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Abstract A simultaneous determination method for the
enantiomers of chiral carboxylic acids by the combination
of ultraperformance liquid chromatography and mass spec-
trometry (UPLC-MS/MS) has been developed. (S)(+)-1-(2-
Pyrrolidinylmethyl)-pyrrolidine (S-PMP) was used as the
derivatization reagent for the high-throughput determination
of biological chiral carboxylic acids, i.e., lactic acid (LA)
and 3-hydroxybutyric acid (HA). The S-PMP efficiently
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reacted with the carboxylic acids under mild conditions at
room temperature in the presence of 2,2'-dipyridyl disulfide
and triphenylphosphine. The resulting S-PMP derivatives
were highly responsive in the electrospray ionization (ESI)-
MS operating in the positive-ion mode and gave characteristic
product ions during the MS/MS, which enabled the sensitive
detection using selected reaction monitoring. The derivatiza-
tion was effective for the enantiomeric separation of the chiral
carboxylic acids, and the resolution values of DL-LA and DL-
HA were 491 and 9.37, respectively. Furthermore, a rapid
separation of the derivatives of DL-LA and DL-HA within
7 min was performed using the UPLC system. The limits of
detection on the column were in the low femtogram range
(5-12 fg). The proposed procedure was successfully applied
for the determination of the D- and L-isomers of LA and HA in
the saliva of diabetes mellitus (DM) patients and healthy
volunteers. The D-LA in DM patients was clearly higher than
that in normal subjects. The derivatization followed by
UPLC-ESI-MS/MS enabled the enantiomeric separation and
detection of trace amounts of LA and HA in human saliva
with a simple pretreatment and small sample volume.

Keywords Lactic acid - 3-Hydroxybutyric acid -
Enantiomeric separation - Diabetes mellitus - Saliva -
UPLC-ESI-MS/MS

Introduction

Mass spectrometry has become a popular analytical detec-

tion method because of its high sensitivity and specificity
compared to other detection methods, such as ultraviolet—
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visible and fluorescence (FL). Various applications, e.g.,
impurity analysis and metabolite identification, are utilizing
liquid chromatography—mass spectrometry (LC-MS) as one
of their main techniques [1]. Besides, the MS/MS determi-
nation after enantiomeric separation by LC seems to be a
powerful technique for the analysis of chiral carboxylic
acids. However, the determination of intact carboxylic acids
in biological samples is not always successful in spite of the
highly sensitive LC-MS method because the negative ion
[M—-H] is usually adopted for the detection. Furthermore,
only a nonspecific and/or low-intensity product ion is often
formed by collision-induced dissociation (CID) of the neg-
atively charged ion. As a result, selected reaction monitoring
(SRM), which is a highly specific technique available using
a triple quadrupole mass spectrometer, may not be
employed [2]. Furthermore, for the carboxylic acid analysis,
the best chromatographic resolution with reversed-phase
columns is generally achieved at an acidic pH, in which
the ionization of the carboxyl groups is suppressed. Conse-
quently, chemical derivatization suitable for the positive-ion
detection is effective for enhancing the detectability of car-
boxylic acids in electrospray ionization (ESI)-MS/MS [3-9].
For the determination of chiral compounds, the combination
of the separation of diastercomers derived from a chiral
reagent by reversed-phase chromatography and the detection
by MS/MS seems to be effective. However, the number of
chiral reagents for the LC-MS/MS analysis is currently very
limited [10, 11]. Based on these observations, we searched for
chiral amines that are efficient for the separation and detection
of chiral carboxylic acids by LC-MS/MS. In a previous study,
several chiral amines, i.e., 1-(2-pyrrolidinylmethyl)-pyrroli-
dine (PMP), l-aminoindan (Al), and 4-(3-aminopyrrolidin-
1-y1)-7-(N, N-dimethylaminosulfonyl)-2,1,3-benzoxadiazole
(DBD-APy), were found and used for the determination
of nonsteroidal anti-inflammatory drugs (NSAIDs), i.e.,
ibuprofen, flurbiprofen, and loxoprofen, spiked in rat
plasma [12]. A good separation and detection of the resulting
diastereomers was achieved by the proposed method using the
chiral reagents and LC-MS/MS.

Diabetes mellitus (DM) is one of the diseases of interest
due to its increasing worldwide prevalence not only in
European—American but also in Asian countries [13, 14].
The DM in humans is a multifactorial disorder based on
environmental factors and genetic background. In many
cases, DM is asymptomatic for a long period, and the patient
is not aware of the disease [15, 16].

Lactic acid (LA) and 3-hydroxybutyric acid (HA), which
are biologically active carboxylic acids, exist in living
organisms. LA in mammals is mainly composed of the L-
enantiomer which is produced from pyruvic acid under
anaerobic conditions. However, its optical isomer, D-LA,
also exists in mammals even though the amount is relatively
low compared to L-LA. The endogenous D-LA is produced
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from methyglyoxal mediated by glyoxalases I and II in the
metabolic pathway of glucose [17, 18]. The b-LA concen-
tration is significantly increased in the serum of diabetic
animals [19, 20] and patients [21]. This has been considered
to be due to the accelerated production of its precursor,
methyglyoxal, which causes the patient to develop diabetic
complications during the diabetic stage [22-26].

On the other hand, HA, one of the ketone bodies, has been
a useful marker for diabetic acidosis in clinical diagnosis
because the increase in HA is known to be caused by the
enhanced [3-oxidation of fatty acid in diabetics. However, the
ratio of - and L-HA enantiomers in DM patients has not been
previously reported. Based on these results, we plan the de-
termination of both enantiomers of LA and HA by LC-MS/
MS. The strategy for the determination is based upon the
diastereomer formations with chiral amines (PMP, DBD-
APy, and Al) which are selected as the derivatization reagents
for the chiral carboxylic acid, as previously described [12].
The proposed method is also applied to the determination of
both enantiomers of LA and HA and their D/ ratios in the
saliva of DM patients and healthy volunteers.

Experimental
Materials and chemicals

(S)(+)-1-(2-Pyrrolidinylmethyl)-pyrrolidine (S-PMP),
(8)(-)- and (R)(+)-4-(3-aminopyrrolidin-1-yl)-7-(N, N-dime-
thylaminosulfonyl)-2,1,3-benzoxadiazoles, (S)(+)- and
(R)(—)-1-aminoindans, triphenylphosphine (TPP), and 2,2'-
dipyridyl disulfide (DPDS) were obtained from Tokyo Kasei
(Tokyo, Japan) (Fig. 1). The D- and L-lactic acids (DL-LA;
Sigma-Aldrich; St. Louis, MO) and D- and L-3-hydroxybuty-
ric acids (DL-HA; Kanto Chemicals; Tokyo, Japan) were used.
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Fig. 1 Structures of chiral amines and internal standards (I.S.). 1 (S)-
(+)-1-(2-Pyrrolidinylmethyl)-pyrrolidine (PMP), 2 (SR)-DBD-APy
(DBD-APy), 3 (SR)-(—)-1-Aminoindan (Al), 4 pr-Lactic acid-3,3,3-
d; (LA-d5), 5 pL-3-Hydroxybutyric acid-3,4,4,4-d, (HA-d,)
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The sodium salts of DL-lactic acid-3,3,3-d5 (DL-LA-d3) and
DL-3-hydroxybutyric acid-3,4,4,4-d, (DL-HA-d,4; C/D/N Iso-
topes; Quebec, Canada) were used as the internal standard
(LS.) (Fig. 1). Acetonitrile, methanol (MeOH), and formic
acid (HCOOH) of LC-MS grade were purchased from Kanto
Chemicals. Deionized and distilled water (H,O) was used
throughout the study (Aquarius PWU-200 automatic water
distillation apparatus, Advantec, Tokyo, Japan). All other
reagents and solvents were of analytical grade.

A 10-pumol/mL solution of the carboxylic acids (D-, L-, DL-
enantiomers of LA or HA) in acetonitrile was prepared as the
stock solution. The deuterium-labeled I.S. solutions (DL-LA-
d; and DL-HA-d,) were also prepared at the same concentra-
tion. The working solutions were prepared by sequential
dilutions with acetonitrile.

UPLC-ESI-MS/MS analysis

The UPLC-ESI-MS/MS analysis was performed using a
Xevo™ TQ-S triple quadrupole-mass spectrometer (Waters,
Milford, MA) connected to an ACQUITY ultraperformance
liquid chromatograph (UPLC I-class, Waters). An ACQUITY
UPLC BEH C18 column (1.7 wm, 100%2.1 mm i.d.; Waters)
was used at the flow rate of 0.35 mL/min and 40 °C. The
diastereomers of DL-LA and DL-HA, derivatized from a chiral
amine, were analyzed by UPLC—ESI-MS/MS in the positive-
ion mode unless otherwise stated. The separation and detec-
tion conditions were as follows: Mobile phase, methanol—
acetonitrile-water mixture containing 0.1 % (v/v) HCOOH;
capillary voltage, 3.00 kV; cone voltage, 50 V; desolvation gas
flow, 1,000 L/h; cone gas flow, 150 L/h; nebuliser gas flow,
7.0 L/h; collision gas flow, 0.15 mL/min; collision energy,
20-25 eV; collision cell exit potential, 5 V; desolvation
temp, 500 °C. Analytical software (MassLynx, version 4.1)
was used for the system control and data processing.

Recommended reaction conditions of LA and HA
with chiral amines

The freshly prepared solutions of TPP (10 mM) in acetoni-
trile (100 uL), DPDS (10 mM) in acetonitrile (100 puL), and
a chiral amine (1.0 mM) in acetonitrile (100 pL) were
vigorously mixed with the carboxylic acid samples contain-
ing I.S. (LA, 10 pmol and HA, 1 pmol) in acetonitrile
(100 pL). The reaction mixture was stored for 90 min at
room temperature. After removal of the solvent, the residues
were dissolved in the mobile phase, and then an aliquot
(2 uL) was subjected to UPLC-ESI-MS/MS.

Separation and detection of the resulting diastereomers

The separation and detection efficiency of chiral amines as
the derivatization reagents for LA and HA was evaluated by

the capacity ratio (k’), separation factor (), resolution value
(Rs) and limit of detection (LOD). The LOD (S/N=3) was
calculated from the comparison of the peak area ratios of the
injected amounts of the carboxylic acids and the baseline
noise.

Analytical validation

Calibration curve The fixed concentrations of both enan-
tiomers of LA (2.5-250 ng/mL) and HA (0.5-50 ng/mL)
were prepared by sequential dilutions of the stock solutions.
The working solutions (100 pL) were pretreated and derivat-
ized as described in the “Recommended reaction conditions of
LA and HA with chiral amines” section. Each 2 pL of the
derivatization solutions was then subjected to the UPLC-ESI-
MS/MS system. The calibration curves were constructed by
plotting the peak area ratio of S-PMP-LA or -HA to LS. ()
versus the concentration of LA or HA (x, nanograms per
milliliter using linear regression 1/x weighting (n=5).

Intra-day and inter-day assays The precisions of intra- and
inter-day assays were determined by the repeated measure-
ment (n=5) of the saliva obtained from two volunteers on
1 day and over 5 days, respectively. The precision was eval-
uated as the relative standard deviation (RSD, percentage).

Recovery test The amounts of the L- and D-enantiomers of
LA (450 and 900 pg) and HA (104 and 208 pg) in acetoni-
trile (10 uL) were spiked in 90 uL of a saliva sample from
the volunteers (n=5). The spiked- and unspiked samples
were then pretreated and subjected to UPLC-ESI-MS/MS.
The concentrations of the D- and L-enantiomers of LA and
HA were determined from each calibration curve. The re-
covery percentage was defined as F/(Fy+A4)x100 (%),
where F is the concentration of LA or HA in the spiked
sample, F, is the concentration of the LA or HA in the
unspiked sample, and 4 is the spiked concentration.

Pretreatment for LA and HA analyses in saliva

Saliva (ca. 1 mL) was directly collected into a collecting
tube (without a collection device) and stored at —80 °C until
used. The DM patients (sex, five males and five females;
age, 44-69; n=10) and healthy volunteers (sex, six males
and four females; age, 42-61; n=10) ingested no food and
beverage within at least 1 h prior to the sample collection.
They also did not brush their teeth within 1 h prior to sample
collection to avoid blood contamination. They understood
the purpose and significance of this experiment and donated
saliva after agreement.

After thawing, the saliva sample was centrifuged at
3,000xg for 10 min to precipitate the denatured mucins.
To the supernatant (0.1 mL), 0.3 mL of acetonitrile
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Table 1 Separation and detection of LA and HA enantiomers derived from chiral amines by UPLC-ESI-MS/MS

Diastereomer Mobile phase R «@ Rs CE Transition (precursor ion, LOD (fg)
m/z/product ion, m/z)
(H,O/MeOH/MeCN L D k' /K (eV)
in 0.1 % HCOOH)
S-PMP-LA 98/1.6/0.4 1.93 2.71 1.39 491 20 227.2[M+H]"/156.0 5.38
S-PMP-HA 98/1.6/0.4 3.80 6.20 1.63 9.37 20 241.0[M+H]"/170.0 11.5
S-DBD-APy-LA 75/20/5 10.0 9.62 1.04 1.10 25 384.2[M+H]"/202.0 n.d.
R-DBD-APy-HA 75/20/5 11.6 12.0 1.03 0.94 25 398.2[M+H]%/202.0 n.d.
R-AI-LA 75/20/5 7.41 7.21 1.03 1.12 25 206.2[M+H]7/116.8 n.d.
S-AI-HA 75/20/5 7.88 7.36 1.06 2.64 25 220.2[M+H]7/116.8 32.8

n.d. not determined, k'=(tr —1)/to; a=k'1/k'y; Rs=2X(tro—tr1)/ (W1 +W>); tg, tz; and tz, retention times; #, void volume; W; and W, bases of the

triangles derived from the peaks

containing I.S. [DL-LA-d3, 930 pg (10 pmol) and DL-HA-d,,
108 pg (1 pmol)] was immediately added, vigorously mixed
for 30 s and centrifuged again at 3,000xg for 5 min. The
supernatant was deproteinized using the Sirocco Protein
Precipitation Plate (Waters, Milford, MA). After connecting
the filter plate to a vacuum manifold and maintaining at
10 mmHg for 15-20 min, the collected filtrate (0.35 mL)
was dried using a Personal Evaporator (EZ-2, Genevac Co.,
New York, USA). The residues were dissolved in 0.1 mL of
acetonitrile and reacted with 0.1 mL of a chiral amine
(1 mM) in the presence of TPP and DPDS, according to
the procedures described in the “Recommended reaction
conditions of LA and HA with chiral amines” section. After
removal of the solvent, the residues were redissolved in
0.4 mL of the initial mobile phase and then a 2-pL aliquot
was subjected to the UPLC-ESI-MS/MS. The separation and
detection conditions are the same as those listed in Table 1.

Result and discussion
The determination of D-LA in blood has typically been

performed by utilizing D-lactic acid dehydrogenase (D-
LDH), which transforms D-LA into pyruvic acid. In the

enzymatic assay using D-LDH, the concentration of D-LA
is estimated as the increase in absorption [27-30], fluores-
cence [31], or amperometric potential [32] of NADH
formed from NAD", which is a co-factor in the enzymatic
reaction using D-LDH. Although the enzymatic assay pro-
vides a rapid determination, L-LDH is also necessary for
determining L-LA. Therefore, the simultaneous determina-
tion of D-LA and L-LA is difficult using the enzymatic assay.
As the separation methods without using the enzymes, chiral
ligand-exchange chromatography, a chiral mobile phase ad-
ditive, and a chiral stationary phase (CSP) column were
reported by Oi et al. [33], Olieman et al. [34], and Norton
et al. [35], respectively. Although the enantiomeric separa-
tion is possible by these methods, the detection sensitivity is
insufficient for the determination of small quantities due to
the use of the refractive index and UV absorption in the
short wavelength range. To overcome this disadvantage,
Imai’s group [36-38] developed a column-switching HPLC
method using a CSP separation following pre-column fluo-
rescence derivatization using 4-(N,N-dimethylaminosul-
fonyl)-7-piperazino-2,1,3-benzoxadiazole [36] and 4-nitro-
7-piperazino-2,1,3-benzoxadiazole [37, 38]. The highly sen-
sitive determination of D- and L-LA in the serum was carried
out by the HPLC—FL methods using derivatization and the

Fig. 2 Time courses of the
: - a b
reaction of carboxylic acids % 106 % 106
with S-PMP at room tempera- r 35
ture. a Enantiomers of LA. L
. 4.0 " = ] 3.0 r
b Enantiomers of HA. The ’ [ ] [ ]
. . 35 r * o * [ ] '
derivatization conditions are e 25 |
described in the “Experimental” % E . | oD-LA ‘% 20 . ¢D-HA
i 2.5 . Yo -
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CSP column. However, the operating procedure is compli-

cated, and some interference possibly occurs during the

determination of a trace amount in complex matrices. Be-
sides, the determination in saliva may be difficult due to lack
of a detection sensitivity. On the other hand, the enantio-
meric separation of DL-HA in biological specimens has not
been reported. Based on these observations, we developed a
separation and detection method for the pL-LA and pL-HA
enantiomers by LC-MS/MS. The proposed method was also
used for the determination in the saliva from DM patients

and healthy volunteers.

Fig. 3 Mass spectral features
of the derivatives obtained from
S-PMP. A Mass spectra; B MS/
MS spectra. 1 S-PMP-LA,

2 S-PMP-LA-ds, 3 S-PMP-HA,
4 S-PMP-HA-d,. The MS/MS
spectra were recorded by the
collisional activation of
[M+H]" of the respective
derivatives. The other
conditions are described

in the “Experimental”

section and Table 1

Derivatization of LA and HA with chiral amines

Carboxylic acids are usually labeled with a chiral amine in
the presence of activation reagents, such as 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide. The condensation reac-
tion proceeds under mild conditions, such as room temper-
ature. In our previous study, the combination of DPDS and
TPP was used for the condensation of NSAIDs with chiral
amines, such as PMP and Al (Fig. 1) [12]. The chiral amines
reacted with the NSAIDs to produce the corresponding

amide-type diastercomers in the presence of the activation
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reagents [39]. In the present study, the same activation
reagents (DPDS and TPP) and solvent (acetonitrile) were
employed for the derivatization reactions of DL-LA and DL-
HA with chiral amines. The reaction time of the derivatiza-
tion with S-PMP was first optimized with LA and HA. As
shown in Fig. 2, the formation of the derivatives gradually
increased with the increase in the reaction times. The peak
areas of the derivatives reached a plateau after a 90-min
reaction and were constant over a 180-min period. Further-
more, the time courses of the derivatization reactions are

very similar for both enantiomers. The results showed that
no difference in the reactivity was observed in both enan-
tiomers. The time courses obtained in this study agreed with
those in a previous report [12]. Therefore, the 90-min reac-
tion at room temperature in acetonitrile was selected for the
derivatization of the LA and HA enantiomers with the chiral
amines in the presence of DPDS and TPP. When the result-
ing derivatives were dissolved in the respective mobile
phases, they were stable at room temperature for at least
1 day and at 4 °C for at least 5 days.

Fig. 4 SRM chromatograms of (A1) (B1)
the diastereomers obtained from 1.93 1.93
authentic carboxylic acids and 100 ; 271 100 ]
saliva of a healthy volunteer.
A Authentic carboxylic acids L-LA D-LA
(injection amount, 25 fmol ~& ~
each); B Saliva. The UPLC— = =
ESI-MS/MS conditions are
described in the “Experimental”
section and Table 1 2.7
0 T T T TTrrr] T \ min 0 T T T T T f‘|k_| min
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Table 2 Calibration curves of

LA and HA enantiomers derived Carboxylic acid Calibration range (ng/mL) Linear equation Linearity (R?) CV (%)
from S-PMP (n=5)
L-LA 2.5-250 y=0.2227%x-0.0569 0.9998 2.31-7.32
D-LA 2.5-250 y=0.2514x-0.1927 0.9979 2.71-7.52
L-HA 0.5-50 y=0.0139x-0.0350 0.9994 1.02-8.32
D-HA 0.5-50 y=0.0142%x-0.0381 0.9995 0.700-4.02

UPLC-ESI-MS/MS analysis of bL-LA and DL-HA

The separation of both enantiomers of LA and HA after
derivatization with the chiral amines, i.e., PMP, DBD-APy,
and Al, was attempted by reversed-phase chromatography
using the isocratic elution of a water—methanol—acetonitrile
mixture containing 0.1 % HCOOH. In this study, an ODS
column packed with small particle silica gel (1.7um) was
used for the high-throughput separation. As shown in Table 1,
the diastereomers of LA and HA derived from S-PMP were
well separated under an isocratic elution condition. A good
separation of HA derivatives was also observed using S-Al
(Table 1). However, the separations of the diasteromers, pro-
duced from DBD-APy, were insufficient (Table 1). Therefore,
the chiral amines, S-PMP and S-Al, were adopted for the
following experiments.

The mass spectral features of the S-PMP derivatives,
obtained from tandem triple quadrupole MS, are shown in
Fig. 3. The mass spectra patterns of the bL-LA-d; and DL-
HA-d, were almost the same as those of DL-LA and DL-HA,
except for 3 and 4m/z differences (Fig. 3A). The specific

Fig. 5 Concentration of HA (A1)
enantiomers in saliva of DM
patients and healthy volunteers
(n=10). DM, Diabetes Mellitus
patients; C, healthy volunteers.
A Reacted with S-PMP; B
Reacted with S-Al

(ng/mL)

D-HA

(ng/mL)

D-HA

and characteristic cleavages were also observed from the
CID of the protonated molecule, [M+H]" (Fig. 3B). The MS
transitions (precursor and productions) and the limits of de-
tection obtained from the SRM chromatograms are shown in
Table 1. The SRM transition for S-PMP-LA and S-PMP-HA
was m/z 227.2—156.0 and 241.1—170.1, respectively. The
typical SRM chromatograms are shown in Fig. 4A. Each pair
of diastereomers derived from S-PMP was clearly separated
within 7 min by the reversed-phase chromatography (DL-LA,
Rs=4.91; pL-HA, Rs=9.37). The peaks corresponding to DL-
LA-d; and DL-HA-d, also appeared at the same elution posi-
tions (Fig. 4A). Thus, a high-throughput separation was
obtained by UPLC using a small particle silica gel column.
Furthermore, a highly sensitive detection at 5-12 fmoles was
obtained from the SRM chromatograms of the S-PMP deriv-
atives (Table 1). The peaks of DL-HA derived from S-Al were
also successfully separated by the reversed-phase chromatog-
raphy (Rs=2.64). Although the separation efficiency was
different in DL-LA and DL-HA, the S-PMP and S-Al reagents
seem to be applicable for the enantiomeric separation of LA
and HA in saliva.
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Table 3 Determination of LA and HA enantiomers in saliva of DM patients and healthy volunteers

Amine Saliva Amount (ng/mL) D/L ratio (%) Amount (ng/mL) D/L ratio (%)
D-LA L-LA DL-LA D-HA L-HA DL-HA

S-PMP C 6.02+4.21 5244219  58.4+22.8 11.9+8.12 6.71£3.93 9.72+4.70 16.3+6.70 81.5+48.9
DM 41.6+449  64.7+44.7 106 +81.7 62.9+52.6 10.2+7.42 14.3+6.42 24.6+11.1 74.3+44.4

S-Al C n.d. n.d. n.d. n.d. 6.89+3.33 9.94+4.41 16.8 £7.83 77.5+£37.2
DM n.d. n.d. n.d. n.d. 9.52+5.91 16.7 £7.83 26.2+11.3 65.9+37.4

n.d., not determined

Analysis of DL-LA and DL-HA in saliva Validation

Saliva has recently been attracting attention as a new bio-
logical specimen in clinical examinations and therapeutic
drug monitoring [40, 41] because saliva offers easy, nonin-
vasive, stress-free, and real-time repeated sampling when
blood collection is either undesirable or difficult. However,
a major disadvantage of using saliva is the low analyte
concentration. Consequently, a highly sensitive and selec-
tive detection technique is required for the utilization.

In general, the determinations of LA and HA in DM patients
are carried out using blood and urine. However, their use as a
diagnosis sample is not suitable as previously mentioned.
Hygienic practice during collection and handling is another
consideration. In contrast, saliva is relatively clean and the
samples can be quickly and noninvasively collected and easily
stored. Furthermore, the simultaneous determinations of both
enantiomers of LA and HA have not yet been performed in
biological specimens. Thus, their separation assay in saliva
was performed in DM patients and healthy volunteers.

One hundred microliters of saliva collected from the DM
patients and healthy volunteers was pretreated as described
in the “Pretreatment for LA and HA analyses in saliva”
section. Figure 4A shows the SRM chromatograms of au-
thentic LA and HA derived from S-PMP. The typical SRM
chromatograms obtained from the saliva of a normal subject
are also shown in Fig. 4B. The peak corresponding to both
enantiomers of LA and HA was clearly separated at 1.93
(L-LA), 2.71 (D-LA), 3.81 (L-HA), and 6.20 min (D-HA).

Fig. 6 Concentration of LA
enantiomers obtained from S-
PMP reagents in saliva of DM

patients and healthy volunteers 200
(n=10). DM diabetes mellitus
patients, C healthy volunteers 150
ey
£ 100
=)
£
50

D-LA
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The calibration curves of the D- and L-isomers of LA and
HA after derivatization with S-PMP were first studied. As
shown in Table 2, a good linearity was obtained from the
concentrations of the carboxylic acids versus the ratios of
intensity of the carboxylic acid to deuterium-labeled I.S.
The RSD values of the repeated assays of LA and HA in
saliva were less than 9.89 % for the intra-day and 9.27 % for
the inter-day analyses [Electronic supplementary material
(ESM) Table S1]. Besides, the recovery values of LA and
HA spiked in the saliva samples were more than 97.7 %
(ESM Table S2). The RSD values of intra-day and inter-day
analyses of HA obtained from S-Al reagent were less than
8.28 and 8.82, respectively. The recovery values of HA using
S-Al were more than 97.4 % (detailed data not shown). These
values are an acceptable range in bioanalysis. Based on these
results, the proposed method is not only accurate but also
precise. Therefore, the present method seems to be applicable
for the determination of DL-LA and DL-HA in saliva.

Concentration of LA and HA enantiomers in saliva
of DM patients and healthy volunteers

Ten saliva samples of DM patients and healthy volunteers
were each analyzed by the proposed procedure. Figure 5
shows the D- and L-HA concentrations and the D/L ratios
obtained from S-PMP and S-Al reagents. The average con-
centrations of L-HA and pD-HA obtained from S-PMP

ac

(*: p<0.01) mDM

140
120
100
80
60
40
20

%

L-LA DL-LA

Ratio D-/L-LA (%)
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reagent were calculated as 14.3 and 10.2 ng/mL in the DM
patients, and 9.72 and 6.71 ng/mL in the normal subjects,
respectively (Table 3). The amounts of both enantiomers
were slightly higher in the DM patients than in the normal
subjects, but the D/L ratio was almost comparable in both
samples (74.3 versus 81.5). Almost the same results were
also observed from the use of the S-Al reagent (Table 3 and
Fig. 5B). Therefore, the determinations of D-LA and L-LA
were carried out using only the S-PMP reagent. These results
are shown in Fig. 6 and Table 3. No large difference of the L-
LA concentration was observed between the DM patients (Av.
64.7 ng/mL) and normal subjects (Av. 52.4 ng/mL). On the
contrary, the concentration of D-LA was obviously higher in
the DM patients (41.6 versus 6.02 ng/mL). The increase in the
total LA (DL-LA) in the serum of diabetic patients has been
reported by Avogaro et al. [42, 43]. Furthermore, Imai et al.
[38] compared the D/L ratios in serum of diabetic patients and
normal subjects. Although the ratio of the D-enantiomer in the
diabetic patients was slightly higher than that of the normal
subjects, no significant difference was observed in the serum
analysis. In our study, a similar higher concentration of LA in
the DM patients is obtained from the saliva analysis. Besides,
the D/L ratio in the DM patients was significantly higher than
that in the normal subjects, which is different from the results
in the serum [38]. It is currently not obvious that this large
difference is due to the difference in the sample type (serum
versus saliva). Thus, a detailed study is planned to verify the
results.

Conclusion

We developed a simple and practical derivatization proce-
dure for the enhanced detection and enantiomeric separation
of LA and HA using LC-ESI-MS/MS. The detectability
was increased with the derivatization by three to four orders
of magnitude over the intact carboxylic acids [35]. Further-
more, the retention efficiency of LA and HA, which are not
only water soluble but also hydrophilic carboxylic acids,
increased with the derivatization. As a result, the diaster-
eomers derived from S-PMP were satisfactorily separated
by reversed-phase chromatography (Rs=4.91 in DL-LA
and Rs=9.37 in DL-HA). The Rs values were obviously
larger than those in the use of CSP column [38]. Fur-
thermore, a high-throughput separation within 7 min was
carried out by the use of a UPLC and an anti-
pressurized column packed with 1.7-pum particle ODS silica
gel.

The enantioselective and trace analyses of LA and HA in
saliva of DM patients were achieved by derivatization fol-
lowed by UPLC-ESI-MS/MS. This is the first reported
instance for the simultaneous and enantioselective analysis
of LA and HA in the saliva of DM patients and healthy

volunteers. The present method is highly sensitive and has
enough specificity and practicality for biological sample
analysis. Consequently, the proposed procedure is useful
for the noninvasive salivary diagnosis of DM patients. The
proposed method seems to be applicable for the enantiose-
lective determination of LA and HA in various biological
specimens. Further study of the chiral analysis of LA and
HA is currently underway in our laboratory.
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