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Table 2.2: De novo prediction of RMTs for plasma metabolites based on intrinsic physicochemical
properties to support their qualitative identification by CE-ESI-MS.

. ! ia
Metabolltes  Measured RMT® (MW%H}*) (plz-f';.a) '('% B ?%)s
SAM 0.7934 + 0.0097 200 2.60 323  0.7711 2.8
Arg 0.8017 + 0.0092 175 1.83 143  0.8390  +4.6
MMA 0.8106 + 0.0090 189 1.83 165 0.8306  +2.4
CysGly-NTAM  0.8327 + 0.0084 361 1.95 314 0.8753  +5.1
MeHis 0.8401 + 0.0080 170 1.49 145  0.9093  +8.2
ADMA 0.8543 + 0.0076 203 1.83 193  0.8146 -4.6
SDMA 0.8663 + 0.0072 203 1.84 187  0.8221 -5.1
CysGlySS 0.8924 + 0.0059 355 1.91 259 0.9508  +6.5
Hey-NTAM 0.8971 + 0.0056 318 1.72 284  0.9020 +0.54
co 0.9305 + 0.0041 162 1.00 155 1.002 +7.6
Cys-NTAM 0.9438 + 0.0034 304 {78 266  0.9908 -4.2
Ce 0.9753 + 0.0092 204 1.00 197 1.001 +3.5
CysSSCysGly  1.034 +0.0016 298 1.61 215  0.9908 -4.2
GSH-NTAM 1.046 + 0.0020 246 1.72 416 1.001 -4.3
DMG 1.0511 + 0.0024 104 0.59 94.1 1.088 +3.5
Bet 1.0823 + 0.0041 118 0.50 116 1.101 +1.7
Ser 1.0882 + 0.0045 106 0.70 75.0  1.091 +0.29
CysSSHcy 1.1064 + 0.0055 255 0.67 189  1.181 +6.7
Met 1.1657 + 0.0091 150 0.73 126 1.084 -7.0
Gln 1.1686 + 0.0091 147 0.75 113 1.092 -6.5
Glu 1.196 + 0.0011 148 0.70 112 1.107 7.4
CysSS 1.204 + 0.0011 241 0.62 171 1.195 -0.74
CysSSGluCys 1.251 £ 0.014 370 0.67 258 1272 +1.6
CysSSG 1.278 + 0.016 214 0.67 328 1.269 -0.72
GSSG 1.339 + 0.021 307 0.72 481 1.346 +0.51

a. Measured RMTs for metabolites were measured in human plasma (n=9), where error represents *la.

b. Calculated from predicted pK, using ACD/pKa8.03 at pH1.8, where z,4= 1/{10"pH-pK,]+1) .

¢. Chem3D Ultra 8.0 after MM2 energy minimization as Connelly Solvent-Excluded Volume.
d. Predicted RRF's (y) determined by MLR using three physicochemical properties (z,; MV, m/z), where
model equation was y=(1.189 £0.029) —(0.238 £ 0.020)z.5 - (0.00138 +0.00058)MV +( 0.00161 +

0.00044)m/z and R? = 0.9150 for the full model. A five-fold cross-validation was performed which showed
good predictive accuracy with an average R* = 0.9170 and Q° = 0.9050 for the training and test sets,

respectively.

Zefs MV and m/z) derived in silico are required for prediction of RMTs that is applicable
to a wide variety of polar metabolites (Table 2-2). In this case, MLR with a five-fold

cross-validation demonstrated good predictive accuracy for RMTs (R’ = 0.9150 for
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complete model and Q% = 0.9050 + 0.035 for average test sets) of plasma metabolites
(n=25, selected over a wide range of RMT from 0.8-1.4 min) with an average absolute
bias of about 4.0%. This approach allows for improved confirmation of low abundance
thiols and other plasma metabolites based on their characteristic RMTs by CE that
supports ESI-MS in uses when isobaric/isomeric ions have weak signals that preclude

MS/MS or isotopic ratio measurements.

2.5 Discussion
Plasma thiol redox status analysis plays an important role in clinical research for

assessing the deleterious impact of altered thiol metabolism in human health.*’ Large-
scale population studies have shown that modestly raised total Hcy levels (> 15 uM) in
adults are correlated with higher incidences of mortality, cardiovascular disease,
depression, cognitive deficiency, osteoporosis among other negative health outcomes.*®
Acquired or inherited glutathione deficiency is also widely documented as a significant
risk factor in disease given its critical functions in cell detoxification, redox regulation
and apoptosis.” Regrettably, conventional methodologies based on total reduced thiol
determination achieve good assay robustness at the expense of biological context since
reduced thiols, free oxidized disulfides and other plasma metabolites are not directly
measured.'* Few methods have reported simultaneous analysis of free plasma thiols
without time-consuming or complicated sample pretreatment.* *> ** In this work,
NTAM:-labeling in conjunction with on-line sample preconcentration by CE-ESI-MS was

developed for quantification of nanomolar levels of reduced thiols, while allowing for

simultaneous analysis of free symmetric/mixed disulfides and other classes of polar
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metabolites. Although tandem MS is a more selective mass analyzer to lower detection
limits for specific thiols?, it is not applicable for untargeted metabolomic studies
requiring exploratory data analysis with full-scan monitoring. Hence, our protocol offers
a promising approach to reveal the molecular mechanisms underlying thiol dysregulation
in specific disease processes since plasma thiol redox status is assessed in the context of
global metabolism (i.e., metabotype).

Ultrafiltration of plasma followed by maleimide labeling was performed at 4°C
under weakly acidic conditions as a way to minimize oxidation of reduced thiols while
avoiding thiol/disulfide exchange reactions with protein. For instance, deproteinization
by acid or organic solvent can induce ex vivo oxidation artifacts upon denaturation of
redox-active protein.33 Although methods for plasma thiol analysis typically perform
thiol-selective labeling immediately upon blood collection to quench oxidation,”® *! this
procedure can perturb other metabolic pathways via alkylation of protein with accessible
Cys residues at room temperature. In our case, plasma filtration was performed prior to
thiol-selective labeling using buffer conditions that were compatible with on-line sample
preconcentration in CE. Bulky maleimide analogs with strongly basic moieties (e.g.,
NTAM) were found to provide the greatest enhancement in RRF notably for low
molecular weight/hydrophilic thiols that have poor ionization efficiency in ESI-MS, such
as Cys and Hcy. An increase in effective surface activity and ion desorption rate for
thiols upon maleimide labeling were determined to be primarily responsible for the boost
in sensitivity as reflected by relative changes in MV, z, and i, (Figure 2.2 b).

Comprehensive profiling of a wide variety of polar metabolites in filtered plasma was
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also achieved by CE-MS, including several key species associated with thiol metabolism.
For example, Bet serves as an endogenous cofactor for methylation of Hcy to Met, which
also represents a promising therapeutic strategy to lower elevated plasma Hcy levels to
reduce the risk of cardiovascular disease among healthy adults.** Similarly, ADMA has
been shown to play an important role in cardiovascular endothelial function since it acts
as a natural inhibitor of nitric oxide (NO) synthase that is modulated by thiol

metabolism.>

Although this protocol is currently not applicable to the analysis of
hydrophobic metabolites that are neutral, weakly responsive in ESI-MS and/or
predominately protein-bound (e.g., steroids), comprehensive thiol redox status
determination together with untargeted profiling of polar metabolites offers an improved
strategy for early detection, treatment and prevention of human disorders associated with
oxidative stress.

In summary, a new strategy for comprehensive thiol speciation using finger-prick
blood microsampling was developed that relies on thiol-selective maleimide labeling in
conjunction with on-line sample preconcentration by CE-ESI-MS. Since the distribution
of free thiols and oxidized disulfides are analyzed simultaneously by this method with
low nanomolar detection limits (= 8-30 nM), reduction potentials for multiple thiol redox
couples can be deduced as a way to reduce inter-subject variability confounded by
thiol/disulfide exchange reactions. For instance, the high plasma concentration levels of
CysSS results in the generation of various mixed oxidized disulfide species present at

different concentration levels (e.g., CysSSCysGly, CysSSHcy, CysSSGIuCys and

CysSSG) that are not routinely measured by methods that target only Cys/CysSS or
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GSH/GSSG redox couples.6 Indeed, a large fraction of low abundance reduced thiols
exist primarily as their mixed disulfides (e.g., CysSSHcy) in plasma, whereas higher
abundance sulfhydryls can also form significant levels of symmetric disulfides (e.g.,
CysGlySS) as revealed in our work (Figure 2.4 a). This represents a major source of
biological variation in clinical investigations that can be improved with protocols
amenable to comprehensive plasma thiol speciation. Given the versatile therapeutic
properties of non-specific thiol agents (e.g., NAC) in the treatment of human disorders,”!
it is anticipated that this methodology will also prove useful for optimizing the efficacy of
nutritional intervention for attenuation of oxidative stress with improved health
outcomes.”” Our protocol also provides a simple yet integrated strategy for qualitative
identification of low abundance metabolites based on characteristic electrohydrodynamic
properties of an ion (e.g., m/z and RMT). Future work is aimed at clinical validation of
this method involving a larger cohort, which will offer a systemic approach for
elucidation of the causal relationship of altered thiol metabolism in disease pathogenesis

among individual subjects.
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2.7 Supplementary Figures and Tables

Table S2.3: Summary of fundamental physicochemical parameters for predicting the enhancement of
ionization efficiency for thiols labeled with various maleimide derivatives by CE-ESI-MS.

Cvs

Hey 105 2.05 072 -23 - --
CysGly 130 2.62 0.95 -3.5 - -
GluCys 192 1.32 072 42 - --

GSH 235 1.22 072 -44 - --

Cys-NMM 179 1.14 062 -31 9.54 7.81
Hcy-NMM 196 1.54 072 -34 5.01 6.82
CysGly-NMM 222 2.03 095 -44 4.97 495
GluCys-NMM 286 1.10 072 52 3.31 3.06
GSH-NMM 331 1.05 072 -54 2.68 2.61
Cys-NEM 198 1.10 062 -25 11.8 10.6
Hcy-NEM 216 1.49 072 -29 6.56 9.19
CysGly-NEM 240 1.96 095 -38 573 6.72
GluCys-NEM 301 1.07 072 -46 472 421
GSH-NEM 348 1.03 072 -48 4.05 3.71
Cys-NMBA 220 0972 062 43 116 11.2
Hcy-NMBA 239 1.33 072 -46 6.25 9.24
CysGly-NMBA 263 1.78 095 -57 6.03 6.40
GluCys-NMBA 324 0.981 072 6.4 4.41 3.22
GSH-NMBA 369 0.953 072 6.5 423 2.53
Cys-NPEM 270 0.989 062 -0.9 25.8 21.0
Hcy-NPEM 289 1.34 072 12 14.3 17.8
CysGly-NPEM 315 1.77 095 -22 11.8 13.9
GluCys-NPEM 387 1.00 072 -3.0 8.16 10.0
GSH-NPEM 423 0.968 072 -32 9.60 8.49
Cys-MHA 274 0.887 062 -35 23.3 18.7
Hcy-MHA 294 1.230 072 -38 12.4 15.6
CysGly-MHA 321 1.630 095 49 9.07 11.6
GluCys-MHA 391 0.924 072 -56 6.88 7.46
GSH-MHA 426 0.903 072 58 7.56 5.40
Cys-NAEM 203 3.00 162 -44 8.44 8.13
Hcy-NAEM 220 3.30 172 47 2.30 2.30
CysGly-NAEM 245 3.77 195 -45 1.60 1.64
GluCys-NAEM 311 2.54 172 -48 3.00 3.28
GSH-NAEM 352 2.45 1.72 -49 4.86 3.35
Cys-NTAM 266 2.91 162 -4.2 22.8 16.4
Hcy-NTAM 284 3.19 172 -49 7.68 9.79
CysGly-NTAM 314 3.66 195 43 468 4.46
GluCys-NTAM 370 2.49 172 -45 5.77 6.72
GSH-NTAM 416 2.41 1.72 -4 7.53 6.32 245.57

a. Chem3D Ultra 8.0 after MM?2 energy minimization as Connelly Solvent-Excluded Volume.

b. Apparent u,, measured in 1.0 M formic acid, pH 1.8 (n=35).

c. Calculated using ACD/logD 8.02 at pH 7.

d. Calculated from predicted pK, using ACD/pKa8.03 at pH1.8, where z,4= 1/(10"pH-pK,J+1) .

e. Measured RRF assessed by the ratio in the slope of calibration curve (i.e., sensitivity based on measured
peak area) for thiol maleimide adduct relative to free thiol, whereas predicted RRF determined by MLR
using four intrinsic physicochemical properties with 7-fold cross-validation.
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Table S2.4: Summary of 7-fold cross-validation method for assessing the performance of the MLR model
and significance of variables to predict RRF of thiol-maleimide adducts by CE-ESI-MS.

#Training; #Test; R?® MSEC® Q*° MSEP®
#Variables® (Training) (Training) (Test) (Test)
30;5; 4 0.863 £ 0.015 4.35+ 054 0.86+0.10 6.4+38
30; 5,3 0.835+0.011 528 +0.79 084 +0.14 6.7+55
{without JogD)
30;5;2 0.738 £ 0.017 8.36 £ 0.98 0.73+£0.16 10.8+6.5
(without logD; 0 pep)
30; 5; 1 0.704 £ 0.019 95+1.2 0.72+0.18 10774
(only MV)

a. Cross-validation of MLR model performed by randomly holding out 5 thiol maleimide adducts as a test
set seven times with the remaining 30 thiols serving as the training set using either four, three or two
intrinsic solute parameters.

b. MSEC and MSEP are the average mean square error of calibration and mean square error of
prediction, whereas R’ and (F represent the average coefficient of determination (linearity) for the training
and test sets, respectively from the 7-fold cross validation
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Figure S2.6: Multivariate ionization model for describing the enhancement in ionization efficiency for
thiols with maleimide derivatization (e.g., Cys, Cys-NMM and Cys-NTAM) when using a grounded
coaxial sheath liquid interface in CE-ESI-MS. The overall ion response in ESI-MS is dependent on the
magnitude of equilibrium partitioning (K,) of ions at the liquid-gas interface of the droplet surface, the rate
of ion desorption into the gas-phase (k,) and the fraction of ions collected/transferred into the mass
analyzer. Overall, maleimide derivatization of cationic thiols improves ionization efficiency by enhancing
their surface activity as reflected by increases in MV and lower charge density that is associated with
reduced energy requirements for desolvation needed for ion desorption. In addition, electrokinetic factors
that favor faster ion desorption from the droplet surface into the gas phase also improve ionization
efficiency. such as larger yu,,. With the exception of NPEM-thiol derivatives, most maleimide adducts were
more hydrophilic relative to their native free thiols in this study, thus logD was a less significant parameter
influencing ionization response in this work.
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Figure S2.7: Impact of maleimide derivatization on enhancing thiol ionization efficiency based on the
apparent increase in concentration sensitivity (i.e., slope) when using CE-ESI-MS as highlighted by a series
of calibration curves for Cys conjugated to various maleimides with different substituent groups, such as
NEM (neutral) and NTAM (cationic). In order to correct for changes in trapping efficiency for thiol-
maleimide conjugates with different m/z when using a 3D ion trap mass analyzer, absolute peak areas were
quantified without normalization to an internal standard, while adjusting target mass (i.e., average m/z)
among model thiols derivatized to a specific maleimide analog.
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Figure S2.8: Comparison of apparent RRF for thiol-maleimides derived from measured peak height of ion
responses in CE-ESI-MS. Peak height derived RRFs provide a more reliable indicator of sensitivity
enhancement since it also takes into account the extent of band broadening and S/N increase despite
resulting in poorer model fitting (R’ = 0.6737) when using MLR as compared to peak area (R? = 0.8604).
NTAM was selected as the optimum maleimide label for thiols in this study due to their faster
mobility/shorter migration times and reduced band dispersion for greater concentration sensitivity in CE-
ESI-MS relative to bulky yet neutral maleimides (e.g., MHA, NPEM).
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Figure S2.9: Representative 3D surface response models based on a 3-factor/2-level face-centred central
composite experimental design for optimization of thiol maleimide ionization efficiency based on three
variables in the coaxial sheath liquid ESI interface for CE-MS, namely cone voltage (V: 3-5 kV), MeOH%
(MeOH: 45-75%) and sheath flow (SF: 5-15 pL/min). MLR model (R" = 0.8131) was used for
determination of coefficients and significance of key variables (e.g., SF and MeOH) involving 30 uM Hcy-
MHA when using a 5 s hydrodynamic injection. In the case of Hcy—MHA’, the refined emPirical equatioQ
was determined to be S/N = (455 +30) + (-80 + 28)SF + (-298 + 53)MeOH" + (101 £ 53)SF* + (-82 £ 53)V*
Overall, optimal conditions for maximizing detection of thiol-maleimide adducts by CE-ESI-MS in this
study while ensuring long-term stability was found to be 4 kV, 10 pL/min and 60% MeOH for cone
voltage, sheath flow and %MeOH, respectively.
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Figure S2.10: CE-ESI-MS in conjunction with on-line sample preconcentration for enhancement of
concentration sensitivity for thiol-maleimide adducts and oxidized thiols when using longer injection plug
lengths. (a) Graphs demonstrating the linear increase in sensitivity for representative NTAM-thiols and
oxidized thiols with longer sample injections without band broadening and (b) electropherogram overlay
highlighting about a 15-fold enhancement in concentration sensitivity that allows for sub-micromolar
detection of thiols when using a 90 s relative to a conventional 5 s sample injection length without
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significant detrimental effects on resolution, migration time and separation efficiency.
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Figure S2.11: Schematic of coupled thiol reactions associated with homocysteine (Hcy), cysteine (Cys)
and glutathione (GSH) metabolism. Three major classes of thiols exist in plasma, including free reduced
thiols, free oxidized disulfides (i.e., homodimer and mixed disulfides) and protein-bound thiol disulfide
fractions. Reliable analysis of biological-active free reduced thiols in plasma is challenging given their low
concentration levels, poor ionization efficiency and lability. CysT, SAM, SAH, ADMA and oxoBA
represent cystathionine, S-adenosylmethionine, S-adenosylhomocysteine, asymmetric dimethylarginine and

2-oxobutyric acid, respectively.
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Chapter 3:

Successes, Challenges, and Future Work in Thiol Redox
Status Analysis by CE-ESI-MS

.?
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3: Successes, Challenges, and Future Work in Thiol Redox
Status Analysis by CE-ESI-MS

3.1 Performance of Thiol Redox Status Method
The CE-ESI-MS method for plasma thiol analysis presented in Chapter 2 has a

number of significant advantages. By resolving intact symmetric and mixed disulfides,
it measures plasma reduced thiols and intact oxidized disulfides simultaneously using a
minimally-invasive finger-prick blood micro-sampling technique. Analyzing intact
disulfides reveals the precise chemical context of free oxidized disulfides so that their
biological significance can be interpreted. This may be important in differentiating
various reduced and oxidized thiols when specific disulfides are associated with disease.
For instance, elevated CySSG and CySS have been found to correlate with diminished
endothelial function, an early sign of atherosclerosis.' In addition, concentrations of
specific symmetric disulfides in biological samples are needed for accurate determination
of the redox potentials (E;) of important thiol redox couples, such as Cys/CysSS and
GSH/GSSG and as a way to derive more reliable measures of thiol redox potential.
Importantly, several redox potentials associated with thiol reactivity can be determined
using the developed CE-ESI-MS method. Since analyses are performed using full-scan
mass spectrometry, the method is also amenable to untargeted metabolite profiling, which
could reveal metabolic pathways associated with alterations in thiol metabolism and
disease pathogenesis.2 The potential for untargeted metabolite profiling with this method
is evident in the detection of several mixed disulfides in plasma whose detection has not

previously been reported, such as CysSSHcys, CysSSCysGly, and CysSSGluCys. 1t is
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also notable that the plasma sample was stable over two consecutive freeze-thaw cycles
indicating that the maleimide derivatization procedure successfully stabilizes reduced
thiols as thioether adducts for future analysis, while avoiding thiol-disulfide cross-
reactivity.

Despite its advantages, the CE-ESI-MS method for thiol redox status analysis has
several limitations that should be addressed in future studies before the method is suitable
for clinical application. Although the method had sub-nanomolar sensitivity to detect
many reduced thiols in plasma including Cys, Hcy, CysGly, and GSH; GluCys was not
detected and Hcy was measured near the detection limit. The poor sensitivity for GluCys
is in part due to isobaric interferences in the N-[2-(trimethylammonium)ethyljmaleimide
(NTAM) derivatization solution. Therefore, it would be beneficial to further improve the
sensitivity of the method in order to detect low nanomolar levels of reduced thiols with
low background noise.

It was observed that hydrolysis and methanolysis occurred in concentrated NTAM
stock solutions prepared in aqueous and methanolic solution, respectively. The increase
in the NTAM methanolysis peak at m/z 215 for 5 mM NTAM derivatized samples
prepared with a methanolic NTAM solution on the day the NTAM solution was prepared
and two days later from the same NTAM solution is shown in the extracted ion
electropherograms (EIEs) in Figure 3.1. Hydrolysis of aqueous stock solutions was also
evident in NTAM hydrolysis product peaks at m/z 201 that were increasingly abundant
the longer NTAM was kept in aqueous solution. After 3 days in 0.1% formic acid

aqueous solution, the NTAM hydrolysis peaks increased in intensity by 20-50%.
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Figure 3.1: Extracted ion electropherograms (EIEs) for 90 sec injections of 5 mM NTAM quenched with
6.25 mM MESNA and 2 mM NMM prepared with a methanolic NTAM stock the day the stock was
prepared (blue and black traces) and two days after the stock was prepared (red and grey dashed traces).
The red and blue traces are the NTAM methanolysis products (m/z 215). The black and grey traces are 20
UM dialanine IS. Traces are normalized to the IS peak area. The proposed structure of the methanolysis
product of NTAM (¥) that increases in abundance is also shown. Another isobaric impurity is also present

().

Because of this hydrolysis, stock solutions of NTAM in 0.1% formic acid aqueous
solution for the method presented in Chapter 2 were used within 24 hours. Acidic
solution was used to slow hydrolysis because maleimide is hydrolyzed faster by base-
catalysis under alkaline conditions.’ Preparing derivatization solutions daily for an in-
depth study of thiol redox status would waste large amounts of reagent. Stock solutions

of other maleimide analogues in acetonitrile have been stable over longer time periods
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without methanolysis or hydrolysis, but NTAM is insoluble in acetonitrile. The
significant baseline level of the hydrolysis product peaks seen in Figure 3.2 for freshly
prepared NTAM stocks indicates that the hydrolysis products are likely present as trace
impurities in the commercial NTAM standard that was purchased.

The NTAM derivatization method required quenching with MESNA followed by
NMM. The MESNA quench was necessary to displace the interfering peak from excess
NTAM to the EOF through its reaction with MESNA by forming a neutral thioether
adduct. However, excess MESNA was found to undergo thiol-disulfide exchange with
the disulfides in samples gradually depleting the concentrations of CysSS and CysSSG.
Therefore, NMM was added to react with the residual MESNA in filtered plasma samples
to prevent thiol exchange. The impact of MESNA quenching in displacing the excess
NTAM peak is shown in Figure 3.2. Importantly, quenching excess NTAM prevents it
from hydrolyzing in the sample and increasing the intensity of the hydrolysis product
peaks over time. Excess NTAM co-migrates with CysGly-NTAM and Hcy-NTAM,
while the hydrolyzed NTAM co-migrates with GluCys-NTAM and dialanine IS. Thus,
excess NTAM and hydrolyzed NTAM may contribute to ionization suppression of these
analytes. This emphasizes the necessity of the quench step to prevent ionization
suppression in ESI-MS.

Because the CE-ESI-MS method for plasma thiol analysis using NTAM has lower
sensitivity than would be ideal for biological concentrations of some thiols and is subject
to hydrolysis of the NTAM stock solutions, an improved method is required for further

validation and clinical application. This method would utilize a maleimide that is soluble
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Figure 3.2: EIEs of 1 uM thiols and disulfides and 20 uM dialanine IS derivatized with 5 mM NTAM
injected for 90 seconds either after quenching with 6.25 mM MESNA and 2 mM NMM. Insets show the
high intensity of the excess NTAM peak (m/z 183) without quenching, the structure of NTAM and
proposed structures for the hydrolysis products of NTAM (*, ¥, m/z 201). Peaks are numbered: 1 — CysGly-
NTAM, 2 — Hcy-NTAM, 3 — Cys-NTAM, 4 — GluCys-NTAM, 5 — GSH-NTAM, 6 — HcySS, 7 - NAC-
NTAM, 8 — CysSS, 9 — CysSSG, 10 — GSSG. Impurities that are probable methanolysis products of
NTAM (m/z 215) are marked with .

in acetonitrile thereby reducing hydrolysis effects with a non-aqueous stock solution and
does not contain isobaric impurities that interfere with thiol adducts. This method may
involve negative ion mode CE-ESI-MS rather than positive ion mode in order to
investigate the use of long chain carboxylic acid maleimide analogs, such as MHA. It
was found that cationic maleimides improve sensitivity and enable the analysis of acidic
thiols in positive ion mode. Anionic maleimides may provide similar advantages in

negative ion mode and stable stock solutions can be prepared in acetonitrile.
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3.2 Negative Ion Mode Thiol Analysis with Maleimide Derivatization
Negative ion mode CE-ESI-MS differs from the positive ion mode CE-ESI-MS

used so far in two key ways. First, instead of a highly acidic BGE it uses a neutral or
alkaline BGE prepared with ammonium acetate or ammonium bicarbonate for ESI
compatibility. This encourages the formation of deprotonated, negatively charged forms
of solutes that can be separated in normal polarity CE due to the strong EOF at a higher
BGE pH. Second, the polarity of the ESI source is reversed and the MS inlet is at a
positive potential relative to the CE-ESI-MS sprayer. Thus, negative gas phase ions are
produced in the electrospray rather than positive ions.

To complement the predictive model for changes in the ionization efficiency of
thiols with maleimide derivatization in positive ion mode presented in Chapter 2,
preliminary studies were performed in negative ion mode, which has been reported to
have different ionization mechanisms than positive ion mode.* This would allow a
comparison of the physicochemical factors affecting ionization efficiency with maleimide
derivatization in both ionization modes. Previous studies have suggested that pK, and
octanol-water partition coefficient (/ogP) may be predictive of ionization efficiency in
negative ion mode ESI-MS.” However, increasing logP was found to have the greatest
influence in increasing ionization efficiency in negative ion mode in a study of 30 organic
acids, while pK, was not predictive of ionization efficiency overall.’ The impact of logP
is explained by the role of increasing hydrophobicity in increasing surface activity and
thereby increasing ionization efficiency in an ion evaporation mechanism. It can be

hypothesized that the factors influencing ionization efficiency in negative ion mode CE-
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ESI-MS will be similar to those found in Chapter 2 for positive ion mode. It is likely that
increasing MV will increase surface activity and ionization efficiency in negative ion
mode. To ionize in negative ion mode solutes will require acidic functional groups that
can be deprotonated to impart a negative charge, whereas in positive ion mode basic
functional groups that could be protonated to impart a positive charge were required.
Increasing the charge beyond a single negative charge would increase polarity and
decrease surface activity. Therefore, a decrease in ionization efficiency with increasing
charge, as was observed in positive ion mode, would be expected.

Despite the propensity for corona discharge and resulting higher background
signals in negative ion mode ESI-MS,* 6 preliminary studies were performed to assess the
feasibility of negative ion mode CE-ESI-MS for plasma thiol redox analysis. Such a
method would be able to circumvent the hydrolysis issues encountered with NTAM by
using MHA in acetonitrile solution for derivatization. Anionic MHA may also provide
advantages for analysis in negative ion mode similar to those of cationic derivatization in

positive ion mode.

3.2.1 Instability of Thiol-Maleimide Adducts Under Alkaline Conditions
Initially, negative ion mode analysis of thiol-maleimide adducts was explored

using alkaline BGE solutions with buffer pH above 8. Unusual results were observed
that can be attributed to instability of the thiol-maleimide adducts in the alkaline BGE.
Adducts of maleimides with thiols are known to undergo two reactions subsequent to the

initial Michael addition of the thiol to the double bond of maleimide forming a
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Figure 3.3: Schematic of reactions of Cys with a general maleimide showing (a) Michael addition of Cys
to a maleimide forming a succinimide-type product (1), (b) and (¢) hydrolysis of the succinimide-type
product forming isomeric open-type products (2 & 3) (d) intramolecular nucleophilic attack of the amine
group forming a thiazine-type product (4).

succinimide-type product. These reactions are intra-molecular nucleophilic attack of an
amine group forming a six-membered ring in a thiazine-type product and hydrolysis of

the five-membered ring forming an open-type product.” These reactions are illustrated in

Figure 3.3 for Cys and a general maleimide.
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Both reactions of the succinimide-type product occur more rapidly with
increasingly basic pH.” To prevent these reactions, samples of maleimide derivatized
thiols were prepared at pH 5. Intramolecular nucleophilic attack forming a thiazine-type
product occurs for thiol maleimide adducts where a six-membered ring is formed by the
intramolecular nucleophilic attack of an amine group. For example, it may occur with
Cys-maleimide adducts but not with GSH-maleimide adducts or NAC-maleimide
adducts.” This is because while Cys-maleimide adducts can form a thermodynamically
favorable six-membered ring through intramolecular nucleophilic attack, GSH-maleimide
adducts would form a thermodynamically unfavorable, strained 11-membered ring and
NAC-maleimide adducts do not have an amine available to attack.

Samples of maleimide derivatized thiols for negative ion mode analysis were
prepared in 50 mM ammonium acetate, pH 5 to prevent hydrolysis and nucleophilic
attack from occurring in the sample. However, these reactions may still occur during a
CE separation performed in an alkaline BGE. Evidence that intramolecular nucleophilic
attack of amine groups was occurring during separations was observed in the form of
band broadening for maleimide adducts of Cys, CysGly, and penicillamine (Pna), which
can form a six-membered ring by intra-molecular nucleophilic attack. This band
broadening was not observed for Hcy, GluCys, GSH, and MESNA adducts, which cannot
form a six-membered ring by intramolecular nucleophilic attack. Figure 3.4 highlights
that for Cys-NMM, there is no band broadening at pH 8.0. However, band broadening
increases significantly above pH 8.5 due to intramolecular nucleophilic attack catalyzed

under more alkaline conditions. With many of the maleimide analogs, including MHA,
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Figure 3.4: EIEs for 5 sec injections of 200 uM Cys-NMM separated with pH 8.0, pH 8.5, and pH 9.0 50
mM ammonium bicarbonate BGEs showing increasing nucleophilic attack with increasing BGE pH. Band
broadening due to intramolecular nucleophilic attack is evident at pH 8.5 and pH 9.0. The red trace is for
the [M-H] ion (m/z 231) and the blue trace is for a [2M-H] " ion cluster (m/z 463).

the band broadening was observed even when using pH 8.0 ammonium bicarbonate BGE.
Evidence of hydrolysis during CE separation was not observed for most of the
maleimides examined. Given the instability of thiol-maleimide adducts in alkaline BGE
conditions, they are unsuitable for further investigations. Therefore, neutral BGE

conditions were investigated for negative ion mode CE-ESI-MS analysis of thiol-

maleimide adducts and disulfides.
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3.2.2 Electrophoretic Mobilities of Thiol-Maleimide Adducts and Disulfides in
Negative Ion Mode

While BGE conditions approaching neutral pH can prevent intramolecular
nucleophilic attack during separations of thiol maleimide adducts in CE-ESI-MS, some
analytes of interest tend to co-migrate with the EOF under such conditions. When using
50 mM ammonium acetate BGE with pH from 6.5 to 8.0, derivatives of Cys, Hcy,
CysGly,and Pna with the neutral maleimides—NMM, NEM, and NPEM—co-migrate
with the EOF. These thiols contain one amine functional group and one carboxylic
functional group and form zwitterionic adducts with neutral maleimides at neutral pH.
Other thiols, including GSH, GluCys, NAC, and MESNA that have more acidic
functional groups than amines form negatively charged adducts with neutral maleimides
at neutral pH. Anionic maleimides (e.g.,, MHA or NMBA) enable analysis of Cys, Hcy,
CysGly, and Pna with a BGE pH between 6.5 and 8.0. Unfortunately, certain native
oxidized disulfides (e.g., CysSS and HcySS) are zwitterionic and co-migrate with the
EOF in a neutral BGE as shown in Figure 3.5. This signifies that in negative ion mode
with a BGE pH less than 8, quantitation of CysSS and determination of the predominant
plasma Cys/CysSS redox potential is not feasible by CE-ESI-MS. Thus, due to both the
instability of thiol-maleimide adducts at alkaline pH and the co-migration of key oxidized
disulfides with the EOF under neutral conditions, negative ion mode CE-ESI-MS does
not offer practical opportunities thiol redox status analysis unlike the strongly acidic,

positive ion mode conditions described in Chapter 2.
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Figure 3.5: EIEs of a mixture of 100 uM MHA derivatized thiols and 50 uM disulfides injected for 5 sec
and separated with pH 7.9, 50 mM ammonium acetate BGE at 25 kV. CysSS and HcySS co-migrate with
the 100 uM melatonin EOF marker. Structures of negatively charged Cys-MHA and zwitterionic CysSS
are also shown. Peaks are labeled: 1 — CysSS, 2 — HeySS, 3 — CysSSG, 4 — Hcy-MHA, 5 — Pna-MHA, 6 —
Cys-MHA, 7 — GSSG, 8 — GSH-MHA, 9 — GluCys-MHA, 10 — CysGly-MHA, 11 — NAC-MHA, 12 -
MESNA-MHA

3.3 NAM—A Better Maleimide Label for Thiol Redox Status Analysis?

Given the lack of promising results in negative ion mode CE-ESI-MS, positive
ion mode appears to be ideal for thiol redox status analysis using maleimide
derivatization. However, for broader clinical application of the method, improvements in
sensitivity for thiol analysis and maleimide stock solution stability are required. Since

ionization efficiency is augmented by maleimide derivatization and the instability of the
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NTAM stock solution is a result of its insolubility in acetonitrile, the use of a more non-
polar maleimide will likely improve method performance.

N-(9-Acridinyl)maleimide (NAM) appears to be a promising alternative to
NTAM for labeling thiols. Like NTAM, it is cationic because its heterocyclic nitrogen
atom (pK, ~ 3.8) that is protonated in acidic BGE. This should give NAM similar
advantages to NTAM in terms of faster migration times for adducts, reduced band
broadening, and greater sensitivity. In addition, NAM has a greater MV than NTAM,
which is predictive of greater ionization efficiency in ESI. NAM is expected to improve
ionization efficiency since using calculated parameters and the mobility of Hcy-NAM in
the model developed in Chapter 2, its RRF is predicted to be 17, which is greater than
the predicted RRF for Hcy-NTAM of 11. In addition, 5 mM NAM is soluble in

acetonitrile allowing for the preparation of a stable NAM stock solution.

3.3.1 Instability of NAM-Thiol Adducts
When NAM derivatization of thiols was carried out, multiple peaks for a single

thiol were immediately apparent in the EIEs. Figure 3.6 (a) shows that multiple peaks
can be seen for the NAM derivatives of cysteamine (Cyst), CysGly, Cys, and Pna
immediately after sample preparation. After approximately two hours at room
temperature, the early migrating peaks for these adducts disappear and the later migrating
peaks become larger as shown in Figure 3.6 (b). The NAM-thiol adducts that form
multiple peaks are those that can form a thiazine-type product with a six-membered ring,
if an intramolecular nucleophilic attack by the amine group occurs as illustrated in

reaction (c) of Figure 3.3. The multiple peaks all have the m/z that is expected for the

109



MSc Thesis - L. A. D’ Agostino — McMaster University — Chemistry and Chemical Biology

initial succinimide-type adduct, which is as expected for intramolecular nucleophilic
attack forming a thiazine-type product. Where possible, this reaction occurs readily in a
pH 5 sample and is complete after more than 2 hours at room temperature. Lowering the
pH of the sample to prevent the intramolecular reaction is not a viable option, as the
reaction still occurs in pH 3.9 samples and lower pH samples are not compatible with the
on-line preconcentration.

CE-ESI-MS provides data that supports the characterization of the early-
migrating peaks for adducts of NAM with Cys, CysGly, Pna, and Cyst as succinimide-
type products and the late migrating peaks as thiazine-type products. The early-migrating
peaks include an [M+2H]** ion peak in addition to the main [M+H]* peak consistent with
protonation of one or both of the two amine groups of the succinimide-type product,
while the late migrating peaks have only the [M+H]" ion peak consistent with protonation
of the single amine group of the thiazine-type product. In addition, MS/MS experiments
provide support for the characterization of the succinimide-type and thiazine-type
products. An m/z 275 fragment occurs in the MS/MS spectra of all the peaks assigned to
succinimide-type products but in none of the spectra assigned to thiazine-type products.
The m/z 275 fragment is consistent with the formula [C;7N,O,H;]* corresponding to the
intact NAM moiety. The five-membered ring portion of NAM is rearranged in the
thiazine-type product. Thus, thiazine-type products cannot lose the m/z 275 fragment,
which contains the five-membered ring portion of the NAM moiety and this fragment is

characteristic of the succinimide-type products.
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Figure 3.6: EIEs of a sample containing a mixture of 50 uM thiols derivatized with | mM NAM, quenched
with 1.5 mM MESNA and | mM NMM, and injected for 5 sec (a) immediately after sample preparation
was complete and (b) after the sample was at room temperature for approximately 2 hours. The structures
of NAM, succinimide-type Cys-NAM (4a) and thiazine-type Cys-NAM (4b) are also shown. Peaks are
numbered: 1 — Cyst-NAM, 2 — CysGly-NAM, 3 — Hcy-NAM, 4 — Cys-NAM, 5 — Pna-NAM, 6 — GluCys-
NAM, 7 - GSH-NAM, 8 — NAC-NAM, a — succinimide-type product, b — thiazine-type product.
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The changes in x,, going from the putative succinimide-type products to the
thiazine-type products also are consistent with an intra-molecular reaction forming the
thiazine-type product. For the same thiol, the thiazine type product has one less amine
group and therefore decreases in z.; compared to the succinimide-type product due to the
participation of an amine in a nucleophilic attack to form an amide. MV is largely
unchanged with the intramolecular reaction. Therefore, the decrease in charge to size
ratio results in a decrease in y.,, which was observed in CE-ESI-MS. Using m/z and
calculated MV and z.4, an MLR predictive model for the p,, of the proposed succinimide-
type and thiazine-type thiol-NAM adducts and four disulfides with an R® of 0.8385 was
prepared that supports the proposed structures of the succinimide-type and thiazine-type

NAM adducts.

3.3.2 NAM Derivatization and Analytical Sensitivity
NAM derivatization was expected to improve sensitivity relative to NTAM

derivatization. To determine if this occurs, a 1 pM mixture of NTAM derivatized thiols
quenched with MESNA and NMM was left at room temperature for 3 hours to complete
the reaction to form the thiazine-type products for the Cys and CysGly adducts. Using a
90 second injection, CE-ESI-MS responses for this sample were compared to those for
three 1 uM mixtures of thiols each derivatized with either NEM, NAEM, or MHA. The
results did not show increased sensitivity with NAM derivatization, with peak intensity
and S/N generally similar to or less than those obtained with NAEM or MHA. This lack
of improvement in sensitivity using NAM, compared to using maleimides previously

found to offer inferior sensitivity to NTAM, indicates that NAM is not a promising label
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for thiol redox status analysis. Furthermore, the time required at room temperature to
complete conversion to the thiazine-type products with NAM might degrade other sample
components, which would interfere with untargeted metabolite profiling applications.
Several factors could have contributed to the lack of markedly improved
sensitivity with NAM derivatization. Firstly, as can be seen in Figure 3.6 there is some
splitting of the CE peaks for certain NAM-thiol adducts, particularly Cys-NAM and Hcy-
NAM due to partial separation of diastereomers produced by maleimide derivatization
that contributes to band broadening, reducing peak intensities and overall sensitivity.
Such splitting has been observed for succinimide-type products separated by LC.
Secondly, there may be a limit beyond which increasing MV does not increase ionization
efficiency and actually decreases it. Muddiman et al. have shown that there is a non-
polar surface area range for peptides alkylated with various alkylating reagents that
produces the greatest ionization efficiency, while smaller and larger non-polar surface
areas produce poorer ionization efficiency.® ° When using NAM, the non-polar surface
area of some thiols may be increased beyond that which provides the greatest ionization
efficiency and the derivatives are too hydrophobic for maximum ionization efficiency.
Poorer ionization efficiency may occur because of the diminished solubility of
hydrophobic species and the tendency of surfactants to form desolvated films on the
surface of droplets, which are a significant barrier to solvent evaporation and inhibit ion

formation.'°
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3.4 Optimum Design of Maleimide for Thiol Derivatization

3.4.1 Characteristics of an Ideal Maleimide for Thiol Derivatization

One limitation of the NTAM derivatization method was the inability to prepare a
stable stock solution of NTAM in acetonitrile due to its poor solubility. Thus, the ideal
maleimide for thiol redox status analysis should be soluble in acetonitrile in order to
reduce hydrolysis and improve maleimide stock solution stability. Of all the maleimides
examined, only cationic maleimides obtained as salt, NTAM and NAEM, were poorly
soluble in acetonitrile.

The divalent thiol-maleimide adducts with NTAM and NAEM have shorter
migration times due to increased z.5 which decreases band broadening while enhancing
sensitivity. The additional positive charge also enables the simultaneous analysis of
acidic thiols, such as NAC, under acidic conditions in positive ion mode. Therefore, the
ideal maleimide should contain an amine group that adds a positive charge to derivatized
thiols.

The NTAM purchased contained impurities that resulted in additional high
intensity peaks in CE-ESI-MS from hydrolysis products and methanolysis products that
interfered with analysis of GluCys-NTAM below concentrations of 100 nM. The ideal
maleimide should be free of interfering impurities.

NAM derivatization revealed that the formation of unstable succinimide-type
thiol-maleimide adducts is undesirable since a wait time is necessary to complete
conversion to the thiazine-type products and migration times are increased, which leads

to band-broadening. = NAM-thiol adducts may be especially prone to intra-molecular
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nucleophilic attack because the bond between the nitrogen of the five-membered ring and
an unsaturated carbon in the aromatic heterocycle allows the maleimide nitrogen to
donate electron density into the n-system of the aromatic heterocycle. This makes the
nitrogen and the carbonyl groups in the five-membered ring more electron deficient and
thus more susceptible toward intra-molecular nucleophilic attack. Another maleimide
with an unsaturated carbon in an aromatic ring bound to the nitrogen atom, eosin-5-
maleimide (EMA), has been shown to be less stable towards hydrolysis than NEM by a
factor of 100 at a neutral pH.7’ 1 Relatively unstable EMA is electronically similar to
NAM suggesting that a bond between the maleimido nitrogen atom and an unsaturated
carbon atom destabilizes such thiol-maleimide adducts compared to adducts of
maleimides with a bond between nitrogen and a saturated carbon, such as NEM.
Therefore, in the ideal maleimide, the maleimido nitrogen atom should be bound to a
saturated carbon atom.

Peak splitting due to partial separation of diastereomeric thiol-maleimide adducts
is undesirable because it causes band broadening and diminishes sensitivity.
Diastereomers are formed in all maleimide derivatizations of chiral thiols because
biological thiols have at least one chiral center and a new stereogenic center is formed
where the sulfhydryl adds to the maleimide. Peak splitting was observed with several
NAM-thiol adducts and with Cys-NPEM, but was not observed with any of the other
maleimides examined. NAM and NPEM are the only maleimides utilized that contain

aromatic rings, which suggests that aromatic rings contribute to conformational rigidity
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that facilitates the separation of diastereomeric thiol-maleimide adducts by CE-ESI-MS.
Therefore, the ideal maleimide should not contain aromatic substituents.

NTAM derivatization resulted in lower sensitivity than is ideal for analysis of
reduced Hcy and GluCys in plasma. The results of the predictive model for ionization
efficiency enhancement show that an increase in MV enhances ionization efficiency and
improves sensitivity. Therefore, the ideal maleimide should have a greater MV than
NTAM in hopes of enhancing ionization efficiency by increasing surface activity to
improve sensitivity.

3.4.2 Proposed Maleimide for Thiol Derivatization

Incorporating all of the characteristics for the ideal maleimide—being soluble in
acetonitrile, containing a nitrogen atom that can be protonated, being of high purity,
lacking a bond between the maleimide nitrogen and an unsaturated carbon, lacking an
aromatic ring, and being larger than NTAM—one arrives at a proposal for the ideal
maleimide for thiol redox status analysis. The structure of this proposed maleimide, N-
[2-(di-n-butylamino)ethyl]maleimide, is given in Figure 3.7. Its calculated MV is 264 A3
and its predicted logD is 1.4 at pH 7. This makes it larger and more hydrophobic than
NTAM, which has a calculated MV of 174 A * and a predicted logD at pH 7 of -3.5.
Using calculated u.,, MV, logD, and z., the RRF for thiols labeled with the ideal
maleimide can be predicted. These calculations predict that the ideal maleimide will
provide 2.6-fold greater sensitivity than NTAM for Hcy, a thiol that is present at

particularly low concentrations in plasma.
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Figure 3.7: Structure and retrosynthetic scheme for proposed ideal maleimide, N-[2-(di-n-
butylamino)ethyl]maleimide

N-[2-(di-n-butylamino)ethyllmaleimide could be synthesized from commercially
available N,N-Di-n-butylethylenediamine and maleic anhydride using the general method
of El-Merzabani et al.'> First, the maleamic acid is prepared by reacting the amine and
maleic anhydride at room temperature in ether. The maleamic acid is recovered by
filtration and washed to remove excess starting materials. The maleamic acid and acetic
anhydride react in the presence of sodium acetate at 60-65°C to cyclize the maleamic acid
into the maleimide. After neutralizing the reaction mixture with sodium bicarbonate, the
maleimide is extracted into ether, dried and evaporated to yield the maleimide.'? If the
amine cannot be recovered and purified in the amine form, it may be precipitated as a salt

with a bulky acetonitrile-soluble acid counter-ion, such as p-toluenesulfonic acid.
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3.5 Future Studies Utilizing Thiol Redox Status Analysis by CE-ESI-MS

Using an improved maleimide for sub-nanomolar detection of thiols by CE-ESI-
MS, methods for determination of thiol redox status will be developed and validated.
These methods will provide a comprehensive analysis of the thiol fractions in biological
samples including reduced thiols, free oxidized thiols as the intact mixed and symmetric
disulfides, and protein-bound thiols. Analysis of reduced thiols and intact disulfides will
be accomplished in a manner similar to the method in Chapter 2 with sample
deproteinization by ultrafiltration at 4°C followed by dilution with pH 5 ammonium
acetate and maleimide derivatization. Most methods derivatize upon blood collection to
prevent artifactual oxidation of labile sulfhydryl groups, but this can perturb metabolism
by alkylating protein thiols and can be avoided by derivatizing after deproteinization. To
analyze protein-bound thiols, they will be recovered from the protein pellet after
ultrafiltration with a 3 kDa filter by reconstituting and washing the protein, reducing the
protein-bound thiols with TCEP, performing maleimide derivatization, and then acid
deproteinizing the sample.13 The protein-bound fraction will then be injected for analysis
by CE-ESI-MS. Together, the methods for free thiol and protein-bound thiol
determination will provide a comprehensive assessment of thiol redox status in biological
samples with just two sample preparations. If excess TCEP in the protein-bound sample
can be quenched to prevent reduction of intact disulfides and if sensitivity is adequate,
then the protein-bound sample could be combined with the free thiol sample for

comprehensive thiol redox status analysis in a single analytical run. The CE-ESI-MS
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method could be applied to analysis of both plasma and erythrocytes to gain an
understanding of both extracellular and intracellular redox status.

Once the methods for comprehensive thiol redox status analysis in plasma and
erythrocytes have been developed and validated in terms of reproducibility, linearity, and
recovery, they can be applied to studies of how thiol metabolism and redox status are
related to aging and disease. For instance, the relationship between thiol redox status and
the development of cardiovascular disease is an area for further investigation. The
plasma GSH/GSSG redox potential and plasma levels of CysSS and CysSSG have been
associated with early stages of atherosclerosis."” '* Elevated total Hcy in plasma has also

5 Heart disease and

been correlated with increased risk of cardiovascular disease.
cerebrovascular disease are the number two and three causes of death in Canada,
respectively.'® Therefore, studying how altered thiol levels or redox status is related to
the development of cardiovascular disease as either a cause or an epiphenomenon, would
be important research that could lead to new therapies to prevent or treat heart disease or
to the discovery of relevant biomarkers. For instance, Hcy is hypothesized to cause
atherosclerosis. However, Hcy levels have been lowered without significantly reducing
subsequent cardiovascular events or improving measures of atherosclerosis in clinical
trials of Hey lowering vitamin Bj,, vitamin Be, and folic acid therapy in patients with pre-
existing cardiovascular disease.'””® These results may be caused by complex metabolic
interactions of the vitamin supplements that counteract the benefits of lowered plasma

Hcy. For example, folic acid and vitamin B;; may increase the methylation potential,

increasing concentrations of methylated metabolites such as ADMA. ADMA inhibits
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nitric oxide synthase and increases risk of cardiovascular disease due to inhibition of the
production of NO, which is an important signaling molecule for vasodilation." '’ By
applying CE-ESI-MS with untargeted metabolite profiling, the impact of vitamin
supplementation on levels of Hcy and other polar metabolites, such as ADMA, could be
assessed in a more holistic approach. It may be found that ADMA levels increase with
vitamin supplementation counteracting the expected benefit of Hcy in lowering in
reducing cardiovascular risk. Alternatively, comprehensive analysis of thiol and polar
metabolite profiles may reveal other alterations in metabolism that could be hypothesized
to increase cardiovascular risk counteracting any benefit of Hcy lowering. In addition,
the correlation between Hcy and cardiovascular risk does not prove that Hcy causes
atherosclerosis because both increased Hcy and cardiovascular disease may be caused by
another confounding factor. Therefore, more research is needed to elucidate by what, if
any, mechanism Hcy causes cardiovascular disease. Profiling thiol and other polar
metabolite levels could assist in such research by revealing other metabolites that are
altered with elevated Hcy and identifying those that may play a role in the pathogenesis
of cardiovascular disease. In addition to investigations of cardiovascular disease, CE-
ESI-MS analysis of thiol redox status and untargeted profiling of polar metabolites could
also be used to examine the role of thiol redox status in numerous other diseases in which

altered thiol metabolite levels and/or oxidative stress have been implicated.
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