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a  b  s  t  r  a  c  t

Oxidative  stress  is  suggested  to play  an  important  role  in  several  pathophysiological  conditions.  A recent
study  showed  that  decreasing  5-oxoproline  (pyroglutamate)  concentration,  an  important  mediator  of
oxidative  stress,  by over-expressing  5-oxoprolinase,  improves  cardiac  function  post-myocardial  infarc-
tion in  mice.  The  aim  of  the  current  study  is to  gain  a better  understanding  of  the  role  of the  glutathione
cycle  in  a mouse  model  of myocardial  infarction  by establishing  quantitative  relationships  between  key
components  of  this  cycle.  We  developed  and  validated  an  LC–MS method  to  quantify  5-oxoproline,  L-
glutamate,  reduced  glutathione  (GSH)  and  oxidized  GSH  (GSSG)  in  different  biological  samples  (heart,
kidney,  liver,  plasma,  and  urine)  of mice  with  and  without  myocardial  infarction.  5-oxoproline  concentra-
tion was elevated  in  all biological  samples  from  mice  with  myocardial  infarction.  The  ratio  of  GSH/GSSG
was  significantly  decreased  in cardiac  tissue,  but  not  in the  other  tissues/body  fluids.  This emphasizes  the
role of  5-oxoproline  as  an  inducer  of  oxidative  stress  related  to myocardial  infarction  and  as  a  possible
biomarker.  An  increase  in  the  level  of 5-oxoproline  is associated  with  a decrease  in the  GSH/GSSG  ratio,

a well-established  marker  for  oxidative  stress,  in  cardiac  tissue  post-myocardial  infarction.  This  suggests
that  5-oxoproline  may  serve  as an  easily  measurable  marker  for oxidative  stress  resulting  from  cardiac
injury.  Our  findings  show  further  that  liver  and  kidneys  have  more  capacity  to  cope  with  oxidative  stress
conditions  in  comparison  to the  heart,  since  the  GSH/GSSG  ratio  is not  affected  in  these  organs  despite  a
significant  increase  in  5-oxoproline.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Oxidative stress is defined as the imbalance between the pro-
uction of reactive oxygen species (ROS), and the capacity of the
ndogenous antioxidant defense system to deal with ROS [1]. Under
hysiological conditions, small quantities of ROS, which function

n cell signaling, can be readily neutralized by the antioxidant
efense system. However, under pathophysiological conditions,
OS production may  exceed the buffering capacity of the antioxi-
ant defense system, resulting in cell damage and ultimately cell

eath. This imbalance in redox state is implicated in the onset and
rogression of several diseases, including cardiovascular disease
1,2].

∗ Corresponding author at: University of Groningen, Department of Analytical
iochemistry, Antonius Deusinglaan 1 (XB20), Building 3226, room 601, 9713 AV
roningen, The Netherlands.

E-mail address: r.p.h.bischoff@rug.nl (R. Bischoff).

ttps://doi.org/10.1016/j.jpba.2018.08.001
731-7085/© 2018 Elsevier B.V. All rights reserved.
The major source of antioxidants in mammalian cells is glu-
tathione (GSH), which is formed by the glutathione cycle, also
formerly known as �-glutamyl cycle (Fig. 1) [3]. Although the
enzymes and metabolites of the glutathione cycle have been char-
acterized extensively, only recently have they been associated with
heart failure [4]. One such enzyme, 5-oxoprolinase (OPLAH), is
responsible for converting 5-oxoproline, both a degradation prod-
uct and an intermediate of de novo GSH synthesis, into L-glutamate
[3,5]. 5-Oxoproline has been shown to induce oxidative stress in
brain tissue and cardiomyocytes [4,6]. Furthermore, decreasing the
level of 5-oxoproline by over-expressing OPLAH in mice, improves
cardiac function post cardiac injury [4]. These observations suggest
a major role of the glutathione cycle in heart failure.

To obtain a better understanding of the involvement of the glu-
tathione cycle in heart failure, it is essential to decipher how key

components change under physiological and pathophysiological
conditions. Numerous analytical methods have been established to
quantify 5-oxoproline, L-glutamate, GSH and GSSG [7–12]. Here we

https://doi.org/10.1016/j.jpba.2018.08.001
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2018.08.001&domain=pdf
mailto:r.p.h.bischoff@rug.nl
https://doi.org/10.1016/j.jpba.2018.08.001
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ig. 1. Schematic representation of the glutathione cycle. 5-oxoproline, both a degra
nto  L-glutamate via 5-oxoprolinase (OPLAH) activity. GSH can then be utilized as a

eport the development and validation of an LC–MS method for the
imultaneous quantitation of 5-oxoproline, L-glutamate, GSH and
SSG in different biological samples (heart, kidney, liver, plasma
nd urine) of mice with and without myocardial infarction (MI).
rom a methodological point of view, we show that certain matri-
es may  lead to interferences. From a disease mechanism point
f view, we show that the failing heart has limited anti-oxidant
apacity compared to the kidneys and liver, making it particularly
ulnerable to ROS.

. Materials and methods

.1. Solvents, chemicals and standards

All chemicals used had the highest purity commercially
vailable. Methanol (MeOH, HPLC SupraGradient grade) was pur-
hased from Biosolve (Valkenswaard, The Netherlands). Phosphate
uffered saline (PBS), bovine serum albumin (BSA), formic acid
LC–MS grade), N-ethylmaleimide (NEM) and all standard com-
ounds (13C-labeled L-glutamic acid, 13C, 15N-labeled GSH and
on-labeled 5-oxoproline, L-glutamic acid, GSH and GSSG) were
urchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).
ltrapure water was obtained from a Milli-Q Advantage A10 water
urification system at a resistivity of 18.2 M� cm (Millipore SAS,
olsheim, France).

.2. Permanent myocardial infarction in wild-type mice

The animal protocol was  approved by the Animal Ethical Com-
ittee of the University of Groningen (permit number: DEC6632),

nd performed conform the ARRIVE guidelines [13]. A total of
4 C57BL/6 J mice were included in the MI  study. All mice were
4–20 weeks of age and 35–40 g of body weight. The mice were
andomized into the SHAM-operated group and the MI group.

nimals were anesthetized with isoflurane and medical oxygen,

ollowed by the administration of 5 mg/kg of carprofen. The MI
roup (n = 13) underwent permanent ligation of the left anterior
escending branch (LAD) of the left coronary artery. The ligation
 product and an intermediate of de novo glutathione (GSH) synthesis, is transformed
oxidant, producing oxidized glutathione (GSSG) in the process.

of the LAD was placed to achieve a ±30% area at risk of the left
ventricle. The SHAM operated group (n = 11) underwent the same
procedure without ligation of the LAD. After 4 weeks, animals were
sacrificed and blood, urine, and organs were collected, immediately
placed in liquid nitrogen, and stored for further sample preparation
and subsequent LC MS  analysis.

2.3. Production of isotopically-labeled internal standards (IS)

5-Oxoproline internal standard (IS) was  prepared from 13C-
labeled L-glutamic acid. Briefly, L-glutamic acid (250 mg) was
dissolved in 0.1 M HCl and heated at 80 ◦C for 72 h, to convert 13C-L-
glutamic acid into 13C-5-oxoproline, as previously described [12].
Later, the solution was dried under a stream of nitrogen and re-
dissolved in 50 mL water.

GSSG (IS) was  prepared by a controlled oxidation of 13C, 15N-
labeled GSH. Briefly, 10 mg  of 13C, 15N-labeled GSH were dissolved
in 1 mL  water. Half of the solution (0.5 mL)  was mixed with of 0.5 mg
NaI (final concentration 6.7 mM)  and 1 �L 30% H2O2. The mixture
was heated at 25 ◦C for 60 min  to allow oxidation. Excess H2O2 was
eliminated by increasing the temperature of the mixture to 65 ◦C
for 5 min  as previously described [14].

Both solutions (one containing 13C-5-oxoproline and 13C-L-
glutamic acid, and the other containing 13C, 15N-labeled GSH and
13C, 15N-GSSG) were mixed and the solvent was  evaporated. Finally,
the mixture was  resuspended in 1 mL  water and used as IS for fur-
ther experimental work. The final ratio of the components in the IS
solution was 1:1,5:6:12 for 13C-L-glutamic acid, 13C-5-oxoproline,
13C, 15N-GSSG and 13C, 15N-labeled GSH, respectively.

2.4. Sample preparation

Murine plasma and urine were prepared by adding 200 �L of
cold (−20 ◦C) extraction solution (0.5 �L isotopically-labeled IS and

1.25 mg  of NEM in 75% methanol) to 25 �L of sample. Snap frozen
murine tissues (heart, kidney, and liver) were powdered using a
mortar and pestle and ± 1 mg  of powdered tissue was mixed with
200 �L of cold (−20 ◦C) extraction solution. Plasma and urine sam-
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les were vortexed for 5 min, and tissue samples were sonicated
or 5 min, followed by incubation for 45 min  in a thermomixer
t room temperature and 900 rpm to allow derivatization of GSH
o GSH-NEM. Samples were centrifuged at 4 ◦C and 20,800 g for
0 min. The supernatant was collected and dried under a stream of
itrogen at room temperature, followed by resuspension in 100 �L
ater. Samples were stored at -80 ◦C until further LC–MS analy-

is. For tissue samples, pellets formed after centrifugation were
omogenized in 200 �L ice-cold RIPA buffer (50 mM Tris pH 8.0,
% Nonidet P40, 0.5% deoxycholate, 0.1% SDS, 150 mM NaCl). Pro-
ein concentrations were determined with the Pierce BCA Protein
ssay Kit (ThermoFisher Scientific), following the manufacturer’s

nstructions. 5-Oxoproline, L-glutamic acid, GSH-NEM and GSSG
oncentrations were normalized to the total protein content.

.5. LC-MS

5-Oxoproline, L-glutamic acid, GSH-NEM and GSSG were sep-
rated in reversed-phase mode on an Acquity HSS T3 column
1.8 �m,  100 × 2.1 mm;  Waters) using a 1290 Infinity LC sys-
em (Agilent). Mobile phases consisted of 0.1% formic acid in
ater (eluent A) and methanol (eluent B). The following gra-

ient was applied: 0 min  – 100%A, 2.5 min  – 100%A, 5 min  – 95%A,
 min  – 15%A, 8 min  – 15%A and 10 min  – 100%A. The column tem-
erature was set at 30 ◦C, the flow rate was 0.3 mL/min, and the

njection volume was 10 �L.
Mass spectrometry detection was performed using a 6410 Triple

uadrupole MS  system (Agilent) by positive electrospray ioniza-
ion (ESI+) in the Selective Reaction Monitoring (SRM) mode. The
ptimized MS  source parameters were: ionspray voltage: +1500 V,
rying gas flow (N2): 6 L/min, drying gas temperature 300 ◦C, neb-
lizer pressure: 15 psi. The quadrupole mass analyzer was set to
nit resolution and the electron multiplier to 2400 V. The run
as divided into 4 segments with MS/MS  transitions 130/84 for

-oxoproline, 135/88 for 13C5-labeled 5-oxoproline (IS), 148/84
or L-glutamic acid, 153/88 for 13C5-labeled L-glutamic acid (IS),
33/304 for GSH-NEM, 436/307 for 13C2, 15N-labeled GSH-NEM
IS), and 613/355 for GSSG, 619/361 for 13C4, 15N2-labeled GSSG
IS). Fragmentor and collision energies were optimized to 100 V
nd 9 V for 5-oxoproline; 100 V and 13 V for L-glutamic acid; 125 V
nd 9 V for GSH-NEM and 200 V and 21 V for GSSG, respectively.
he dwell time for each transition was 100 ms.  The LC–MS system
as controlled by MassHunter Workstation software (Agilent).

.6. Analysis of surrogate matrices

Matrix effects were evaluated by spiking 5-oxoproline, L-
lutamic acid, GSH and GSSG (primary standards) into murine
eart, kidney, liver, plasma and urine and comparing the results
ith those obtained for surrogate matrices (2% BSA in PBS and PBS

lone). Snap-frozen tissue samples were suspended in PBS (approx-
mately 10% w/v) and maintained on dry ice during the experiment.
wenty-five �L of each tissue suspension (after thawing), plasma
nd urine were spiked with the primary standards over the con-
entration range of the linearity test (see below). Each sample
as extracted following the procedure described above. Calibra-

ion curves were constructed based on peak area ratios of unlabeled
etabolites to their corresponding 13C-labeled IS.

.7. Validation

For validation purposes 5-oxoproline, L-glutamic acid and GSSG

primary standards) were weighed, dissolved in PBS containing 2%
SA and mixed to obtain a single analyte stock solution with a con-
entration of 200 �M for each analyte. GSH was added to this stock
olution at a final concentration of 4000 �M.  The stock solution was
omedical Analysis 160 (2018) 289–296 291

diluted with PBS containing 2% BSA to obtain 10 calibration points
ranging from 200 to 0.12 �M for 5-oxoproline, L-glutamic acid and
GSSG, and from 4000 to 2.4 �M for GSH. These calibrants were
subjected to the sample preparation procedure described above.
The final concentrations of the calibration points were 50-0.03 �M
for 5-oxoproline, L-glutamic acid and GSSG, and 1000-0.6 �M for
GSH-NEM. Calibration curves were constructed based on the peak
area ratios of unlabeled analytes to the corresponding isotopically-
labeled standards.

Following international guidelines [15,16], method validation
was performed by evaluating intra-day variability (repeatability),
inter-day variability (intermediate precision), lower limit of quan-
titation (LLOQ), linearity, accuracy, recovery and stability. Three
quality control samples (QC) were prepared by spiking a solution of
PBS containing 2% BSA with 5-oxoproline, L-glutamic acid and GSSG
at 40, 12 and 3 �M,  and GSH at 800, 240 and 60 �M.  These were
defined as High, Medium (Med) and Low QC samples, respectively.
The QC samples were used to evaluate accuracy, recovery and preci-
sion (repeatability and intermediate precision). Accuracy, recovery
and repeatability were assessed by independently extracting the 3
QC samples and measuring them 3 times in one batch. Intermedi-
ate precision was  evaluated by repeating the previous experimental
procedure on 3 different days. Stability was evaluated as follows:
three QC samples prepared in human plasma were prepared and
measured 3 times in one batch after leaving them on the bench
for 25 and 51 h at room temperature. Freeze-thaw stability was
assessed by freezing the QC samples at −40 ◦C, thawing and LC–MS
analysis. This process was  repeated 5 times on different days. The
LLOQ was  set to the lowest point on the calibration curves where
analyte responses were at least 5-times higher than a blank and the
coefficient of variation (CV) was below 20%.

3. Results and discussion

3.1. LC-MS

Multiple LC–MS methods have been developed for the deter-
mination of key molecules of the glutathione cycle [7–9,12,17].
We selected reverse phase chromatography for the simultaneous
determination of L-glutamate, 5-oxoproline, GSSG and GSH-NEM,
since it avoids drawbacks of other chromatographic techniques,
such as contamination of the ion source and short column life-time
[18,19].

L-Glutamate, 5-oxoproline, GSSG and GSH-NEM were separated
in 10 min  with retention times of 0.90, 2.75, 5.85 and 6.90 min,
respectively (Fig. S1). The closeness of L-glutamate to the dead vol-
ume  of the column did not affect the quantitative response (see
validation results below). To quantify GSH and GSSG a deriva-
tization process with NEM was required to prevent oxidation
during sample preparation [20]. GSH-NEM is easily detected using
ESI+ compared to the nonalkylated form and displays better chro-
matographic properties [7].

3.2. Evaluation of matrix effects on the analytical response

An essential part of method development is the selection of
a matrix to prepare calibration and QC samples [21]. Generally,
the use of calibration standards in authentic matrix is preferred
for accurate quantitation. However, the quantitative determination
of endogenous compounds, is complicated by the lack of analyte-
free authentic biological matrices [21,22]. The standard addition

method, in which a calibration curve is created by adding increasing
concentrations of the analyte to individual aliquots of the sample
of interest, is a well-known but tedious approach to overcome this
problem [21]. Using a so-called surrogate matrix is more practi-
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Fig. 2. Evaluation of matrix effects on the quantitative response of 5-oxoproline (A), L-glutamate (B), GSSG (C) and GSH-NEM (D) in tissues and body fluids from healthy
m plasm
l e squa
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ice. PBS 1X (black lines, black circles), 2% BSA in PBS (red lines, black squares), 

ines,  white diamonds), liver (blue lines, white circles) and kidney (pink lines, whit
s  referred to the web version of this article).

al, provided a suitable matrix can be found [22]. In order to test
he effect of different biological matrices on the quantitation of
-glutamate, 5-oxoproline, GSSG and GSH, we used the standard
ddition method in authentic matrix and compared the results with
wo widely used surrogate matrices, PBS containing 2% BSA and PBS
lone.

The suitability of the surrogate matrices was evaluated by com-
aring the slopes of the calibration curves [21] and by calculating
he signal suppression/enhancement (SSE) factor as previously
escribed [23]. An SSE > 100% indicates enhancement of a particu-

ar signal, while a value below 100% indicates a suppression effect.
s there are no regulatory guidelines, we set 3 thresholds for the
SE: a) analyte responses between surrogate and authentic matri-
es were considered identical for an SSE of 100 ± 20%, b) an SSE of
00 ± 30% was considered acceptable for quantification, although
light enhancement/suppression effects could bias the results, c)
n SSE deviating more than 30% from 100% was considered unac-
eptable for quantitative bioanalysis.

Calibration curves in each of the tested matrices are shown in
ig. 2 and the numerical values are given in Table S1. The corre-

ponding SSE factors can be found in Table 1. 5-Oxoproline and
SH-NEM can be measured in all biological matrices using both

urrogate matrices. The optimal surrogate matrix to measure L-
a (orange lines, black triangles), urine (yellow lines, black triangles), heart (green
res) (For interpretation of the references to colour in this figure legend, the reader

glutamate was  2% BSA in PBS, except for in kidneys, on which
neither of the surrogate matrices proved satisfactory. For GSSG, 2%
BSA in PBS proved satisfactory as surrogate matrix for plasma and
urine, while none of the surrogate matrices was within an SSE of
100%±30% for the tissue extracts.

The higher y-axis intercepts of the calibration curves of 5-
oxoproline in urine (Fig. 2A and Table S1) and L-glutamate in kidney
tissue indicated that these matrices contain comparatively high
endogenous concentrations. Furthermore, there was a consider-
able enhancement effect of the L-glutamate signal (SSE > 300%) in
kidney tissue in comparison to both surrogate matrices (Table 1).
The signal for GSSG was enhanced in all biological matrices except
for urine. The reason for this enhancement is unclear, especially
since we  quenched the interconversion of GSH/GSSG during sample
preparation.

The coefficient of determination (r2), as a measure of linear-
ity, is another important parameter to compare calibration curves
of different matrices (Table S1). When validating analytical meth-
ods, an r2≥0.99 is acceptable for quantitative purposes [15,16].
Based on this, we  classified calibration curves into those with an

r2≥0.99 (bold in Table S1) and those with an r2≤0.99. The results
show that complex matrices lead to a reduced linear fit in com-
parison to the surrogate matrices. Both surrogate matrices allowed
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Table  1
Signal suppression/enhancement (SSE) factors for 5-oxoproline, L-glutamate, GSSG and GSH-NEM prepared in murine plasma or urine and heart, liver and kidney tissue.

SEE (%) 5-Oxoproline L-Glutamate GSSG GSH-NEM

PBS BSA PBS BSA PBS BSA PBS BSA

Plasma 103,20 114,70 134,82 116,54 173,13 105,65 104,71 112,44
Urine  94,73 105,28 111,34 96,24 126,90 77,44 99,46 106,80
Heart 115,38 128,24 157,22 92,88 277,78 169,52 116,22 124,79
Liver  94,73 105,28 125,24 108,26 218,81 133,53 93,75 100,66
Kidney 108,04 120,08 353,94 305,96 270,18 164,88 100,54 107,96

The signal suppression/enhancement effect was calculated as follows: SSE(%)= (slopematrix-diluted /slopesurrogate matrix) x 100.
Values  in bold face fulfill the set criterion of being within ±20% of the SSE value for the authentic matrix.
Values in bold and italic face fulfill the set criterion of being within ±30% of the SSE value for the authentic matrix.
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ig. 3. Linearity of 5-oxoproline (A), L-glutamate (B), GSSG (C), and GSH-NEM (D) pr
o  stable-isotope-labeled internal standards.

ccurate quantitation of 5-oxoproline, L-glutamate and GSH-NEM,
hile GSSG showed a better linear fit in PBS (r2 = 0.9986) than in

% BSA in PBS (r2 = 0.9833).

.3. Method validation

Based on these results, we selected 2% BSA in PBS as the
ost suitable surrogate matrix, allowing reliable quantitation of 5-

xoproline and GSH-NEM in plasma, urine, heart, liver and kidney;
-glutamate in plasma, urine, heart and liver; and GSSG in plasma
nd urine (Fig. 2, Tables 1 and S1). Linearity was tested across a
ynamic range of 0.03 to 50 �M for 5-oxoproline, L-glutamate, and
SSG, and 0.6 to 1000 �M for GSH-NEM (Fig. 3 and Table S1). The
LOQ was set to the lowest point on the calibration curves for which
he analyte response was at least 5-times above the blank and
he CV less than 20% in accordance with international guidelines
15,16]. Results for accuracy, precision and stability are summa-
ized in Table 2. The bias for the quantitation of 5-oxoproline,
-glutamate, GSH-NEM and GSSG ranged from 1.2 to -9.3%, 4.4 to

10.0%, 4.1 to -10.2% and 7.0 to -4.0%, respectively. Recoveries were
etween 89.8–107% for all target analytes for High, Med  and Low
C samples and CVs were below ±15% satisfying validation crite-

ia for repeatability, intermediate precision and stability (Table 2).
d in PBS containing 2% BSA. Calibration curves are based on peak area ratios relative

While the stability data were obtained in human plasma, they pro-
vide an indication of the stability of the metabolites in the other
matrices used in this work

3.4. Analysis of the glutathione cycle in animals with heart failure

To study the effect of an induced MI  on the glutathione cycle
in mice, we quantitatively determined 5-oxoproline, L-glutamate,
GSH and GSSG in plasma, urine, heart, kidney and liver tissues of
SHAM-operated mice (N = 11) and mice subjected to MI  (N = 13).
5-Oxoproline concentrations were significantly increased in all MI-
mice compared to controls [plasma (6.0 vs 3.7 �M),  urine (460.4
vs 191.8 �M),  heart (16.3 vs 4.8 nM/�g protein) and kidney (84.5
vs 20.0 nM/�g protein)] (p ≤ 0.05), with the exception of the liver,
where the increase did not reach statistical significance (20.9 vs
11.4 nM/�g protein, p ≥ 0.05) (Fig. 4). A similar pattern was found
for L-glutamate, however, significance was only reached in kid-
ney tissue (914.3 vs 555.3 nM/�g protein, p ≤ 0.05) (Fig. 4). GSH

ceoncentrations were not significantly different between SHAM-
operated mice and MI-mice in any of the samples (Fig. 4). GSSG
was elevated in all tissue samples from MI-mice (heart: 4.7 vs 0.6;
p = 0.06, kidney: 8.5 vs 4.5 and liver: 20.8 vs 18.2 nM/�g protein),
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Table 2
Accuracy, precision (intra- and inter-day) and stability of 5-Oxoproline, L-Glutamate, GSSG, and GSH-NEM.

5-Oxoproline L-Glutamate GSSG GSH-NEM

High QC Med  QC Low QC High QC Med QC Low QC High QC Med  QC Low QC High QC Med  QC  Low QC

Accuracy
Nominal Concentration (�M) 40 12 3 40 12 3 40 12 3 800 240 60
Mean Concentration (�M) 40,47 11,54 2,72 41,74 10,80 2,90 42,79 11,52 3,17 833,04 232,77 53,88
Bias  (%) 1,2 −3,9 −9,3 4,4 −10,0 −3,3 7,0 −4,0 5,8 4,1 −3,0 −10,2
Recovery (%) 101,2 96,1 90,7 104,4 90,0 96,7 107,0 96,0 105,8 104,1 97,0 89,8

Precision
Intra-day RSD (%) 0,3 0,8 4,8 1,0 0,4 4,8 0,3 0,7 0,8 0,9 3,3 2,0
Inter-day RSD (%) 3,0 4,3 0,6 1,9 8,8 4,7 6,0 9,0 15,5 4,5 6,0 4,9

Stability
Bench-top (25 h) RSD (%) 2,9 7,8 3,1 6,2 7,2 3,0 8,1 2,8 6,9 3,9 2,2 5,0
Bench-top (51 h) RSD (%) 2,0 5,1 9,9 3,9 9,5 9,0 9,7 11,1 100 1,1 3,5 6,8
Freeze-thaw (5 cycles) RSD (%) 5,3 5,3 6,0 8,7 4,4 9,0 6,5 5,9 8,0 2,5 3,1 3,2

Fig. 4. Comparison of the concentration of key components of the glutathione cycle in different organs and biofluids from healthy controls (SHAM, N = 11) and mice subjected
t  the ca
a G and
S

h
G

a
t
t
m

o  induced myocardial infarction (MI, N = 13). Columns with lines pattern indicate
nalyses (SSE with variation>30%). Black dots indicate outlier data. The lines for GSS
ignificance level according to Student’s t test: *p < 0.05, **p < 0.01.

owever, this difference was not statistically significant (Fig. 4).
SSG was undetectable in plasma and urine.

So far, 5-oxoproline has been mainly measured in cell lysates
nd tissue samples from rats, while very few approaches have tried

o establish the concentration of this metabolite in the murine set-
ing. One particular study looked at 5-oxoproline concentration in

urine kidney tissue, liver tissue, and urine following the inhi-
ses in which inaccurate results are obtained, according to the surrogate matrices
 the GSH/GSSG ratio in plasma and urine indicate that the analyte was  not detected.

bition of 5-oxoprolinase and found that in all three samples the
amounts of 5-oxoproline were elevated following the inhibition of
the enzyme [24]. L-glutamate concentrations have been more read-
ily studied, however like with 5-oxoproline mainly rat or human

samples have been used. As far as we are concerned, L-glutamate
concentrations have not been studied in a murine heart failure
model, therefore comparisons can only be made with regards to
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ealthy control animals. Regarding the results for this metabo-
ite there is also discrepancies since different studies have shown
igher (27 �M)  [25], lower (2–4 �M)  [26] and similar concentra-
ions [27] to the ones reported here (∼10 �M)  in plasma samples.
lthough GSH, GSSG, and the GSH/GSSG ratio have been extensively
tudied in murine samples including models for heart failure, there
re also published results supporting and contradicting our find-
ngs when it comes to absolute concentrations [28–30]. The clear
ifferences find in absolute concentrations hinders a direct com-
arison of the results, however, the trends observed in our results
re in line with those observed in the published literature.

The GSH/GSSG ratio is a well-established parameter to measure
xidative stress in biological systems, where a decrease is indicative
f an increase in oxidative stress [9]. While differences of GSH and
SSG between the MI  and control groups did not reach statistical

ignificance, the GSH/GSSG ratio was significantly reduced in heart
issue after MI  (Fig. 4).

Previously, we demonstrated that expression of OPLAH, the
nzyme responsible for the conversion of 5-oxoproline to L-
lutamate, is reduced in cardiac tissue after MI  [4]. Reduction in
PLAH expression was linked to increased concentration of 5-
xoproline and oxidative stress [4]. This is in agreement with the
urrent study showing that 5-oxoproline is significantly elevated
n cardiac tissue and the GSH/GSSG ratio is significantly reduced.

hile we observed similar increases in 5-oxoproline in renal and
iver tissue, there was no change in the GSH/GSSG ratio, indicat-
ng that these organs have a higher capacity to compensate for
xidative stress than the heart.

Based on our knowledge of the glutathione cycle (Fig. 1),
-oxoproline, which is both a degradation product and an interme-
iate of de novo GSH synthesis [3], is converted back to L-glutamate
y OPLAH. Therefore, a reduction of OPLAH coupled to increased 5-
xoproline concentration in heart failure would be reflected in a
eduction in the availability of L-glutamate for the de novo syn-
hesis of GSH. However, the current results do not support this
ypothesis. It rather appears that L-glutamate and total GSH con-
entrations are increased upon induction of MI.  This suggests that
PLAH is not a key regulator with respect to recycling L-glutamate

o maintain GSH concentrations in animal tissue but rather an
mportant enzyme controlling oxidative stress by regulating 5-
xoproline concentration. These findings shed new light on the
ole of the glutathione cycle in MI,  further stressing the importance
f 5-oxoproline in inducing oxidative stress. This in line with our
bservation that elevated concentration of 5-oxoproline in plasma

s related to a worse outcome after heart failure in humans [4].
owever, it is important to highlight that there are other sources
f 5-oxoproline that are not linked to GSH metabolism. �-Glutamyl
mines that are formed by the metabolism of proteins crosslinked
y transglutaminases, can also be converted into 5-oxoproline by
he effect of �-glutamylamine cyclotransferases [3].

Thus, the findings reported here provide a mechanistic link
etween plasma 5-oxoproline concentration as biomarker and out-
ome after heart failure, however, further studies are required to
ully elucidate the role of 5-oxoproline in inducing oxidative stress.

. Conclusion

We  developed and validated an LC–MS method for the quantita-
ion of 5-oxoproline, L-glutamate, GSH and GSSG, key components
f the glutathione cycle, in plasma, urine and three different kinds
f animal tissue (heart, kidney, liver). Using this methodology,

ffects on the glutathione cycle were studied following the induc-
ion of heart failure in mice. Besides the clinical usefulness of the
SH/GSSG ratio as an index of oxidative stress, our results suggest

hat 5-oxoproline is an easily measurable biomarker of oxidative
omedical Analysis 160 (2018) 289–296 295

stress related to cardiovascular disease that merits further valida-
tion.

Novelty statement

• Key metabolites of the �-glutamyl cycle [5-oxoproline, L-
glutamate, reduced glutathione (GSH) and oxidized GSH  (GSSG)]
are simultaneously quantified in biological samples from mice
subjected to myocardial infarction.

• A thorough matrix effect evaluation for the quantitation of the
analytes in heart, kidney, liver, plasma and urine samples was
performed.

• The suitability of using PBS 1X and 2% BSA in PBS as surrogate
matrices was established.

• Our results shed new light on the role of 5-oxoproline as an
inducer of oxidative stress related to myocardial infarction and
its usefulness as a possible biomarker for cardiac injury.

Acknowledgements

Dr. Ranieri Rossi (Department of Life Sciences, Laboratory of
Pharmacology and Toxicology, University of Siena, Via A. Moro
4, 53,100 Siena, Italy) is acknowledged for advice with respect
to the sample preparation procedure. Jos Hermans (Depart-
ment of Analytical Biochemistry, University of Groningen) is
acknowledged for help with operating the LC–MS instrumentation.
Andres Gil was financially supported by the Science, Technology
and Innovation Department from Colombia—COLCIENCIAS (Grant:
6171-71294025).

Appendix A. Supplementary data

Supplementary material related to this article can be found,
in the online version, at doi:https://doi.org/10.1016/j.jpba.2018.08.
001.

References

[1] M.  Pollack, C. Leeuwenburgh, Molecular mechanisms of oxidative stress in
aging: free radicals, aging, antioxidants and disease, Handb. Oxid.
Antioxidants Exerc. (1999) 881–923.

[2] L.G. Del Valle, Oxidative stress in aging: theoretical outcomes and clinical
evidences in humans, Biomed. Aging Pathol. 1 (2011) 1–7.

[3] A.K. Bachhawat, S. Yadav, The glutathione cycle: Glutathione metabolism
beyond the �-glutamyl cycle, IUBMB Life 70 (2018) 585–592.

[4] A. van der Pol, A. Gil, H.H.W. Silljé, J. Tromp, E.S. Ovchinnikova, I.
Vreeswijk-Baudoin, M.  Hoes, I.J. Domian, B. van de Sluis, J.M. van Deursen,
A.A. Voors, D.J. van Veldhuisen, W.H. van Gilst, E. Berezikov, P. van der Harst,
R.A. de Boer, R. Bischoff, P. van der Meer, Accumulation of 5-oxoproline in
myocardial dysfunction and the protective effects of OPLAH, Sci. Transl. Med.
9  (2017) 1–12.

[5] J.H. Shin, J.C. Shon, K. Lee, S. Kim, C.S. Park, E.H. Choi, C.H. Lee, H.S. Lee, K.H.
Liu, A lipidomic platform establishment for structural identification of skin
ceramides with non-hydroxyacyl chains, Anal. Bioanal. Chem. 406 (2014)
1917–1932.

[6] C.D. Pederzolli, C.P. Mescka, B.R. Zandoná, D. de Moura Coelho, A.M.
Sgaravatti, M.B. Sgarbi, A.T. de Souza Wyse, C.M. Duval Wannmacher, M.
Wajner, C.R. Vargas, C.S. Dutra-Filho, Acute administration of 5-oxoproline
induces oxidative damage to lipids and proteins and impairs antioxidant
defenses in cerebral cortex and cerebellum of young rats, Metab. Brain Dis. 25
(2010) 145–154.

[7] D.T. Harwood, A.J. Kettle, S. Brennan, C.C. Winterbourn, Simultaneous
determination of reduced glutathione, glutathione disulphide and glutathione
sulphonamide in cells and physiological fluids by isotope dilution liquid
chromatography-tandem mass spectrometry, J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 877 (2009) 3393–3399.

[8] T. Moore, A. Le, A.-K. Niemi, T. Kwan, K. Cusmano-Ozog, G.M. Enns, T.M.
Cowan, A new LC–MS/MS method for the clinical determination of reduced
and oxidized glutathione from whole blood, J. Chromatogr. B. 929 (2013)

51–55.

[9] S.-G. Lee, J. Yim, Y. Lim, J.-H. Kim, Validation of a liquid chromatography
tandem mass spectrometry method to measure oxidized and reduced forms
of  glutathione in whole blood and verification in a mouse model as an
indicator of oxidative stress, J. Chromatogr. B. 1019 (2016) 45–50.

https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
https://doi.org/10.1016/j.jpba.2018.08.001
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0005
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0010
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0015
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0020
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0025
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0030
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0035
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0040
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0045


2 and Bi

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

96 A. Gil et al. / Journal of Pharmaceutical 

10] Å. Florholmen-Kjær, R.A. ndre Lyså, O.M. Fuskevåg, R. Goll, A. Revhaug, K.E.
rlend Mortensen, A sensitive method for the analysis of glutathione in porcine
hepatocytes, Scand. J. Gastroenterol. 49 (2014) 1359–1366.

11] S. Geenen, C. Guallar-Hoyas, F. Michopoulos, J.G. Kenna, K.L. Kolaja, H.V.
Westerhoff, P. Thomas, I.D. Wilson, HPLC–MS/MS methods for the
quantitative analysis of 5-oxoproline (pyroglutamate) in rat plasma and
hepatic cell line culture medium, J. Pharm. Biomed. Anal. 56 (2011) 655–663.

12] J.A. Eckstein, G.M. Ammerman, J.M. Reveles, B.L. Ackermann, Analysis of
glutamine, glutamate, pyroglutamate, and GABA in cerebrospinal fluid using
ion pairing HPLC with positive electrospray LC/MS/MS, J. Neurosci. Methods
171 (2008) 190–196.

13] C. Kilkenny, W.J. Browne, I.C. Cuthill, M.  Emerson, D.G. Altman, Improving
bioscience research reporting: the ARRIVE guidelines for reporting animal
research, PLoS Biol. 8 (2010), e1000412.

14] C. Haberhauer-Troyer, M.  Delic, B. Gasser, D. Mattanovich, S. Hann, G.
Koellensperger, Accurate quantification of the redox-sensitive GSH/GSSG
ratios in the yeast Pichia pastoris by HILIC-MS/MS, Anal. Bioanal. Chem. 405
(2013) 2031–2039.

15] European Medicines Agency (EMA) - Committee for Medicinal Products for
Human Use., Guideline on bioanalytical method validation, London, UK, 2012.

16] C. for V.M. US Department of Health and Human Services, Food and Drug
Administration - Center for Drug Evaluation and Research, Guidance for
Industry: Bioanalytical Method Validation, Rockville, MD,  USA., 2001.

17] K.-M. Joo, J.Y. Han, E.D. Son, G.-W. Nam, H.Y. Chung, H.-J. Jeong, J.-C. Cho, K.-M.
Lim, Rapid, simultaneous and nanomolar determination of pyroglutamic acid
and  cis-/trans-urocanic acid in human stratum corneum by hydrophilic
interaction liquid chromatography (HILIC)–electrospray ionization tandem
mass spectrometry, J. Chromatogr. B. 897 (2012) 55–63.

18] G. Paglia, S. Hrafnsdóttir, M.  Magnúsdóttir, R.M.T. Fleming, S. Thorlacius, B.
Palsson, I. Thiele, Monitoring metabolites consumption and secretion in
cultured cells using ultra-performance liquid chromatography

quadrupole-time of flight mass spectrometry (UPLC-Q-ToF-MS), Anal.
Bioanal. Chem. 402 (2012) 1183–1198.

19] M. Yuan, S.B. Breitkopf, X. Yang, J.M. Asara, A positive/negative ion–switching,
targeted mass spectrometry–based metabolomics platform for bodily fluids,
cells, and fresh and fixed tissue, Nat. Protoc. 7 (2012) 872–881.

[

[

omedical Analysis 160 (2018) 289–296

20] D. Giustarini, D. Tsikas, G. Colombo, A. Milzani, I. Dalle-Donne, P. Fanti, R.
Rossi, Pitfalls in the analysis of the physiological antioxidant glutathione
(GSH) and its disulfide (GSSG) in biological samples: an elephant in the room,
J.  Chromatogr. B Anal. Technol. Biomed. Life Sci. 1019 (2016) 21–28.

21] N.C. van de Merbel, Quantitative determination of endogenous compounds in
biological samples using chromatographic techniques, TrAC - Trends Anal.
Chem. 27 (2008) 924–933.

22] S. Ho, H. Gao, Surrogate matrix: opportunities and challenges for tissue
sample analysis, Bioanalysis 7 (2015) 2419–2433.

23] D. Smith, L. Smith, W.  Shafer, J. Klotz, J. Strickland, Development and
validation of an lc-ms method for quantitation of ergot alkaloids in lateral
saphenous vein tissue, J. Agric. Food Chem. 57 (2009) 7213–7220.

24] P. Van Der Werf, R.A. Stephani, A. Meister, Accumulation of 5-oxoproline in
mouse tissues after inhibition of 5-oxoprolinase and administration of amino
acids: evidence for function of the gamma-glutamyl cycle, Proc. Natl. Acad.
Sci.  U. S. A. 71 (1974) 1026–1029.

25] M.  Bame, R.E. Grier, R. Needleman, W.S.A. Brusilow, Amino Acids as
biomarkers in the SOD1G93A mouse model of ALS, Biochim. Biophys. Acta -
Mol. Basis Dis. 1842 (2014) 79–87.

26] S.-S. Dai, H. Wang, N. Yang, J.-H. An, W.  Li, Y.-L. Ning, P.-F. Zhu, J.-F. Chen, Y.-G.
Zhou, Plasma glutamate–modulated interaction of A 2A R and mGluR5 on
BMDCs aggravates traumatic brain injury–induced acute lung injury, J. Exp.
Med. 210 (2013) 839–851.

27] M.  Ariyoshi, M.  Katane, K. Hamase, Y. Miyoshi, M.  Nakane, A. Hoshino, Y.
Okawa, Y. Mita, S. Kaimoto, M.  Uchihashi, K. Fukai, K. Ono, S. Tateishi, D. Hato,
R.  Yamanaka, S. Honda, Y. Fushimura, E. Iwai-Kanai, N. Ishihara, M.  Mita, H.
Homma, S. Matoba, D-Glutamate is metabolized in the heart mitochondria,
Sci. Rep. 7 (2017) 43911.

28] I. Rebrin, R.S. Sohal, Comparison of thiol redox state of mitochondria and
homogenates of various tissues between two  strains of mice with different
longevities, Exp. Gerontol. 39 (2004) 1513–1519.

29] S. Ghosh, D.C. Sulistyoningrum, M.B. Glier, C.B. Verchere, A.M. Devlin, Altered
Glutathione Homeostasis in Heart Augments Cardiac Lipotoxicity Associated

with Diet-induced Obesity in Mice, J. Biol. Chem. 286 (2011) 42483–42493.

30] Y. Watanabe, K. Watanabe, T. Kobayashi, Y. Saito, D. Fujioka, T. Nakamura, J.
Obata, K. Kawabata, H. Mishina, K. Kugiyama, Chronic depletion of
glutathione exacerbates ventricular remodelling and dysfunction in the
pressure-overloaded heart, Cardiovasc. Res. 97 (2013) 282–292.

http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0050
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0055
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0060
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0065
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0070
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0085
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0090
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0095
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0100
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0105
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0110
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0115
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0120
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0125
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0130
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0135
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0140
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0145
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150
http://refhub.elsevier.com/S0731-7085(18)30862-8/sbref0150

	LC-MS analysis of key components of the glutathione cycle in tissues and body fluids from mice with myocardial infarction
	1 Introduction
	2 Materials and methods
	2.1 Solvents, chemicals and standards
	2.2 Permanent myocardial infarction in wild-type mice
	2.3 Production of isotopically-labeled internal standards (IS)
	2.4 Sample preparation
	2.5 LC-MS
	2.6 Analysis of surrogate matrices
	2.7 Validation

	3 Results and discussion
	3.1 LC-MS
	3.2 Evaluation of matrix effects on the analytical response
	3.3 Method validation
	3.4 Analysis of the glutathione cycle in animals with heart failure

	4 Conclusion
	Novelty statement
	Acknowledgements
	Appendix A Supplementary data
	References


