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Abstract
Quantification of endogenous and exogenous plasma glucose can help more comprehensively evaluate the glucose metabolic
status. A ratio-based approach using isotope dilution liquid chromatography tandem mass spectrometry (ID LC-MS/MS) with
indirect multiple reaction monitoring (MRM) of the derivative tag was developed to simultaneously quantify endo-/exogenous
plasma glucose. Using diluted D-[13C6] glucose as tracer of exogenous glucose,

12C6/
13C6 glucoses were first derivatized and

then data were acquired in MRM mode. The metabolism of exogenous glucose can be tracked and the concentration ratio of
endo/exo-genous glucose can be measured by calculating the endo-/exo-genous glucose concentrations from peak area ratio of
specific daughter ions. Joint application of selective derivatization and MRM analysis not only improves the sensitivity but also
minimizes the interference from the background of plasma, which warrants the accuracy and reproducibility. Good agreement
between the theoretical and calculated concentration ratios was obtained with a linear correlation coefficient (R) of 0.9969 in the
range of D-glucose from 0.5 to 20.0 mM, which covers the healthy and diabetic physiological scenarios. Satisfactory reproduc-
ibility was obtained by evaluation of the intra- and inter-day precisions with relative standard deviations (RSDs) less than 5.16%,
and relative recoveries of 85.96 to 95.92% were obtained at low, medium, and high concentration, respectively. The method was
successfully applied to simultaneous determination of the endo-/exogenous glucose concentration in plasma of non-diabetic and
type II diabetic cynomolgus monkeys.
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Introduction

Monitoring glucose levels can provide objective evidence for
the diagnosis and prevention of diabetes, hypertension, and

cardiovascular and cerebrovascular diseases [1, 2]. Over the
past decades, the methods reported for blood glucose detec-
tion include glucose oxidase-peroxidase (GOD-POD) [3],
hexokinase (HK) [4], glucose dehydrogenase (GDH) [4],
etc. These methods are fast and efficiently for determination
of the overall blood glucose level, but they cannot distinguish
between endogenous and exogenous glucose in plasma. The
current assay established to simultaneously measure the en-
dogenous and exogenous glucose levels is very critical for
biomedical metabolic studies that involve the technique called
glucose clamps, usually referring to hyperinsulinemic-
euglycemic clamps, which are considered the Bgold standard^
for assessing whole body insulin sensitivity [5, 6]. When used
in combination with tracer dilution techniques and physiolog-
ical insulin concentrations, the insulin sensitization can be
dissected and attributed to hepatic and peripheral effects that
provide further details of metabolic status in body for evalua-
tion of glucose turnover [7].
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Previously, the analysis of glucose and other monosaccha-
ride compounds by LC-MS was based on the formation of
Na+, NH4

+, Cs+ adducts in positive ionization mode and
Cl−, I− adducts in negative ionization mode [8–13]. For glu-
cose in positive ionization mode, inclination to form a variety
of ion states, such as H+, Na+ and NH4

+ adducts, and gener-
ation of multiple fragment ions due to the in-source collision
induced dissociation (ISCID), make it difficult to obtain the
accurate summation of these peak areas and thus accurate
quantification. For example, monitoring NH4

+ attachment
cannot completely remove the interference from Na+, which
is a ubiquitous contaminant from glassware [11]. On the other
hand, in negative ionization mode, Cl− adducts have a major
disadvantage of reducing sensitivity due to the presence of
two natural isotopes of Cl− [14–16]. Furthermore, the sensi-
tivity of all these methods in positive or negative ionization
mode is limited by the low ionization efficiency of the neutral
carbohydrates.

Stable isotope-labeled glucose is often used as tracer to
gain insight into glucometabolism. The tracer of [6,6-2H2]
glucose, prepared in derivatized form, can be analyzed by
gas chromatography mass spectrometry (GC-MS). However,
this test is usually quite expensive because nearly 2 g of la-
beled material is needed [17]. Using [1-13C] glucose as tracer,
gas chromatography-combustion-isotope ratio mass spec-
trometry (GC-C-IRMS) offers superior analytical precision
when compared with the conventional methodology of GC-
MS and deuterium labeling [18]. The amount of tracer used
can be reduced considerably, and so can the cost [17].
Similarly, using D-[13C6] glucose as tracer, analysis of isoto-
pic enrichment of glucose in human plasma using liquid
chromatography-isotope ratio mass spectrometry (LC-
IRMS) has also been developed [19]. For IRMS-based
methods (GC-C-IRMS and LC-IRMS), organic components
eluting from a GC or LC column are oxidized in a capillary
reactor (GC-C-IRMS) or by wet oxidat ion with
peroxodisulfate under acidic conditions (LC-IRMS). The pro-
duced CO2 is introduced into the isotope ratio mass spectrom-
eter (IRMS), where the 13C/12C ratio was measured to deter-
mine the 13C-isotopic enrichment in plasma samples, based on
the peak areas of the m/z 44, 45, 46 signals of the separated
compound [19]. IRMS-based methods (GC-C-IRMS and LC-
IRMS) in fact only directly determine the 13C/12C ratio. The
tracer/tracee ratio (labeled and natural glucose) is subsequent-
ly indirectly derived. The robustness of IRMS-based methods
for the tracer/tracee ratio measurement heavily depends on
performance of the chromatographic separation of the target
compound. It is critical to prevent any 12C or 13C containing
material from interfering with the analyte (glucose).

Isotope dilution mass spectrometry (IDMS) is a powerful
tool for quantitative analysis of trace substances in complex
matrices [20]. Using isotope dilution LC-MS to quantitatively
analyze monosaccharide is drawing an increasing number of

researchers’ attention, which is becoming amature technology
in research and medical laboratory science [21]. For IDMS,
peak area ratio of the fragment ions could be affected by the
isotope effect, such as, for 12C6/

13C6 glucose when
13C or 12C

is involved in the fragmentation (bond breaking).
Derivatization method is often used to improve the ionization
efficiency and sensitivity. Carbohydrate compounds can com-
monly be derivatized through reductive amination [22–25].
Glucose and other reductive sugars can react with amines
generating Schiff base, which can be further reduced by re-
ducing agents, such as sodium borohydride and sodium
cyanoborohydride, giving the final stable derivative products
[26, 27]. Derivatization of carbohydrates can significantly im-
prove the ionization efficiency and the sensitivity of ESI.

Here, we report a new ratio-based approach using D-[13C6]
glucose isotope dilution LC-MS/MS with indirect MRM of
the dissociation of the derivative tag to accurately and simul-
taneously quantify endogenous and exogenous glucose in
plasma. D-glucose and D-[13C6] glucose may have different
probability and pattern of collision-induced dissociation
(CID) due to the isotope effect if direct MRM of 12C6/

13C6

glucose is carried out without derivatization. In such case, the
ratio of peak areas of the fragment ions of 12C6/

13C6 glucose
may not correctly represent their quantity ratio. After deriva-
tization reaction, induced by the collision the derivative tag is
more easily dissociated (Fig. 1). This kind of indirect MRM of
the derivative tag generates response-stable fragment ions and
can effectively minimize the isotope effect. The peak areas of
the extracted ion chromatograms (EIC) of the specific daugh-
ter ions at m/z 284 and m/z 290 were selected for the quanti-
tative analysis. Compared to the methods mentioned above
(GC-MS, GC-C-IRMS and LC-IRMS), the proposed LC-
MS/MS is satisfactorily sensitive and more robust with ex-
tremely high specificity through selective derivatization and
MRM analysis by dual selection of both the precursor and the
daughter ions. In summary, the proposed method has the fol-
lowing advantages: (a) Joint application of selective derivati-
zation and indirect MRM analysis warranted the sensitivity
and specificity. (b) Significant reduction in the required quan-
tity of labeled glucose brought clear cost advantage. (c)
Validation results indicated that this method was robust with
satisfactory accuracy and precision and can be used to simul-
taneously quantify endo/exo-genous plasma glucose.

Material and methods

Chemicals and reagents

Chromatographic grade methanol and acetonitrile (ACN)
were obtained from Merck (Darmstadt, Germany). Milli-Q
water was prepared by Millipore system (Merck Millipore,
Germany). Glucose (purity 99.8%) was obtained from
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Solarbio Science and Technology Co., Ltd. (Beijing, China)
and D-[13C6] glucose (U-

13C6, isotope abundance 99%, purity
98%) was purchased from Cambridge Isotope Laboratories,
Inc. (Andover, MA, USA). Derivatization reagents butyl-p-
aminobenzoate (butyl-PABA) and sodium cyanoborohydride
were purchased from Aladdin Industrial Corporation
(Shanghai, China). Glacial acetic acid was purchased from
Fengchuan Chemical Reagent Science and Technology Co.,
Ltd. (Tianjin, China). Formic acid (FA, 50%) and electrospray
calibrant solution were purchased from Fluka (Switzerland).
Derivatization reagent was prepared by mixing 0.385 g butyl-
PABA, 0.625 g sodium cyanoborohydride, 0.375 mL glacial
acetic acid, and 4.63 mL methanol [28].

Research participants and sample preparation

Plasma samples were obtained from non-diabetic and type II
diabetes cynomolgus monkeys (For the Research participants,
see Electronic Supplementary Material (ESM)). Two i.v.
canules were inserted into the left and right forearms, one
for each (left and right) forearm, one side is for the adminis-
tration of the tracer substrates, and the other is for drawing
blood samples. The first two blood samples (0.5 mL) were
drawn into blood collection tubes at 10 and 3 min before the
tracer infusion. Then the tracer (D-[13C6] glucose, prepared in
normal saline in a concentration of 35 μmol/mL) was infused
to the monkey with rates of 0.25 μmol/kg/min for the first
hour and 0.1875 μmol/kg/min for the following 2 h. Blood
samples (0.5 mL) were collected at 60, 75, 90, 105, 120, 135,
150, 165, and 180 min after the start of infusion. Plasma sam-
ples were prepared by centrifuging at 2000×g at 4 °C for
15 min and stored in − 80 °C freezer before tracer analysis.

Plasma samples were thawed at room temperature and vor-
tex-mixed. A 100-μL aliquot was transferred to 1.5 mL
microcentrifuge tube. Plasma proteins were precipitated with

400 μL acetonitrile followed by vortex-mixing for 30 s and
centrifuged for 10 min at 12,000×g under 4 °C. Thereafter, the
supernatant was transferred to 1.5 mL microcentrifuge tube
and evaporated by Concentrator Plus (Eppendorf, Germany).
The dried extracts were reconstituted in 100 μL water and
dissolved fully.

Derivatization reaction and LC-MS/MS data collection

Twenty microliters of the above reconstituted sample was tak-
en, and 100 μL of the derivatization reagent was added [28].
Derivatization reaction was shown in Fig. 1. After the reac-
tion, the derivatization reaction mixtures were transferred to
solid phase extraction (SPE) cartridges (C18/100 mg/1 mL,
Germany) for sample pretreatment. Beforehand, the SPE car-
tridges were conditioned with 1 mL methanol and then pre-
treated with 1 mL water, and then equilibrated with 0.2 mL
acetonitrile-water (V/V, 5:95) before run. The cartridges load-
ed with samples were washed twice with 1 mL of acetonitrile-
water (V/V, 5:95) and then eluted with 1 mL acetonitrile-water
(V/V, 30:70). The eluates were stored at 4 °C before LC-MS/
MS data collection.

LC-MS/MS data were acquired on a UPLC system
(Agilent 1290 infinity, USA) coupled with quadrupole time-
of-flight tandem mass spectrometer (MicrOTOF Q II, Bruker
Daltonics, Germany). A Waters CORTECS® UPLC® C 18
column (2.1 × 150 mm, 1.6 μm;Waters, Ireland) with a 2.1 ×
5 mm guard column of the same material was used.
Quadrupole tandem time-of-flight mass spectrometer was op-
erated in positive ion mode with ESI interface and data acqui-
sition done in the MRM mode. The capillary voltage was set
at − 3000 V with an end plate offset potential of − 500 V. The
scan range covered from 50 to 500 Da with an acquisition rate
of 2.0 Hz. The dry gas (Nitrogen) was set to 3.0 L/min at

D-glucose

Butyl-PABA

CH3COOH,CH3OH

Schiff base Derivative

(MRM)

C

H

N

H

N

CH2

13
CH2

13
C5

H
11O5

O

m/z 284

m/z 290

H
9C4OOC N CH C5

H
11O5

C5
H

11O5

C

O

H
9C4OOC CH2 C5

H
11O5

H

N

C
H

N CH2

[M+H]
+
=358

OH

C5
H11O5

C4
H

9
O

C

H

N
13

CH2

13
C5

H
11O5

OH

[M+6+H]
+
=364

C4
H

9
O

ESI(+)

NaBH
3CN

D-[
13

C ] glucose
6 H

9
C4OOC N

13
CH

13
C H

11O55
H

9C4OOC
13

CH2

13
C5

H
11O5

H

N

Fig. 1 The derivatization reaction
and MS/MS analysis of D-
glucose and D-[13C6] glucose
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180 °C with a nebulization gas pressure of 0.8 bar. The mass
axis was calibrated using the electrospray calibrant solution.

Analytical validation

Nine standard mixtures containing varying concentration of
natural glucose (from 0.5 to 20.0 mM) and D-[13C6]-labeled
glucose at fixed concentration of 0.035 mM were prepared to
construct standard curve by linearly regressing the theoretical
molar concentration ratios (x) with the calculated concentra-
tion ratios (y). Stock solutions of 100 mM D-glucose and
1 mM D-[13C6] glucose (concentration adjusted considering
the purity level) were prepared in water. Different volumes of
100 mM D-glucose (10, 20, 40, 80, 140, 200, 280, 340, and
400 μL, respectively) were mixed with 70 μL of 1 mM
D-[13C6] glucose, and were further diluted with water to a total
volume of 2 mL, giving standard solutions of natural/labeled
glucose mixture with D-glucose at the final concentrations of
0.5, 1.0, 2.0, 4.0, 7.0, 10.0, 14.0, 17.0, and 20.0 mM, respec-
tively, and D-[13C6] glucose at the final concentration of
0.035 mM.

The accuracy and precision of the proposed method were
assessed by the recoveries and intra- and inter-day RSDs. The
recoveries were the measured percentage of standard glucose
at three different concentration levels of 1 mM (low), 4 mM
(medium), and 8 mM (high) spiked in plasma samples with
D-[13C6] glucose as internal standard at fixed concentration of
0.035 mM (as matrix solution). The intra-day RSDs were
calculated from six repeating analyses within the same day,
and the inter-day RSDs were obtained from the measurements
on three continuous days. The robustness of the assay was
assessed on the samples above with glucose spiked at low,
medium, and high concentrations by triplicate analyses using
acetonitrile-water and methanol-water as eluting solution,
respectively.

Results and discussion

Optimization of the experimental condition

In the initial study, the conditions of chromatography and
collision energy have been optimized. Chromatographic per-
formance of glucose derivative on Agilent ZORBAX Hilic
Plus (2.1 × 150 mm, 1.8 μm) column was compared with that
on a Waters CORTECS® UPLC® C18 (2.1 × 150 mm,
1.6 μm) column. The latter gave satisfactory separation after
the mobile phase optimization. Thus, the CORTECS®
UPLC® C18 column (2.1 × 150 mm, 1.6 μm) with a 2.1 ×
5 mm guard column of the same material was used for chro-
matographic separation. The system was equilibrated with
30% solvent B (ACN with 0.1% (V/V) formic acid) and 70%
solvent A (water with 0.1% (V/V) formic acid) for 3.0 min for

the initial condition. For each run, 6 μL of the sample was
injected and eluted at a flow rate of 0.20 mL/min with a linear
gradient between 0 and 4.5 min, with solvent A and solvent B
varying from 30 to 80% of B. The mobile phase was the held
at 100%B for 4.5–7.0 min, and afterward changed back to the
initial condition with 30% B and maintained for 3.0 min for
system reequilibration. The total run time was 10.0 min in-
cluding equilibration. A single sharp peak demonstrated an
excellent retention and separation of glucose derivative, as
shown in Fig. 2 0.1% formic acid added in the mobile phase
can effectively facilitate the ionization efficiency. For MS/MS
data acquisition, precursor ions at m/z 358 and m/z 364 were
selected inMRMmode and collision energy was optimized in
the range of 5.0 to 30.0 eV to maximize the intensity of the
target specific daughter ions atm/z 284 andm/z 290, obtaining
the most appropriate collision energy of 10.0 eV (see ESM
Fig. S1).

Data analysis

The acquired data was processed using Compass
DataAnalysis software (Bruker, Version 4.1). The extracted
ion chromatograms (EIC) at m/z 284.11 and m/z 290.13 were
extracted with extraction window width of ± 0.05 Da. The
EIC peaks were smoothed using Gauss algorithm with a
smoothing width of 1 point. The areas of chromatographic
peaks corresponding to the derivatives of the 12C6/

13C6 glu-
cose in EIC were manually integrated. Considering the natural
abundance of 13C (1.1%), 18O (0.2%), 2H (0.015%), 15N
(0.37%) and isotope labeling level of D-[13C6] glucose
(U-13C6, isotope abundance 99%), the obtained EIC chro-
matographic peak areas A284 (or A[M]) and A290 (or A[M + 6])
can be translated into the concentration ratio between the en-
dogenous (natural) and exogenous (D-[13C6] labeled) glucose:

Cendo

Cexo
¼ CN

CL
¼ A284=0:8123

A290=0:8200
ð1Þ

The A284 (or A[M]) and A290 (or A[M + 6]) are the peak areas
in EIC at m/z 284.11 ± 0.05 and m/z 290.13 ± 0.05, which are
the specific fragment ions of the derivatives of D-glucose and
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EIC 290.1300±0.05 

Fig. 2 EIC chromatogram derived from the standard mixture solution of
0.5 mM D-glucose and 0.035 mM D-[13C6] glucose

2014 Yu L. et al.



D-[13C6] glucose. Cendo (or CN) and Cexo (or CL) represent the
calculated concentrations of endogenous (natural) and exoge-
nous (D-[13C6] labeled) glucose.

Method validation

The assay was validated for linearity, accuracy, precision,
and robustness. The concentration ratios (y) between nat-
ural and labeled glucose are calculated from the measured
LC-MS/MS peak intensities in EIC at m/z 284 and m/z
290 following Eq. (1) above. Satisfactory agreement be-
tween the theoretical and calculated concentration ratios
was obtained. Linear regression of the theoretical molar
concentration (adjusted by the purity level) ratios (x) with
the calculated concentration ratios (y) results a correlation
coefficient R = 0.9969 with the D-glucose dynamic range
of 0.5–20.0 mM (corresponding to the concentration ratio
of 14.31–572.35), which covers the healthy and diabetic
physiologic scenarios (Fig. 3). The standard deviations
(SD) were estimated from triplicate data at each different
concentration ratio. The relative errors (RE%) at each

different concentration ratio were calculated using the av-
erage values of the triplicate measurements against the
theoretical ones, which are all within ± 10% (Table 1).

The ratio of D-glucose and D-[13C6] glucose for the matrix
solution was calculated following Eq. (1), which is then
subtracted from those calculated for the plasma samples
spiked with different levels of D-glucose. The relative recov-
eries were then calculated as the difference divided by the
theoretical ratios of the spiked materials (Eq. (2)).

Recovery% ¼ CN=CL spikedð Þ−CN=CL matrixð Þ
CN=CL theoð Þ ð2Þ

As shown in Table 2, relative recoveries ranging from
85.96 to 95.92% and acceptable precision with RSDs
values of less than 5.16% were achieved, demonstrating
satisfactory accuracy and reproducibility of the proposed
method.

The robustness of the proposed ratio-based approach using
isotope dilution LC-MS/MS with indirect MRM of the deriv-
ative tag was evaluated from RSDs ranging from 2.73 to
5.33% under different chromatographic conditions with re-
gard to glucose at low, medium, and high concentrations
(Table 3). These results demonstrate that changes of chro-
matographic conditions did not influence significantly the an-
alytical results.

y = 0.9451x + 1.3311
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Fig. 3 Linear regression of the theoretical molar concentration ratios (x)
with the calculated concentration ratios (y) between natural D-glucose
and D-[13C6] glucose derivatives. Vertical error bars indicate the standard
deviation of triplicate measurements at each point

Table 1 Statistical analyses and
linearity of the measurements on
the standard mixtures

Molar concentration (mM) Theoretical ratios Calculated ratios RE%

No. D-glucose D-[13C6] glucose C(12C)/C(13C) A(12C)/A(13C)a (n = 3)

1 0.5 0.035 14.31 14.83 ± 0.55 3.65

2 1.0 0.035 28.62 28.76 ± 1.06 0.51

3 2.0 0.035 57.23 52.52 ± 1.94 − 8.24
4 4.0 0.035 114.47 105.57 ± 2.93 − 7.78
5 7.0 0.035 200.32 191.76 ± 6.16 − 4.27
6 10.0 0.035 286.17 259.34 ± 20.70 − 9.38
7 14.0 0.035 400.64 417.42 ± 31.19 4.19

8 17.0 0.035 486.49 459.26 ± 11.15 − 5.60
9 20.0 0.035 572.35 524.56 ± 30.25 − 8.35

aMean ± SD, n = 3

Table 2 Accuracy and precision (intra- and inter-day) for the
determination of D-glucose in plasma

Low
(1 mM)

Medium
(4 mM)

High
(8 mM)

Intra-day precision
(RSDs%, n = 6)

3.09 2.40 3.82

Inter-day precision
(RSDs%, n = 3)

3.73 4.57 5.16

Recovery (%)b 95.92 ± 7.65 86.20 ± 2.97 85.96 ± 4.02

bMean ± SD, n = 6
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Using an ESI ion source, the major limitation is variable
ionization efficiency due to the matrix effect, which pre-
vents constructing a direct linear relation between the con-
centration and the measured MS peak intensity. As shown
in Fig. S2 (see ESM), with the gradually increasing con-
centration of D-glucose derivative, ionization efficiency of
both the labeled and non-labeled glucose derivative de-
creases, compared to the peak intensities predicted based
on the intensity at the lowest concentration (dashed lines).
The infused D-[13C6] glucose (as the tracer of the exoge-
nous glucose) can meanwhile be regarded as isotopic in-
ternal standard for the endogenous glucose for quantitative
analysis, in which case the concentration of the endoge-
nous and exogenous glucose can be respectively and accu-
rately measured with the MS matrix effect of the plasma
samples compensated [29]. The peak areas of the daughter
ions (m/z 284, 290) of the derivatives were used to calcu-
late the ratio of endogenous and exogenous glucose fol-
lowing Eq. (1). In such a case, though existing, the matrix
effect does not change the final concentration ratio [30],
which is proportional to the ratio of peak intensities de-
rived from the labeled and unlabeled glucose. After deriv-
atization, collision-induced dissociation (CID) of the com-
mon unlabeled derivative tag (indirect MRM) of 12C6/

13C6

glucose has ignorable isotope effect, which further im-
proves the measurement accuracy of the concentrations of
the endogenous and exogenous glucose in plasma.

Determination of endogenous and exogenous plasma
glucose concentration

Using D-[13C6] glucose as a tracer of exogenous glucose can
accurately evaluate the glucose metabolic status of the organ-
ism, especially for individuals with diabetes and insulin resis-
tance. In order to illustrate the biomedical application of this
method, as described in Section BResearch participants and
sample preparation,^ D-[13C6] glucose was continuously in-
fused in non-diabetic and type II diabetic cynomolgus mon-
keys and plasma samples were collected before and after the
start of infusion. The dried extracts of plasma samples were
reconstituted in 100 μL water for the following derivatization
reaction and LC-MS/MS data acquisition. Provided the con-
centration of the overall (endogenous and exogenous) plasma
glucose is known (can bemeasured by conventional way, such
as, by the UVabsorbance after oxidation), the concentrations
of endogenous and exogenous glucose in plasma can be ac-
curately and respectively determined based on their ratio de-
rived from Eq. (1).

As shown in Fig. 4a, at the same glucose infusion rate,
the concentration of the exogenous D-[13C6] glucose in the
plasma of non-diabetic subject was lower than that of dia-
betic subject, indicating that the glucose utilization rate by
the peripheral musculature of diabetic subjects was rela-
tively slower than that of the non-diabetic subjects until a
higher hemeostatic concentration of the exogenous glucose
is reached. Concomitantly, the insulin concentrations of di-
abetic subject are compensatorily higher (see ESM Fig. S3).
Previous studies on people with type II diabetes indicated
that hyperglycemia and hyperinsulinemia were both potent
inhibitors of glycogenolysis [31]. With the infusion of the
exogenous D-[13C6] glucose, the level of endogenous glu-
cose decreases, indicating the levels of glycogenolysis and
gluconeogenesis continued to decline for both non-diabetic
and diabetic subjects. Further, comparing the endogenous
glucose turnover data of the non-diabetic and type II dia-
betic monkeys, it was evident that diabetic subject has a
faster and greater decrease in endogenous glucose than
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Table 3 The robustness of proposed method

Low
(1 mM)

Medium
(4 mM)

High
(8 mM)

ACN-H2O (0.1%FA)
(RSDs%, n = 3)

1.61 2.15 4.45

CH3OH-H2O (0.1%FA)
(RSDs%, n = 3)

3.40 3.82 5.94

ACN-H2O (0.1%FA) + CH3OH-H2O
(0.1%FA) (RSDs%, n = 6)

2.73 2.80 5.33
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non-diabetic subject (Fig. 4b), which can be attributed to
stronger insulin-induced suppression of glycogenolysis as
well as gluconeogenesis of diabetic subject.

The described method can provide a ratio-based approach
to accurate determination of endogenous and exogenous plas-
ma glucose concentration in clinical studies of glucose kinet-
ics in healthy and diabetic individuals, which can more com-
prehensively depict the glucose turnover and evaluate the glu-
cose metabolic status of organisms, and is helpful for better
understanding the pathology of diabetes.

Conclusions

We reported a robust, highly selective, sensitive and accurate
LC-MS/MS method for simultaneous quantification of endog-
enous and exogenous glucose in plasma from non-diabetic and
diabetic cynomolgus monkey. Dissection of the endogenous
and exogenous plasma glucose can provide more detailed in-
formation on the glucose kinetics, which will be helpful for
better evaluating the glucose metabolic status of organisms
and understanding the pathology of diabetes. Glucose selective
derivatization together with specific precursor-daughter ion
pairs selected in MRM mode warrants extremely high selectiv-
ity of this method. Therefore, it can be used to accurately quan-
tify glucose in the complex background of plasmawith minimal
influence, even in existence of considerable amount of isobaric
interferences (atm/z 364). Meanwhile, derivative of glucose has
much higher ionization efficiency than the unmodified glucose,
which can thus dramatically improve the sensitivity. Double
selection of the specific precursor (m/z 358, 364) and specific
daughter (m/z 284, 290) ions gives much cleaner background,
which can further improve the signal-to-noise ratio.
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