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ABSTRACT

Here a useful gas chromatography mass spectronmedthod for determining levels of fatty acids in thaternal
serum was developed and validated. Forty-five mstaddards of fatty acids methyl ester of more genoal
isomers and biological significance were separabeda capillary column with higher polarity and tier film
thickness. The total run time was approximate 3@.mlwenty serum fatty acids methylated by a
H,SQ-CH;OH-toluene mixture were subsequently identifiedaddieements for each fatty acids methyl ester were
linear over a wide range (0.05-1@9/mL, correlation coefficient > 0.99).The limits adtection and quantification
for the targeted fatty acids were <9 and 22 ng/mdspectively, satisfactory recoveries occurred 5n07—-98.09%

of cases, and the relative standard deviation fachefatty acids was <12%. On a conditional logistigression
model, a high level of eicosapentaenoic acid wazraective factor against a low development qudtidrhis
method was successfully applied to evaluate thecé&tfon between maternal fatty acids level in gartegnancy
and mental retardation in 2-year-old children.

Keywords: Gas Chromatography and Mass Spectrometry; faitly aarly pregnancy; mental retardation

INTRODUCTION

Since the brain undergoes a growth spurt in thel tiimester of pregnancy and the neonatal penioahny studies
have investigated the effect of polyunsaturatedly fatid(PUFA supplementation during these periods on the
neurobehavioral development of children [1, 2].Heer few studies have examined the association dwiw
maternal PUFA, positional, anttans fatty acids(FA) composition in the earlier weekisgestation and the
neurological conditions of children [3, 4].

To date, the simultaneous analysiscaf/transFA has been extremely challenging and complex dudhé wide
range of positional monoene, diene, and triene éserwithin biological fluids, while the analysisBA in biofluids
has yet to reach its full potential. Accordinglypeactical and reliable method for determining BAbecoming of
increasing interest for basic research and humaltthé/arious analytical approaches for FA havenbaiscussed,
such as gas chromatography (GC) (Wang et al., 2{8]9,GC and mass spectrometry (GC/MS) [6-8],high
performance liquid chromatography (HPLC) [9, 10jdaHPLC or ultra-performance liquid chromatograptish
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MS [11].GC with flame ionization detection (GC/FiBYhe traditional strategy despite its importantitation of
not providing FA structure information. OtherwiseC/MS is still a relatively low-cost alternativeathprovides
high separation efficiency for resolving complerlbgical mixtures [12]. The aims of this work weoeoptimize a
reliable method for determining different FA isomeand prove its applicability for examining the asation
between maternal serum FA levels at 13 weeks’ @regynand mental retardation in their children. Tiithe first
prospective study of its kind in China.

EXPERIMENTAL SECTION

Reagents and Chemicals

A commercial standard mixture containing 37 fattjda methyl ester (FAME,10 mg/mL; cat no. 47885vds
purchased from Sigma (St. Louis, MO, USA). The eiBAME standards (100 mg each) — C9:0, C18:1 nl1&:Z
n911t, C22:4 n6, C22:5 n3, C22:5 n6, C16:1 n7t,@bh8:1 n7t— were obtained from Nu-Chek Prep, IWéaterville,
MN, USA). The 45 mixed standards consisted of theva FAME. The 20 FA standards (100 mg each) -udicj
C12:0, C14:0, C16:0, C18:0, C16:1 n7c, C18:1 n7B:C n9c, C16:1 n7t, C18:1 n7t, C18:2 n6Cc, C22:2C18:3
n3 (ALA), C20:5 n3 (EPA), C22:5 n3 (DPA), C22:6 (BHA), C18:3 n6 (GLA), C20:3 n6 (DGLA), C20:4 n6
(AA), C22:4 n6, and C22:5 n6 — were obtained from-Ghek Prep, Inc. All of the standards were pregane
0.01% (w/v) butylated hydroxytoluene (BHT; Sigma,t. Souis, MO, USA). The 0.05% %0, and
H,S0,:CH;OH:toluene(5:90:5,v/v)solutions were freshly pregghby the dilution of E5OQ, (purity > 98.0%) with
methanol. Then-hexane, ethyl acetate, methanol, and toluene wéohromatographic grade, while the other
chemicals were of analytical grade.

Chromatography and Mass Spectrometry

The analysis was developed, validated, and perfdrmnea GC/MS with an inert mass selective detd&@ 7890A,
MS 5975C equipped with a 7693 auto sampler; Agilezthnologies, Shanghai, China). Mass spectraetadtion
times were acquired on a capillary column; DB-2® (@& x 0.25 mm [.D., 0.1um film thickness; Agilent
Technologies). The GC oven program started at 460l time, 2 min) and was increased 25°C/min t6°C¢hold
time, 2 min), 15°C/min to 190°C (hold time, 12 mim@nd finally 1.5°C/min to 230°C (hold time, 2 minlhe
injector and detector temperatures were 250°C 808, respectively. The ion source temperaturesegaso 150°C,
while the mass spectrometer was operated in tletrefreimpact mode at 70 eV in the scan range o660-m/z.
Helium (purity> 99.9996%) was used as the carrier gas with arfidevof 1.0 mL/minute. Aliquots (1.0 pL each) were
injected with a splitless ratio. Peaks were idédifoy comparing retention times and mass spedtthaecoFAME
reference compounds. The qualitative ions detactéty selected ion monitoring (SIM) are shown ifl€al, while
the quantitative ions includingyz 74, m/z 55, m/z 67, andm/z 79 were determined after a solvent delay of 5.7 min
throughout the run.

Preparation of Stock and Working Solutions

A standard stock mixture containing 45 of the FAM&s prepared in-hexane by dissolving of the appropriate
amounts of the selected standards and stored &CudA@l use. The working standard solutions (FAMEre
prepared at concentrations of 0.05—-100 pg/mL bytidih of the standard stock solution with hexanke Dther
standard mixture containing 20 FA was preparedethanol as described above.

Sample Preparation

Non-fasting blood samples (5 mL) collected by anbé@l venipuncture into evacuated serum tubes tedw@n from
the mothers at 13 weeks’gestation enrolled in thev& Anhui Birth Cohort Study (C-ABCS). The seruamgples
(added to 0.01% BHT w/v) were stored at —80°C wantdlysis.

Extraction and Derivation of FA

The study aimed to detect the saturated, monoumgaty diunsaturated, and PUFA (SFA, MUFA,DUFA,PYFA
levels within the maternal serum. Samples weregezpaccording to the reported method but withnoigttion [6,
13, 14].A 200pL serum sample was added to @0 of 0.05% HSQO,, vortexed for at least 30 seconds, extracted
with 2 mL of ethyl acetate using a vortex mixer 6@ seconds, and theantrifuged at 4000 rpm for 10 minutes at
4°C. The ethyl acetate phase was evaporated t@sswmnder nitrogen stream, followed by the additif?hmL of
the HSO,-CH;OH-toluene (5:90:5,v/v) mixture to the residue amcubated at 75°C for 1 hour with shaking every
20 minutes. Thereafter, the samples were cooledoat temperature and1l mL of saturated NaCl solwdiwch 2 mL

of hexane were sequentially added and mixed fosegfbnds by shaking using a vortex to obtain thgetar The
organic phase was evaporated to dryness undegertrstream gas and the residue was re-dissolv2dOnuL of
n-hexane, filtered using polytetrafluorethylene dfgters with 0.2um pores, and stored at -20°C ptio the
analysis.
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Method Validation

External Calibration and Linearity

The calibration ranges for FAME were establishedingis standard solutions. The following
series of concentration gradients was created: 30020, 10, 5, 4, 1 0.5 and Ou@#mL. Two calibration curves
were generated for each FAME. One calibration curas generated with 0.054&/mL standard solutions for
serum samples containing gmL and another with 5—-1Q@/mL standard solutions for real samples wheredany
the species was present at concentratiopg/ml.

Recovery and Precision

The recoveries were calculated by comparison oFheontent of the spiked serum with the basal BAtent of
the untreated serum. The serum was spiked with krenwounts of standard FA (0.05 andu@/nL) prior to the
extraction. The intra- and inter-day assay (RSD%} wsed to validate the method precision by deteéngpithe
standard-added sample. Intra- and inter-day assagisppn were determined five times on the same aay
continuously for 5 days at the quality control cemications (0.05and 0.5ug/mL) of the 20 FA stanslandreal
serum.

Sensitivity

The limit of detection (LOD) and limit of quantifition (LOQ) were defined as the concentrations iging
signal-to-noise ratios of 3 and 10, respectively.this method, the standard FAME mixture at the dsiw
concentration(0.05y/mL) was selected to achieve a signal-to-noide.rat

Specificity
A fine separation ofigtransand positional isomers FAME, such as C16:1, C1818:2, and C18:3 in the standard
mixture and serum samples, was used as a typicahsz during the method optimization.

A nested caseontrol study

The C-ABC Srecruited pregnant women from Ma’anstignof Anhui province in China. A detailed descigm of
the cohort study protocol was published elsewhtsg A total 0f811 pregnant women from the C-ABCS=(4,669)
during the first trimester were selected in thigdgtfrom April to October 2011. When their infanésiched 2 years
of age, their mental and psychomotor developmeneélde were assessed using the Bayley Scales of tinfan
Development of China Revision (BSID-CR). A total48 children were assigned to the low developmeiotignt
group (case) and 129 children were in the norntalligence group (control) in accordance with thepgose of the
study. The FA concentrations in population datalysma were expressed as pmol/L. Statistical anslysas
performed using statistical software SPSS Stasistezsion 16.0 (SPSS Inc., Chicago, IL, USA). Writinformed
consent was obtained from the parents. Ethicalabifor the study was obtained from the Ethics Guttee of
Anhui Medical University.

RESULTS AND DISCUSSION

Method Optimization

The proper choice of the stationary phase playis@adl role in improving a GC method. Accordingdther studies
[16, 17],to obtain satisfactory resolution of th&®eME, different stationary phases such as wax,INFS5DB7MS,
and SP-2560 types should be used. We found that with optimized chromatography conditions, oveplag
elution of some isomers still occurred, so we utiely chose the cyanopropyl stationary phase oB2®column
with 50% cyanopropyl-methylpolysiloxane. In ternfseparation of the geometric cis/transFAME isomers such
as C18:1 and C18:2,using columns with differengtha and film thicknesses, the DB-23 column witBOameter
length and 0.1%m film thickness could provide interesting possilgis in the elution behavior. Although the
mixture contained 45 FAME standards, it is a phgttthe butyric acid (C4:0) methyl ester was elutéth the
solvent and not included in data set (Table 1, Ejgso lighter alkanes that eluted with the solwgare similarly
omitted from the study [18]. After optimization tie temperature gradient program, full resolutieeroa wide
range of FAME can be achieved(Figs. 1, 2). No @aeih FAME was found using SIM. Regarding the totai
time, the value was approximately 40 min in theorggrd method, which was longer than the runningetimthe
present study [19, 20].
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Table.1 Positional and geometrical FA isomers, retgion times (RT), fragment ions used for quantificéion and Characterization of the
FAME. The number refers to the chromatogram shownn Fig.1

Number FAME Retention time(min)  Quantitative iongn/ Characteristic ions(m/z)
1 C6:0 6.059 74 116 74 87
2 C8:0 7.209 74 144 74 87
3 C9:0 7.823 74 101 115 87
4 C10:0 8.466 74 172 74 87
5 C11:0 9.142 74 186 74 87
6 C12:0 9.868 74 143 74 87
7 C13:0 10.663 74 199 74 87
8 C14:0 11.558 74 199 74 87
9 C14:1n9c 11.995 55 123 55 69
10 C15:0 12.581 74 143 74 87
11 C15:1n10c 13.103 55 222 55 69
12 C16:0 13.796 74 270 74 87
13 C16:1n7t 14.076 55 236 55 111
14 C16:1n7c 14.266 55 268 55 97
15 C17:0 15.267 74 270 74 87
16 C17:1n10c 15.861 55 268 55 69
17 C18:0 17.115 74 298 74 87
18 C18:1n7t 17.456 55 296 55 97
19 C18:1n9c 17.576 55 264 55 69
20 C18:1n9t 17.704 55 296 55 83
21 C18:1n7c 17.877 55 222 55 69
22 C18:2n9t 18.248 67 263 67 109
23 C18:2n6éc 18.915 67 294 67 81
24 C18:3n6 19.711 79 292 79 95
25 C18:3n3 20.577 79 261 67 79
26 C18:2n9c11t 21.393 67 280 67 55
27 C20:0 22.163 74 312 74 87
28 C20:1n9 22.922 55 264 55 69
29 C20:2n6 24.393 67 308 67 81
30 C21:0 24.946 74 326 74 87
31 C20:3n6 25.238 79 320 67 79
32 C20:4n6(AA) 25.762 79 304 67 79
33 C20:3n3 26.191 79 320 55 95
34 C20:5n3 (EPA) 27.572 79 316 91 79
35 C22:0 27.724 74 340 74 87
36 C22:1n9 28.503 55 338 55 69
37 C22:2n6 29.971 67 336 67 81
38 C23:0 30.426 74 354 74 87
39 C22:4n6 31.491 79 119 105 91
40 C22:5n6 31.904 79 105 91 105
41 C24:0 33.021 74 368 74 87
42 C22:5n3 (DPA) 33.223 79 119 91 105
43 C22:6n3 (DHA) 33.639 79 313 79 91
44 C24:1n9c 33.845 55 348 55 97
Abundance
28 B
w
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Fig.1.(A and B) The total ion chromatogram of 45 mixed standards oFAME at 40pg/mL (except for C4:0 FAME, showing a satisfactory
separation of positional and geometric isomers ohe mono-, di- and tri-unsaturated ones .Peak numberin chromatograms are labelled
in Table 1

A recent study showed that 44 different FAME cobddseparated in a short amount of time (17.2 mina dighly
polar BPX70 column, but feweisétran-C18:1 and C18:2 FAisomers of greater significaweee included than in
our study [21].During transesterification, a boroifluoride (BF;)—methanol reagent was added to the mixture to
achieve a higher transesterification ratio bec&Bemethanol is harmful if inhaled or absorbed throggm. We
ultimately preferred the }$0,-catalyzed FA transesterification method. We comgaseveral transesterification
reactions in our experiments, and all tested dgamamethods were acid-catalyzed methylations udifgy
H,S0,,10% HSO,, or 5% HCI in methanol (containing 5% toluene)7&°C, 5% HSQO, resulted in a higher
methanolysis yield. Thereafter, the reaction y@ld5°C was evaluated at several time points (3068, and 90
min). The maximum derivation yield was obtained@tmin. Overall, we believe our procedure is mawtical for
most researchers since a standard GC/MS instrucgenbe used without the need for an additional i@ps: or
instrument modification.
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Fig.2. (Aand B) Characteristic or quantitative ions chromatographyof corresponding 44 standard FAME in merged formatfrom the
Fig.1
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Method Validation

Due to the fact that the concentration range ofiirAuman serum could be highly variable, quantitatof the
identified FA was performed using two calibratiamees with a mixture of representative FAME staddait was
previously difficult to simultaneously measure adevispectrum of FA using earlier reported methodg].[2
Generally speaking, in this study, the calibratioes were linear under our conditions and shoveggtession line
coefficients (SFAR>> 0.9970, MUFAR?> 0.9921, DUFAR2>0.9903, PUFAR?> 0.9912).

The Assay recoveries and precisions are shown lmeTa The recoveries were in the range of 75.0.098 and
the RSD% for each FA derivative was <12%. The Fahdards with concentrations of u§/mL had RSD%< 10%,
whereas those at 0. 0&mL had RSD% > 10%, similar to the previously need method [21, 23].

Table. 2Recoveries , Precisions and SensitivitieR0 fatty acids derivatives after transmethylationfor 1 h at 75C , in serum sample
spiked with the fatty acids at 0.5 and 0.0mpg/mL (Mean + SD, n=3)

Inter-day Recovery Intra-day Recovery Sensitivity
Fatty acid 0.5 pug/ mL(spkiked)) 0.0mg/ mL 0.5pug/mL 0.05:9/ mL (ng/mL)
Recovery  RSD% Recovery RSD% Recovery  RSD% Recovery RSD% LOD LOQ
C12:0 98.09+1.20 1.23 95.56+1.92 1.89  96.34+1.07 1.11 90.10+4.58 5.09 9
C14:0 95.23+3.48 3.49 91.23+2.75 3.13  94.67+2.20 2.34 89.21+3.37 3.79 10
C16:0 97.56+0.94 0.97 93.09+2.79 3.19 91.23+3.83 4.21 91.02+6.39 7.03 8
C18:0 94.12+0.92 1.09 90.21+2.02 231 97.27+0.94 0.99 89.07+1.09 1.23 9

C16:1n7c  91.23+3.67 4.13 93.07+7.54 8.32 90.41+3.79 4.21 87.23+5.21 5.99
C18:1n7c  93.78+5.38 5.78 89.19+7.05 7.92 96.20£7.80 8.13 90.42+3.28 3.65
C18:1n9¢c  90.23+4.48 4.98 88.67+6.09 6.56 93.3045.57 5.99 91.64+7.63 8.33
Cl6:In7t  92.19+2.71 3.33 91.08+5.16 5.67 95.23+6.43 6.77 89.12+7.02 7.89
Ci18:In7t  89.09+7.23 8.31 90.78+3.76 4.19 90.78+4.83 5.33 87.09+7.03 9.02
C18:2n6c  87.05+6.98 7.89 86.71+6.21 6.98 91.7846.71 7.32 85.01+7.04 3.78
C22:2n6 79.14+7.14 9.08 77.67+8.57 10.21 80.01+7.73 9.66 79.09+7.05 11.06
C18:3n3 85.3245.17 6.32 86.71+7.83 9.11 81.08+7.23 8.93 76.01+7.37 9.71
C20:5n3 78.17+4.34 5.38 76.09+5.38 7.09  79.09+3.69 4.67 75.10+2.46 3.29
C22:5n3 83.32+6.68 8.21 81.62+5.31 6.56 85.20+4.43 521 79.20+3.86 4.89
C22:6n3 81.01+2.86 3.44 80.68+1.85 2.33  83.05#5.79 6.98 86.12+2.00 2.32
C18:3n6 85.67+5.90 6.89 82.98+4.87 5.89 81.50+5.92 7.32 88.25+6.23 7.09
C20:3n6 82.21+5.79 7.33 84.52+7.61 9.33 83.10+7.93 9.56 76.01+4.99 6.57
C20:4n6 79.04+7.19 9.09 87.27+9.27 10.66 77.09+8.99 11.67  75.07+6.01 8.02
C22:4n6 80.01+8.08 9.81 82.61+9.28 11.32 81.32+7.12 8.79 89.18+8.05 9.05
C22:5n6 77.5615.51 7.11 80.54+6.65 8.32  79.20+4.81 6.09 84.24+4.47 5.32

Notes: RSD relative standard deviation, SD standard dématLOD limit of detection, LOQ limit of quantitan.
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The LOD and LOQ for the targeted FA were <9 andh@2nL, respectively. As expected, the use of thé Blode
for quantification greatly increased sensitivityrquared to the use of extracted ions. In additiomgared with the
other published method, the proposed assay hagéhMbFA and PUFA sensitivities[24,25].

The chromatographic procedure provides baselinaraépn between saturated and unsaturated FAMEatds of
different chain lengths as well as between mosttipaal isomers, which might provide a valuable thiA

representative chromatographic separation of Idragrcsaturated and unsaturated FA (>12 carbong)ded in
maternal serum is shown in Figure 3. The data stdhat the temperature gradient and column selectohieved
high peak resolution.

The identifiedcis/transFAME were separated completely in the 45 standaridsure or real serum. These peaks
could be more completely separated from adjacesitpthan the ones published [26]. Compared withapproach,
the performance of liquid chromatography—electragponization—-MS (ESI-MS) for FA separation was oo
therefore, ESI-MS was less ideal for determining dotent despite its higher sensitivity since itildonot better
separate the geometric and positional isomers [12].

T

19 16 18 20 22 24 26 2 W 32 34

T T
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Fig.3. The total ion chromatogram of 20 kinds of tansesterificated FFA in maternal serum, including gometrical ( cis/trans) and
positional isomers of biological importance

Application

After the data processing by analysis of covariatitere was no significant difference in tatains FA between the
cases and controls, but the serum levels of tai&A°(F = 7.309, P = 0.008), n-3 PUFA (F = 7.97% B.006), n-6
PUFA (F = 4.100, P = 0.045), DHA (F = 6.377, P 618), EPA (F = 11.803, P = 0.001), AA (F = 4.74% B.031),
DPA (F = 6.115, P = 0.015), EPA + DHA (F = 7.933;7B.006), and DHA + AA (F = 6.618, P = 0.011) sleova
statistically significant difference (P < 0.05) ¢F#). A conditional logistic regression model viidied, a high level

of EPA was a protective factor against a low depmient quotientf =30, SE = 0.43, Wald value = 9.04, P = 0.003,
odds ratio = 0.27, 95% confidence interval, 0.184pafter the adjustment for confounding factorduding the
mother’s education and bodyweight, child’s age, @aatative psychiatric diseases.
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Fig.4.There was no significant difference irirans FA ,SFA levels between the cases and controls, libe total PUFA, n-3 PUFA, n-6 PUFA,
and DHA, EPA, AA,C22:4n6 (DPA), EPA + DHA, DHA + AAshowed significant difference. *P< 0.05, **: P< 0.05,as compared with the
controls

CONCLUSION

Here we presented a reliable and sensitive metbodrA profiling of positional and geometrical isorae Our
findings indicated that the GC/MS approach canrddféechnical platform for the comprehensive quatiion of
FA in serum. A low EPA level might be a predictémaental retardation, especially when no other gilale factors
can be identified.
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