concentration slowed albumin catabolism,
extending half-life and increase glycation and oxidation damage
markers [16]. Increased extravasation of plasma protein post-surgery
may also decrease plasma protein oxidation and glycation adduct resi-
due contents [37]. Albumin glycated to minimal extent, as found
in vivo [16,39], has a half-life similar to unglycated albumin and is me-
tabolized in the kidney and elsewhere [40]. Albumin glycated highly
by glucose in vitro (containing, for example, ca. 40 molar equivalents

of glycation adducts) is not a good model of glycated albumin in vivo
and has a very short plasma half-life with clearance from circulation
in the liver [41] which is not the fate of glycated albumin in vivo [16].
Similarly highly oxidised and glycated low density lipoprotein (LDL)
are not appropriate models of the minimal oxidised and glycated LDL
found in the circulation in vivo [42]. For example, LDL highly glycated
by methylglyoxal is severely structurally impaired and rapidly cleared
from circulation by scavenger receptors [43] whereas LDL modified
minimally by methylglyoxal as in vivo has an unveiled proteoglycan
binding site and exhibits increased affinity for the arterial wall with
no significant change in plasma half-life [44]. Extent of protein glycation
and oxidation is, therefore, a critical influence in protein function and
most proteins tend to be minimally oxidised or glycated in vivo.

The extent of modification of proteins in vivo by glycation and
oxidation was assessed by measuring protein glycation and oxidation
of purified proteins — such as for haemoglobin and apolipoprotein
B100 of low density lipoprotein [13,44] and by measuring mass

Table 2
Processes of protein oxidation and glycation adduct repair.
Adduct Repair enzyme or process Comment Reference
MetSO Methionine sulfoxide reductase (MSR) Requires thioredoxin co-factor. [20]
FL and other Amadori products of Enzymatic: Fructosamine-3-kinase (FN3K) and ATP co-factor. Initial product is the pyranose of furanose  [21,27]
hexoses and riboses fructosamine-3-kinase related protein (FN3KRP). 3-phosphate which fragments to lysine residue, phosphate
Non-enzymatic: reversal of Amadori rearrangement with  and related 3-deoxyhexosone or 3-deoxypentosone.
carbon-2 epimeric mixture.
Hydroimidazolones MG-H1, G-H1, Slow, dynamic reversal of the glycation process. Half-lives at pH 7.4 and 37 °C: MG-H1, 12 days; [1,25]

3DG-H1 and structural isomers
3-Nitrotyrosine
without 3-aminotyrosine.

Nitratase activity with conversion to tyrosine with or

G-H1, 69 days; 3DG-H1, 17 days.
Reviewed in [28].

*Molecular mass cut-off is arbitrary.
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Fig. 2. Multi-compartment model of formation, proteolytic processing and excretion of proteins damaged by glycation and oxidation and nitration.

increment on molecular mass for serum albumin [16,39]. Application
of quantitative high resolution mass spectrometry to studies of pro-
tein oxidation and glycation will facilitate measurement of extent
of protein oxidation and glycation in proteome-wide analysis in the
future. Internal standardization by stable isotope labelled proteins
will be required for robust quantitation [45].

Where the rate of modification of a protein is constant, the extent
of protein modification is expected to be proportional to mean plasma
residence of the protein. This was found to be the case for oxidation of
apolipoprotein B100 of LDL [46]. Trace modification of proteins by
oxidation and glycation adduct residues may, therefore, provide surro-
gate markers of plasma proteomics dynamics.

1.4. Renal clearance and urinary excretion of protein oxidation and
glycation free adducts

Oxidation and glycation free adducts in plasma are filtered through
renal glomeruli and may be reabsorbed by organic anion and cation
transporters in the renal tubular system. There may also be some active
secretion from the renal circulation, The plasma concentrations of
oxidation and glycation free adducts are, therefore, sensitive to renal
clearance and accumulate markedly in experimental total loss of
clearance - as in bilateral nephrectomy (BNX), and also in experimental
tubular obstruction - as in bilateral ureteral ligation (BUL) [37]. A lower
plasma increase of oxidation and glycation free adducts in plasma in
BUL than in BNX provides evidence of the marked extent to which the
kidney removes these damaged amino acids from the circulation.
Protein oxidation and glycation free adducts accumulate in plasma
clinically in chronic renal failure prior to the need for dialysis treatment
where the accumulation is due to loss of renal clearance rather than to
increase in flux of adduct formation. In stage 5 chronic kidney disease
with requirement for renal replacement therapy by hemodialysis
(HD) or peritoneal dialysis (PD), the increase in plasma concentration
of oxidation and glycation free adducts before a dialysis session is
profound - up to 50-fold - and decreases evidently during dialysis
due to the clearance provided by ultrafiltration through the dialysis
membrane in HD and peritoneal membrane in PD. In contrast, the
change in plasma protein adduct residues is relatively modest propor-
tionately. This reflects the major role of the kidney in clearance of

oxidation and glycation free adducts and the kidney as a relatively
minor metabolic fate of albumin [36]. Estimates of oxidation and
glycation free adduct levels in plasma or other body fluids are reported
per unit volume in concentration units (nM or nmol/L). Characteristic
renal clearances of oxidation and glycation free adducts in healthy
human subjects are given in Table 3. The low renal clearance of MetSO
reflects metabolism to methionine by renal MSRs and the high clear-
ance of MetSO in PD patients reflects the escape of MetSO from renal
repair by ultrafiltration into the peritoneal cavity.

Urinary excretion of oxidation and glycation free adducts is an esti-
mate of total body oxidative and glycation damage — with the qualifiers
of effects of oxidation and glycation adduct repair leading to underesti-
mates and contributions of oxidation and glycation adducts absorbed
form the gastrointestinal tract from digested damaged proteins in
ingested foods leading to overestimates. Estimates of oxidation and
glycation free adducts in urine are reported amount or per mg creatinine
for time point or “spot” urine collection or amount per 24 h for timed
urine collections (typically nmol per mg creatinine or nmol/24 h). Char-
acteristic urinary excretion rates of oxidation and glycation free adducts
in healthy human subjects are given in Table 4.

Protein oxidation and glycation in human physiology, therefore, is
a multi-compartmentalised dynamic process where levels of oxidised

Table 3
Clinical renal clearance of oxidation and glycation free adducts in chronic renal failure,
peritoneal dialysis and healthy subjects.

Clearance (ml/min)

Subject group Control CRF PD

(n=28) (n=7) (n=28)
FL 64.5 + 6.0 10.6 & 4.4 66.7 (37.8-222.2)
CML 73.5 + 63 28.0 £ 3.5"** 42.3 (14.0-75.4)**
CEL 84.6 + 109 254 + 4.7 9.2 (5.6-45.0)***
G-H1 48.0 + 6.1 14.9 £ 3.3** 15.0 + 1.7**
MG-H1 41.2 (22-121) 9.8 (7-38)** 16.8 + 3.8**
3DG-H 38.1 (25-92) 26.2 + 6.7¢ 15.6 (3.9-33.5)**
Pentosidine 18.7 + 2.6 221 £ 3.1 13.1 (44-26.9)
MetSO 24403 19 £ 0.2 41.7 4+ 5.5

Data are mean 4 SD or median or [minimum-maximum)]. Significance: *, ** and
*** indicate P < 0.05, P < 0.01and P < 0.001, respectively, with respect to the normal
control subjects. Data from [36].
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Table 4
Clinical urinary excretion of oxidation and glycation free adducts in chronic renal fail-
ure, peritoneal dialysis and healthy subjects.

Subject group 24 h Urinary excretion (nmol/mg creatinine)
Control Type 1 diabetes
(n=12) (n=21)

FL 43 +£26 223 £ 7.9

CML 1.19 £ 0.53 2.56 + 1.37***

CEL 2.64 £+ 1.10 3.26 4+ 1.80

G-H1 1.54 + 0.59 122 £ 0.39

MG-H1 23+£12 34.8 + 24.9***

3DG-H 440 £+ 1.82 8.33 &+ 1.52%**

Argpyrimidine 0.70 4+ 0.40 0.80 [0.16-5.18]

MOLD 0.027 + 0.011 0.040 + 0.014**

Pentosidine 0.022 + 0.014 0.118 [0.033-0.654]***

MetSO 0.018 + 0.009 0.080 + 0.035"**

NFK 36+ 1.7 20.3 £ 10.8**

3-NT 0.034 + 0.014 0.036 + 0.018

Dityrosine 0.186 + 0.086 0.267 + 0.066**

Data are mean + SD or median or [minimum-maximum)]. Significance: *, ** and

EEe

indicate P < 0.05, P < 0.01and P < 0.001, respectively, with respect to the normal
control subjects. Data from [13].

and glycated proteins and related analytes measured are influenced
by the type of sample (protein, ultrafiltrate and compartment),
modified protein half-life and the chemical half-life of the adduct
residue. Experimental factors that influence estimates of protein oxi-
dation and glycation analytes are stability of analytes in pre-analytical
processing and storage, and specificity, sensitivity and reproducibility
of the analytical method used.

2. Application of LC-MS/MS to detection and quantitation of
protein oxidation and glycation

To characterise protein oxidation and glycation processes in physio-
logical systems analytical methods applicable to the detection and
quantitation of oxidised and glycated proteins and oxidised and
glycated amino acids are required. In selecting an analytical technique
to use for detection of analytes it is important that it has high sensitivity
and specificity for protein oxidation and glycation adduct analytes. In
selecting a technique for total or partial separation of analytes it is
important that protein oxidation and glycation status remains
unchanged during this pre-analytical processing. Polyacrylamide gel
electrophoresis has been widely used to separate and detect proteins
and applications have been developed to resolve and detect oxidised
proteins and glycoxidation adduct residues of proteins [47,48]. Recent
research has shown that protein oxidation occurs during electrophore-
sis and although this can be decreased by gel preparation with reagent
solution gassing with nitrogen or argon, significant oxidation still occurs
[49]. A faster method of separation technique with low pH to stabilise
oxidation and glycation adducts is preferable.

The best available analytical method to quantify protein oxidation
and glycation adducts is stable isotopic dilution analysis liquid
chromatography-tandem mass spectrometry (LC-MS/MS). This pro-
vides high security of estimates on the basis of analytical method [1].
Nevertheless there are still issues involving appropriate use and
pre-analytic processing that may lead to insecure estimation of protein
oxidation and glycation adducts. For surety of estimates fully validated
procedures are required.

Oxidised and glycated amino acids are detected and quantified by
stable isotopic dilution analysis LC-MS/MS. Analytes and isotopic
standards are ionised by positive electrospray ionisation (ESI) and
detected by multiple reaction monitoring (MRM). There is a prior chro-
matographic step with ultra high performance liquid chromatography
(UPLC) where analytes are resolved from the related unmodified
amino acid or compound that may oxidise to them in the ESI source
(for example, tyrosine is resolved form dityrosine) to avoid artifactual

overestimation from in-source formation. Chromatography is per-
formed on Hypercarb™ graphic columns: two columns (first column,
2 x 50 mm; second column, 250 mm). The columns are initially in
series and later the second column is then switched out of the flow to
elute strongly hydrophobic analytes. This allows for analysis of analytes
of markedly different hydrophobicity. The mobile phase is initially 0.1%
trifluoroacetic acid (TFA) and then contains a custom gradient of aceto-
nitrile. The Hypercarb graphitic matrix is strongly hydrophobic such
that it retains even the most hydrophilic amino acids without
derivatisation. This permits the initial 0.8 ml min of eluate containing
non-volatile salts to be diverted to waste. This excludes non-volatile
sample components from the mass spectrometer ESI source and pre-
serves mass spectrometric detection sensitivity. The down-side of this
is that Hypercarb columns retain hydrophobic compounds very strong-
ly and relatively severe washing solvent is required to regenerate the
columns between each run. Experience has shown that 50% tetrahydro-
furan with 0.1% TFA is a good decontamination solvent.

In MRM mode, each analyte is detected by selective ion monitoring
of its molecular ion in the first mass analyser and major fragment ion in
the second mass analyser after fragmentation with argon atoms in the
collision cell. Each analyte, therefore, is detected by characteristic chro-
matographic retention time, molecular ion mass/charge ratio m/z and
fragment ion m/z. This detector response is normalised to the added
stable isotopic standard response which has the same retention time
as the normal analyte and a different molecular ion or molecular ion
and fragment ion m/z value. Data are collected sequentially and rapidly
for many mass transitions (up to 32 transitions on some instruments
which has increased to several hundred on latest models) such that
multiple mass chromatograms may be recorded for each analyte and
isotopic standard. Examples of MRM detection conditions are given in
Table 5. Analyte content is determined from the analyte/internal stan-
dard peak response peak area ratio by reference to calibration curves
recorded under the same conditions with the same content of internal
standard as the samples and known amounts of normal reference stan-
dard analyte.

Oxidation and glycation free adduct concentrations are determined
in physiological fluids by assay of oxidised and glycated amino acids
in ultrafiltrate with added stable isotopic standards. Ultrafiltrates are
prepared at 4 °C by microspin ultrafiltration with a 3 kDa cut-off filter
for urine and a higher cut-off, 10 kDa cut-off filter for plasma, serum
or other fluid. The higher cut-off ultrafilter for the latter samples
increases rate of ultrafiltrate preparation with minor loss of small
molecular mass protein content. In early studies with immunoassay of
glycation adducts in peripheral venous plasma fractionated by gel filtra-
tion, the low molecular mass fraction contained AGE free adducts which
the investigators incorrectly called “AGE peptides” [50]. We have exam-
ined plasma for the presence of AGE peptides by enzymatically
digesting 10 kDa ultrafiltrate and analysed for glycated and oxidised
amino acid content in excess of the free adducts. We found no evidence
for AGE peptides or highly oxidised peptides in venous plasma but there
was evidence of glycated and damaged peptides in portal venous
plasma, presumably from absorption of peptides from digested food
proteins [16]. Immunoassay of “AGE peptides”, therefore, probably
detected AGE free adducts.For assay of oxidation and glycated adduct
residues in proteins, protein substrates are hydrolyzed and the oxida-
tion and glycation adducts are thereafter quantified in the hydrolysate.
Enzymatic hydrolysis is used because acid hydrolysis leads to destruc-
tion of glycation analytes and poor analytical recoveries [1]. Exhaustive
enzymatic hydrolysis is achieved by sequential addition of pepsin
(substituted by collagenase when extracellular matrix proteins are
analysed), pronase E and added together prolidase and aminopeptidase
[51]. Good recovery of amino acids is achieved with proteins minimally
modified by oxidation and glycation found in vivo [1,25,51]. This has
been corroborated in other laboratories [52]. Enzymatic hydrolysis is
inefficient for proteins modified highly by glycation adducts - such as
in some experimental preparations of proteins highly modified by
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Table 5

Mass spectrometric multiple reaction monitoring detection of protein oxidation and glycation adducts.

Analyte group Analyte Parent Fragment CE Neutral fragment loss(es)
ion Da) ion (Da) (eV)
Amino acids Arg 175.2 70.3 15 H,CO,, NH,C(=NH)NH,
Lys 147.1 84.3 15 H,CO,, NH3
Met 150.0 104.2 11 H,CO,
Tyr 182.1 136.2 13 H,CO,
Trp 205.0 159.1 15 H,CO,
Fructosamines FL 291.0 84.3 31 H,CO,, fructosylamine
Hydroimidazolones® G-H1 215.0 100.2 14 NH,CH(CO,H)CH,CH=CH,
MG-H1 229.2 1143 14 NH,CH(CO,H)CH,CH=CH,
3DG-H 319.1 114.8 20 NH,CH(CO,H)CH,CH=CH,
Monolysyl AGEs CEL 219.2 130.1 13 NH,CH(CH3)CO,H
CML 204.9 130.1 12 NH,CH,CO,H
Pyrraline 255.2 84.3 23 2-CHO-5-HOCH,-pyrrole, H,CO,
Fluorescent AGEs Argpyrimidine 2553 1403 17 NH,CH(CO,H)CH,CH=CH,
Pentosidine 379.3 250.4 22 NH,CH(CO,H)CH,CH,CH=CH,
Non-fluorescent crosslink AGEs GOLD 327.1 198.3 21 NH,CH(CO,H)CH,CH,CH=CH,
MOLD 341.2 2123 21 NH,CH(CO,H)CH,CH,CH=CH,
Glucosepane 429.2 382.1 38 C,Hs0
Oxidation adducts MetSO 166.1 102.2 14 CH;—-SOH
Dityrosine 361.2 315.3 15 H,CO,
NFK 235.8 191.2 18 H,CO,
AASA 128.0 82.0 15 H,CO,
GSA 114.0 68.0 15 H,CO,
Nitration adduct 3-NT 227.1 181.2 13 H,CO,

¢ For hydroimidazolones, structural isomer-1 is denoted — although for 3DG-H detection, structural isomers 3DG-H1, 3DG-H2 and 3DG-H3 are all detected. From [1].

AGEs and also some proteins in thermally processing food. This may be
because high modification of arginine and lysine residues blocks cleav-
age sites for proteolysis and also because some glycation adducts inhibit
proteases [51,53].

These procedures give acceptable analyte recoveries and reproduc-
ibility. Coefficients of variation are typically 6-10%, as expected for sta-
ble isotopic dilution analyse techniques of this type and complexity. The
method was reported initially for FL and 12 AGEs, two oxidation
markers and the nitration marker 3-nitrotyrosine (3-NT). Further
analytes have been added since, including glucosepane and direct
detection of “protein carbonyls”, a-aminoadipic semialdehyde (AASA)
and glutamic semialdehyde (GSA) — Table 5 and Fig. 1.

The major restriction of access to this technique is the availability of
isotope-substituted standards for a comprehensive range of analytes
since most are not available commercially. The overwhelming advan-
tage of this technique is that it can provide a relatively comprehensive
and quantitative analysis of protein glycation, oxidation and nitration
adduct residues and free adducts using a small amount of sample
(10 pg protein and 10 pl of ultrafiltrate). Overall, we obtain a fingerprint
of the quantitative damage to cellular and extracellular proteins
in physiological systems and related proteolytic debris — protein
glycation, oxidation and nitration free adducts. This ensures that we
are unlikely to overlook important types of protein damage. The levels
of one or a combination of these adducts may provide a critical marker
for disease diagnosis and progression monitoring. This has been applied
to screening protein glycation, oxidation and nitration markers in
plasma, red blood cells and leukocytes, tissue proteins, urine and cere-
brospinal fluid [1,54].

3. Sources of error in mass spectrometric analysis and how to
eliminate them

3.1. Mass spectrometric ionisation — in-source oxidation of amino acids
and peptides and other potential co-founders

We employ positive ion mode ESI in the mass spectrometer ion
source. ESI generally gives a more efficient transfer of amino acid
and peptide ions from solution to vapour phase than the alternative
matrix assisted laser desorption ionisation (MALDI) source. Both ESI
and MALDI sources may, however, produce in-source oxidation and

dehydration reactions that may produce interferences in the quantita-
tion of oxidised and glycated proteins. In ESI, the sample source is typ-
ically maintained at 120 °C with a jet of nitrogen at 350 °C dispersing
the chromatographic solvent at atmospheric pressure. In MALDI, the
effective temperature of the sample lattice may increase several
100 °C from ambient [55]. It is therefore expected that oxidation and
dehydration reactions may occur in ESI and MALDI ionisation sources.
MALDI sources produce in-source methionine and tryptophan oxida-
tion and disulphide exchange [56-58] — including oxidation on
MALDI target plate air drying [56]. ESI produces oxidation of amino
acids and peptides in corona discharge of the electrospray source [59].
This oxidation produces relatively minor oxidation of substrate amino
acids and peptides but endogenous levels of oxidised forms are typically
minor (<5% of unoxidized substrate) and so this represents a significant
error in protein oxidation studies. The interference can be excluded by
using ESI hyphenated with liquid chromatography and separating
unoxidized amino acid and peptide from oxidised forms chromato-
graphically. So that, for example, methionine is always detected with
chromatographic resolution from MetSO. Similarly, FL residues may
degrade to CML in the ESI source and FL should be resolved chromato-
graphically for CML for LC-MS/MS detection. Chromatographic resolu-
tion of oxidation and glycation adducts from precursor amino acids
and amino acid derivatives which may degrade to them is essential to
avoid ESI in-source artefacts. This was not done in early application of
LC-MS/MS with octdecyl silica columns giving short and similar reten-
tion times of analytes and related unmodified amino acids [60]. In
proteomics and peptide mapping studies to locate hotspot sites of oxi-
dation in proteins, the unoxidized peptide precursor should be resolved
chromatographically from the oxidised peptide to ensure avoidance of
in-source oxidation artefacts.

3.2. Pre-analytic processing of amino acids and peptide and protein
digests — avoiding chemical derivatisation and lyophilisation

Following exhaustive enzymatic digestion of proteins and peptides
or preparation of ultrafiltrates of physiological fluids, oxidised and
glycated amino acids and their related unmodified amino acids are
preferably detected by mass spectrometric MRM without chemical
derivatisation. In early application of LC-MS/MS for amino acid analysis,
and still in some clinical applications, amino acids are esterified to
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facilitate positive ionisation [61] or modified on the alpha-amino group
by hydroxysuccinimidyl active esters (for example, 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate [AQC]) [62]. In early studies with
AQC derivatisation we found transfer of the methylglyoxal moiety
from methylglyoxal-derived hydroimidazolone to added [ '°N,]arginine
in the sample during derivatisation, indicating that even at the rela-
tively mild derivatisation conditions for the AQC modification
(pH 8.8 and 55 °C for 10 min) assay of protein damage adducts can
be compromised. It is preferable to avoid chemical derivatisation
because it introduces potential artefacts.

For high sensitivity detection of amino acids and their oxidised
and glycated derivatives we use aqueous acetonitrile mobile phase
with 0.1% TFA. This provides a low pH mobile phase that facilitates
amino acid positive ionisation without esterification. The use of TFA
in chromatography of tryptic peptides is avoided because of signal
suppression caused by strong ion pairing between the TFA anion
and the peptide cation; formic acid is often rather used [63]. For
amino acids we have found rather improved sensitivity in positive
ion ESI for underivatised amino acids with TFA compared to formic
acid. The greater ease of formation of cations for amino acids at the
lower pH of 0.1% TFA versus 0.1% formic acid (pH 2.1 versus 2.7,
3-fold ratio of [H ™) likely more than compensates for loss of signal
suppression by ion pairing.

For the detection of some protein oxidation adducts such as protein
carbonyls, AASA and GSA, prior chemical reduction with sodium boro-
hydride has been employed to reduce the analytes to 6-hydroxy-
2-aminocaproic acid and 5-hydroxy-2-aminovaleric acid prior to analy-
sis [64]. Similarly the early glycation adduct FL has been reduced to
hexitol-lysine before analysis [65]. Such chemical processing requires
careful implementation and validation to avoid compromising the anal-
ysis. Our recent direct estimation of AASA and GSA by LC-MS/MS
without prior reduction suggests this can lead to marked overestimates
of analyte.

Early studies of the reaction of methylglyoxal and other dicarbonyls
with lysine and arginine residues by high resolution NMR revealed that
glycation adduct product distribution can be compromised by lyophili-
zation and reconstitution with water where dehydration reactions have
been favoured [66]. It is now recognized that lyophilization can force
glycation reactions. This contributes to the denaturation of pharmaceu-
tical proteins in the presence of saccharide stabilisers — reviewed in
[67]. Sample lyophilization can therefore compromise glycation adduct
analysis and is preferably avoided.

3.3. Automated enzymatic hydrolysis under antioxidant and aseptic
conditions

During the enzymatic hydrolysis, steps are taken to avoid oxidative
degradation of protein adducts residues — addition of the antioxidant
thymol and incubation under argon or carbon monoxide (the latter to
exclude oxygen and inactivate heme in hemoglobin digests) [1,25].
Also, the hydrolytic enzymes undergo limited autohydrolysis and a
correction has to be applied for this from hydrolysis blanks.

Exhaustive proteolysis is often thought to be inefficient but this
impression may have been gained by failing to protect against bacterial
growth with consequent decreased yield of amino acids. Addition of
antibiotics is essential to avoid bacterial colonisation and amino acid
loss. After the initial step with pepsin under acidic conditions, antibi-
otics were included in the enzymatic digest to prevent bacterial growth
in the amino acid solution being produced [25]. In further refinement of
the method we use a relatively low cost automated sample processor
(PAL, CTC Analytics, Switzerland), sterile filter samples, enzymes and
other reagents and perform the enzymatic hydrolysis under aseptic
conditions. This has improved assay variability and sample batch-
after-batch reliability and ease of training and operation for new inves-
tigators. We typically hydrolyse 100 pg protein and analyse ca. 30 ug
equivalent. With the recent advance and improvement of tandem

mass spectrometer sensitivity we can analysis protein oxidation and
nitration adduct content routinely with ca. 10 pg protein.

4. Corroboration of LC-MS/MS estimates of protein oxidation and
glycation damage with other techniques

Independent or orthogonal techniques to measure protein oxidation
and glycation are valuable in providing estimates for corroboration with
those produced by LC-MS/MS. This can add to surety of the estimation.
Some characteristics of LC-MS/MS - limited sample throughput and
loss of sample spatial resolution (variation of analyte concentration in
different parts of a tissue sample) — are undesirable and are readily
available in immunohistochemistry, for example.

4.1. Immunoassay of oxidised and glycated proteins.

Many estimates of oxidised and glycated proteins were made ini-
tially by immunoassay. Indeed, there remains a vibrant commercial
market in polyclonal and monoclonal antibodies to detect oxidised
and glycated proteins. Immunoassay can be adapted to high throughput
techniques and by immunohistochemistry can give evidence of tissue
distribution of analyte. Many problems have arisen, however, that
have given misleading and erroneous results.

4.1.1. Antibody specificity

Antibodies produced for the detection of oxidised and glycated
proteins are often raised by injection of a highly oxidised or glycated
immunogen and the immune response is produced within an animal
host which is a matrix of oxidised and glycated proteins containing
many similar epitopes to which the antibody is raised. Polyclonal and
even monoclonal antibodies therefore often lack the epitope affinity
maturation and analytical epitope specificity required and expected. An
example of this was the use of monoclonal antibody 6D12 which was
considered to be specific for detection of the AGE, CML — formed mainly
by the oxidative degradation of FL in glycation reactions of glucose. Later
studies showed that CD12 have greater affinity for the similar epitope,
Ne-(1-carboxyethyl)lysine (CEL) which is formed as a minor AGE in
the glycation of proteins by methylglyoxal. Hence studies using antibody
6D12 considered to be reporting on glucose-derived AGE formation by
putative estimation of CML were also and possibly in some instances
rather mainly reporting on methylglyoxal-derived AGE formation. Later
recognition of this has made some studies easier to now understand —
such as the decreased methylglyoxal and 6D12 response we found in
endothelial cell cultures with overexpression of glyoxalase 1 [68].

Inadequate antibody specificity not only produces interferences into
immunoassay but it has also produces misleading data in proteomics
studies. Antibodies are often used in proteomics studies to separate
oxidised and glycated proteins for subsequent mass spectrometric anal-
ysis. To circumvent this problem the oxidised or glycated amino acid
should be identified by high resolution mass spectrometric analysis in
the antibody-captured proteins — although this critical evidence is
often missing.

4.1.2. Blocking proteins

In most immunoassay procedures a large excess of blocking protein,
such as serum albumin, gelatin or other, is added before and with the
primary antibody to decrease non-specific binding of the primary and
secondary antibodies. Blocking proteins have oxidised and glycated
amino acid residues and addition of these represents inclusion of exog-
enous analyte to the sample. Addition of the blocking protein has been
done following conventional immunoassay approaches but it is unde-
sirable to add known or frequently unknown amount of analyte in to
the assay in the blocking protein. An approach to avoid this is to use a
synthetic polypeptide as the blocking protein - such as polythreonine.
We employed this in a recent study of immunohistochemistry of the
methylglyoxal-derived AGE in aortas of apolipoprotein E knockout
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diabetic mice and background immunostaining was markedly
decreased [44].

4.1.3. Other problems — high pH, heating and peroxidase inactivation

Other problems encountered in the use of immunoassay to mea-
sure oxidised and glycated proteins have been the use of extreme
high pH and high temperature in pre-analytic processing. For exam-
ple, FL residues degrade rapidly to form AGEs during heating at high
temperatures and high pH [69,70]. Heating of proteins causes loss of
amino acid residues and impairs enzymatic hydrolysis [71,72].
Heating of samples by microwave prior to immunohistochemistry
[73] — the so-called heat-induced epitope retrieval technique exten-
sively used with formalin-fixed, paraffin-embedded tissue sec-
tions [74], and boiling prior to immunoassay [75] compromised
protein oxidation and glycation adduct content.

4.2. Detection of oxidation and glycation adducts by fluorescence

AGEs have been determined by “total AGE fluorescence”, measur-
ing fluorescence with excitation and emission wavelengths of 350 nm
and 450 nm, respectively [76], with recent modification of this meth-
od to detect low molecular mass AGE peptides or free adducts [77,78].
These methods are compromised by several analytical problems: (i)
major AGEs quantitatively are not fluorescent and therefore are not
detected [1], (ii) there is significant interference from the oxidative
adduct and fluorophore, and (iii) several different fluorophores con-
tribute to the global measure of fluorescence each with a different
specific fluorescence such that no quantitative calibration can be
achieved [8,79-85]. There are also fluorophores formed oxidatively,
such as N-formylkynurenine (NFK) [86] and dityrosine [87]. Esti-
mates of “total AGE fluorescence” as determined currently represent
a qualitative measure of damage by both glycation and oxidation ad-
duct fluorophores — Table 6.

4.3. Detection of glycation adducts by skin autofluorescence

Recent advances in instrumentation have seen the development
bed-side fluorimeter or autofluorescence readers. The instrument
illuminates 1 cm? of skin with an excitation wavelength band of
300-420 nm (peak excitation 350 nm). Emitted light from the skin
is measured over the wavelength range 300-600 nm. Autofluores-
cence is calculated by dividing the average light intensity emitted
per nm over 420-600 nm range by the average light intensity emitted
per nm over the 300-420 nm excitation range. Autofluorescence of
the skin is measured 6 times over a 50 s period (every 10 s) at the
volar side of the arm, ca. 10 cm below the elbow fold and at the dorsal
side of the lower leg (calf). In hemodialysis patients, skin autofluores-
cence (SAF) correlated with skin biopsy content of pentosidine (r =
0.75), CML and CEL (both r = 0.45). Hence, measurements of SAF
have been interpreted as a measurement of AGEs. The problems with
this interpretation are:

(i) most AGEs are not fluorescent — particularly the quantitatively
important hydroimidazolone, MG-H1, and CML and CEL;

(ii) fluorescence characteristics used in this assay are not specific
for fluorescent AGEs (fluorescence of the oxidation adduct
NFK, for example [88]);

(iii) fluorescence in proteins is due to multiple fluorophores which
compete for the same excitation energy in the detection and
hence there is no direct relationship between concentration
of the adduct and fluorescence; and

(iv) main components of SAF spectra are thought to be due to nic-
otinamide adenine dinucleotide, flavin adenine dinucleotide,
and porphyrins [89].

Despite this, SAF may have useful applications. There was increased
SAF in dialysis patients which decreased after renal transplantation
[90]. SAF of haemodialysis patients was an independent predictor of
overall and cardiovascular mortality. Multivariate analysis revealed

Table 6
Fluorophores associated with protein damage by glycation and oxidation.
Fluorophore Structure Nexcitations Nemission Reference
Glycation
Pentosidine See Fig. 1 335 nm, 385 nm [8]
Argpyrimidine See Fig. 1 320 nm, 385 nm [84]
—NH-\'i:H-CO—
(CHa)4
St 3 \
Vesperlysine A (LM-1) N I 345 nm, 405 nm [85]
HO N M
(CHa)4-CH
co
|
“AGE fluorescence” Multiple 350 nm, 440 nm [76]
Oxidation
Dityrosine See Fig. 1 283 nm, 409 nm [87]
N-Formylkynurenine (NFK) See Fig. 1 325 nm, 434 nm [79]
co
Kynurenine | 365 nm, 480 nm [79]
HCIF—CH NH,
IiIH o]
| CHO
¢o —
2-Amino-6-(3,5-diformyl-1,4-dihydro-4-methyl-pyridin-1-yl)hexanoic acid HC—N\N CH, 387 nm, 455 nm [80]
1 a—
NH
I CHO
“Fluorescent oxidation products” Multiple fluorophores 360 nm, 430 nm [81]
Lipofuscin Multiple fluorophores 340 - 390 nm, 430 - 490 nm [82,83]
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Table 7

Predicted reactivity of apolipoprotein B100 of LDL towards early glycation, advanced glycation, oxidation and nitration.

Type of modification Adduct ApoB100 of LDL content LDL adduct content I'LDLmodfication in situ
(mmol/mol amino acid modified) (uM) (uMday 1)

Early glycation FL 4.17 1.9 0.44

AGE MG-H1 0.16 0.031 0.0072

Oxidation MetSO 13.7 14 0.32

Nitration 3-NT 0.0078 0.0015 0.00035

Assumptions: the rate of formation of FL, MG-H1. MetSO and 3-NT in LDL and plasma protein is equal to the rate of clearance of protein adducts, half-life of LDL is ca. 3 days [99] and

plasma concentrations of LDL is 1.28 uM (equivalent to 3.18 mM LDL cholesterol).

that 65% of the variance in SAF was linked to independent effects of age,
dialysis and renal failure duration, presence of diabetes, triglycerides
levels, and C-reactive protein [91]. The relationship to disease may be
complex, however. For example, although accumulation of AGEs has
been linked to the development of vascular complications of diabetes
— such as retinopathy, patient groups with type 1 diabetes of duration
40 years with either background, advanced and severe proliferative ret-
inopathy showed increased SAF with increasing severity of retinopathy.
The remarkable finding however, was that patients without retinopathy
had the highest level of SAF [92]. Therefore, the interpretation of the SAF
response is more complex than initially envisaged.

5. Role of systems biology in characterisation of protein oxidation
and glycation

Despite all efforts being made to provide reliable and robust esti-
mates of protein glycation and oxidation there always remains the pos-
sibility that one or more interfering components are present leading to
over- or underestimation of protein oxidation or glycation adduct.
So we need to look for independent supporting evidence, preferably
bringing together all the information we know on the oxidation and
glycation process concerned. This further supporting evidence of secure
estimation can come from a systems biology approach: that is, by
producing mathematical models of the in situ kinetics of analyte forma-
tion and removal with prediction of steady-state concentrations of
analytes to provide independent support for accuracy of estimates
and also physiological regulation of protein damage. Examples are:
(i) systems modelling for prediction of methylglyoxal concentration in
human plasma, and (ii) systems modelling to estimate in situ rates of
glycation oxidation and nitration of LDL in plasma in vivo. These have
been described elsewhere [42,93] and will be briefly summarised here.

5.1. Systems models in protein oxidation and glycation research. Example
1. Prediction of methylglyoxal concentration in human plasma

For the reaction of MG with plasma protein and the flux of
methylglyoxal-derived AGEs, the following kinetic scheme applies:
Methylglyoxal + plasma protein — plasma protein AGEs — AGE
clearance (by protein turnover). The concentration of the major
methylglyoxal-derived AGE in plasma protein, MG-H1, in healthy
human subjects, [MG-H1]pjasma, is 0.92 mmol/mol arg [13] or
16.8 uM. The rate of formation of MG-H1 in plasma protein, ry, is
given by the equation:

17 = K[MGJ;j15ma - [Plasma protein]

Assuming a constant concentration of plasma protein,

= 1(obs [MG] plasma

where kops is the observed pseudo first order rate constant for the
reaction of methylglyoxal with plasma protein. Assuming most of
the MG-H1 residues are on albumin with a half-life of 19 days [94]
(equivalent to an elimination rate constant Kejm of 0.036 day™!),

the clearance of MG-H1 residues from plasma, ry, is given by the
equation:

= kelim [MG - H”plasma

At the steady-state, r; =T, O I3 = Kobs[MGlpiasma = Kelim
[MG-H1]p1asma, Which rearranged gives

Mc] plasma — (kelim/kobs) [MG_H”plasma

The value of Kejim is known and the value of [MG-H1]jjasma has
been estimated. We also determined kops by addition of 1 pM
radiolabelled ['*C]methylglyoxal in human plasma ex vivo without
significant dilution; ko,s = 4.6 day ™! of the plasma [95]. Hence, we
predict

[MG]plasma = (kelim/kobs)[MG_Hﬂplasma = (0-036/4'6) -16.8 ”M
—0.13 M.

This is an approximation as MG-derived AGEs are present in pro-
teins other than albumin in plasma with half-lives different to those of
albumin. It provides support for estimates of methylglyoxal in human
blood plasma as ca. 100 nM as being close to the true value [96-98]
and markedly higher than sub-micromolar are most probably incorrect.
Higher estimates are due to formation of methylglyoxal during pre-
analytic processing in the biological assay matrix.

5.2. Systems models in protein oxidation and glycation research. Example
2. Prediction of rates of oxidation, glycation and nitration of LDL in
human plasma in vivo

The rates of oxidation, glycation and nitration of LDL in human plas-
ma can be predicted assuming they are equal to the rate of clearance of
oxidation, glycation and nitration adducts of LDL in the steady state. The
later may be calculated from the half-life t; , of LDLis ca. 3 days [99] and
the steady state concentration of oxidation, glycation and nitration ad-
duct residues in LDL in vivo [42]. The outcome of these predictions is
given in Table 7 where the in situ rates of LDL modification were de-
duced. The relative rates of in situ modification of LDL by nitration, ad-
vanced glycation (by methylglyoxal), oxidation to form MetSO
residues and early glycation are: 1:21:933:1270. This suggests apolipo-
protein B100 (ApoB100) of LDL is highly reactive towards oxidation and
early glycation in situ. For early and advanced glycation by glucose and
methylglyoxal, respectively, and assuming plasma concentrations of
5 mM and 100 nM of these glycating agents, the estimated rate con-
stants for glycation of LDL under physiological conditions are: glucose
glycation Kipr, glucose = 69 M~ day~'; and methylglyoxal glycation
KipLme = 55,000 M~ ! day ™. These were similar estimates to those
obtained from glycation of LDL in vitro [42].

6. Closing remarks

Quantitative measurement of protein oxidation and glycation
markers provides evidence of protein damage in health and disease.
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Estimates of the levels of oxidation and glycation adduct residues in
plasma protein provide markers of the rate of protein glycation and ox-
idation in the plasma compartment — also influenced by protein turn-
over. Estimates of rates of urinary excretion of oxidation and glycation
free adducts provides indicators of total body oxidative and glycation
damage — also influenced by adduct repair and contributions from ab-
sorption of oxidation and glycation free adducts from digested oxidised
and glycated proteins in food. Estimates of renal clearance of oxidation
and glycation free adducts provides multiple reporters of renal function
which are often more sensitive to renal function decline than creatinine
clearance or cystatin ¢ measurements [13,100]. Other markers such as
glycated hemoglobin provide a marker of metabolic control. Reliable
and quantitative measurement of protein oxidation and glycation ad-
duct residues and free adducts is required to gain maximum mechanis-
tic and diagnostic information. Stable isotopic dilution analysis LC-MS/
MS, with prior automated enzymatic hydrolysis for proteins, is current-
ly the best way to achieve this. The use of this technique, and others
such as immunoassay corroborated to it, will provide for robust assess-
ment of protein oxidation and glycation markers in health and disease.
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