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Abstract: Dietary content during pregnancy is important because it is necessary for the growth of the
fetus. With the assumption that the nutritional status of the fetus can be monitored by measuring
amino acid concentrations in the amniotic fluid, we investigated whether the habitual dietary intake
of pregnant women affected the composition of the amniotic fluid and the significance of performing
amniotic fluid analysis. The subjects were 34 mothers who delivered full-term babies by cesarean
section. Three biological samples were collected from the mothers: blood, cord blood, and amniotic
fluid. At the same time, the mothers’ prenatal nutritional intake information was also recorded.
When the amino acid contents of the samples were compared with the mothers’ nutrient intake,
many amino acids in the amniotic fluid were positively correlated with lipid intake, but not with
protein intake. There was a negative correlation between lipid intake and carbohydrate intake, and
the amino acid contents of the amniotic fluid were also negatively correlated with carbohydrate
intake. The results of this study were consistent with those found in animal models, suggesting that
the analysis of amniotic fluid may be a useful method to investigate the effects of habitual diet during
human pregnancy on the fetus.

Keywords: maternal diet; amniotic fluid; amino acids; fetal nutrition

1. Introduction

Maternal nutrition during pregnancy is important for fetal growth as well as the
child’s brain development and future health [1-3]. There have been multiple reports from
developmental origins of health and disease (DOHaD) paradigm in which newborns with
low birth weight (<2500 g) have an increased risk of hypertension, type 2 diabetes, and
renal disease, among other health problems [4-8]. Low birth weight results from either
preterm birth (at <37 weeks of gestation) or intrauterine growth restriction (IUGR), which is
defined as a birth weight below the 10th percentile for gestational age. For instance, infants
born at full term (38 weeks) are considered to have IUGR if their birth weight is <2500 g.
IUGR is caused by decreased blood flow in the placenta as well as maternal undernutrition.
Therefore, animal models of IUGR are created by nutritional interventions, such as feeding
mothers low protein diets and reducing the amount of feed [9]. The nutritional status of
the pregnant mother affects the fetus, but the nutritional status of the mother is not directly
equivalent to the nutritional status of the fetus. This is because the passage of nutrients
through the placenta is selective and may be either facilitated by the placenta (with or
without transporters, e.g., vitamin By, By, B¢, B1y, folate, biotin, niacin, Ca, Fe), occur
through diffusion (e.g., Cr, Mg), or be inefficient (e.g., TG, vitamins K and E, Cu) [10-15].
The nutritional status of the fetus is generally evaluated indirectly based on the degree of
physical development according to ultrasound examination and the nutritional status of
the mother. If a biological sample could be obtained from the fetus, the nutritional status of
the fetus could be directly evaluated; however, this would be highly invasive for both the
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fetus and the mother and there would be a risk of miscarriage, so this type of sampling is
not performed.

We focused on amniotic fluid, which can be collected at birth, as a means of revealing
the nutritional status of the fetus. It has been reported that, at the end of pregnancy,
the fetus excretes urine in the amniotic fluid and drinks amniotic fluid, which contains
carbohydrates, proteins and peptides, lipids, vitamins, and minerals [12,14,16-18]. In
addition, it has been reported that the composition of amniotic fluid can be altered by
specific interventions (e.g., feed loading) focused on the mother [16,18]. If amniotic fluid
can be assessed as a biological sample in order to analyze the impact of the mother’s overall
diet during pregnancy on the fetus, we can provide dietary guidance that will effectively
deliver the nutrients required by the fetus. This would make it possible to provide dietary
guidance to reduce the risk of lifestyle-related diseases in the offspring caused by nutritional
deficiencies during the fetal period. In this study, we focused on frequently consumed
protein sources, which are essential for fetal growth, and investigated whether the amino
acid composition in amniotic fluid changes depending on the mother’s diet.

2. Materials and Methods
Study Design and Subjects

This was a basic experimental study involving humans. The experimental protocol
was approved by the ethics committee of The University of Shiga Prefecture (# 476). We
recruited 36 healthy mothers who delivered full-term babies by caesarean section at the
Alice branch of the Jinno Ladies Clinic Hospital (Hikone City, Shiga, Japan) from February
2016 to February 2017 (Figure 1). Two of the 36 subjects were excluded because they
were unable to complete the dietary survey, resulting in a final number of 34 subjects. All
participating mothers provided written informed voluntary consent. None of the subjects
or babies experienced complications during delivery. We collected biological samples
(maternal blood, cord blood, and amniotic fluid), antenatal daily nutrient intake for the
mothers, and physical data for both the mothers and neonates.

Nutrient intake
of mother

Pregnant mothers
n=36
Excluded Final Subject
n-2 n-34
Amino Acid contents Amino Acid contents Amino Acid contents
in plasma (M:maternal) in plasma (C:cord) in amniotic fluid

Figure 1. Flow chart of the study.

3. Sample Collection

Physical data (parity of the mother and gestational age, birthweight, and sex of
the neonate) were obtained from the medical records after delivery. Other physical data
(maternal age, body weight, and height) were obtained from the mothers by self-declaration
after delivery.

Daily nutrient intake was explored using a brief, self-administered diet history ques-
tionnaire (BDHQ), where the responses reflected the average nutrient intake over the
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month before delivery [19,20]. A dietitian was present when the questionnaire was filled
out and explained how to fill it out, what to look out for, and answered any questions.
The questionnaire included a space to indicate any supplements the mothers were taking.
In addition to the written survey, the dietician asked each question verbally to confirm
the responses. We calculated and analyzed maternal nutrient intake to find the following
values: daily energy intake; protein, fat, and carbohydrates as percent of daily energy; and
energy-adjusted salt, dietary fiber, vitamin, and mineral intake [21,22].

Biological samples, comprising 6 mL umbilical vein cord blood and 10 mL amniotic
fluid, were collected during the caesarean section. In addition, 6 mL of maternal blood was
collected before breakfast the day after delivery. Lithium heparin-coated blood collection
tubes were used to collect the blood samples (Becton Dickinson Co., Tokyo, Japan). After
collection, blood glucose and ketone body (3-hydroxybutyric acid) levels were analyzed
using a Precision Xceed H instrument (Abbott Japan Co. Ltd., Tokyo, Japan), and glucose
levels in amniotic fluid were measured using a portable glucose analyzer (GF-501; TANITA
Corp., Tokyo, Japan). Plasma samples were separated by centrifugation (3000x g, 15 min
at 4 °C). Amniotic fluid solids were removed by centrifugation (5000 rpm, 5 min at 4 °C).
The plasma and amniotic fluid samples were stored at —80 °C until required.

4. Measurements

Abbreviations used: Hyp, hydroxyproline; P-Ser, o-phosphoserine; Tau, taurine;
PEA, o-phosphoethanolamine; a-AAA, x-aminoadipic acid; Cit, citrulline; a-ABA, -
aminobutyric acid; cystathio, cystathionine; b-Ala, 3-alanine; b-AiBA, -amino-iso-butyric
acid; g-ABA, y-aminobutyric acid; EOHNH,, ethanolamine; NH3, ammonia; Hyl, hy-
droxylysine; Orn, ornithine; His(1-Me), 1-methylhistidine; His(3-Me), 3-methylhistidine;
Car, carnosine.

We analyzed 41 free amino acid forms (Leu, Ile, Val, Thr, Trp, Phe, Met, Lys, His, Asn,
Asp, Ala, Arg, Gly, Gln, Glu, Pro, Hyp, Ser, Tyr, Cys, P-Ser, Tau, PEA, urea, Sar, a-AAA, Cit,
a-ABA, cystathio, b-Ala, b-AiBA, g-ABA, EOHNH;, NH3, Hyl, Orn, His(1-Me), His(3-Me),
Car, and anserine) in biological samples by post-column colorimetric derivatization with
the ninhydrin method using an amino acid auto-analyzer (L-8900; Hitachi High-Tech Corp.,
Tokyo, Japan). The 200 uL samples of amniotic fluid or plasma were diluted 2 times with
0.02 mol/L HCI, and 200 pL of 1.5 mol/L HCIO4 was added to deproteinate the samples.
The mixtures were centrifuged at 10,000 rpm for 1 min at 4 °C, and the supernatants were
filtered using a Cosmonice Filter W (0.45 um, 4 mm; Nacalai Tesque, Inc., Kyoto, Japan).
Analysis was performed using 40 pL of the filtered samples.

5. Statistics

All data are presented as mean =+ SD, and the significance level was set at 0.05. We com-
pared maternal nutrient and food intake vs. the concentrations of amino acids in the three
types of biological samples using JMP12.2 software (SAS Institute Inc., Cary, NC, USA) and
BellCurve for Excel, version 3.0 (Social Survey Research Information Co., Ltd., Tokyo, Japan).

The amino acid concentrations in the three biological samples shown in Table 1 were
analyzed using the Steel-Dwass test or Tukey’s honestly significant difference (HSD) test.
The correlations between the amino acid concentrations in the three biological samples
and maternal protein, fat, and carbohydrate intake were analyzed using Spearman’s rank
correlation coefficient with missing values excluded in a pairwise manner (Table 2). Four
amino acids (g-ABA, Hyl, His(1-Me) and Car) could not be measured in many samples
as their concentrations were below the detection limit and were thus excluded from the
analysis. The correlations between the amino acid contents in the amniotic fluid and the
intake of different types of lipids were analyzed by Spearman’s rank correlation coefficient
with missing values excluded in a case-wise manner (Table 3). The types of lipids analyzed
included fatty acids (FAs), saturated fatty acids (SFAs), monounsaturated fatty acids
(MUFAs), polyunsaturated fatty acids (PUFAs), n-3 fatty acids (n-3 FAs), n-6 fatty acids
(n-6 FAs), palmitic acid (C16:0), heptadecanoic acid (C17:0), stearic acid (C18:0), oleic acid
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(C18:1), linoleic acid (C18:2(n-6)), and eicosatrienoic acid (C20:3(n-6)). The correlations
between NHj content in the three biological samples and maternal protein and protein-rich
food intake were analyzed by Spearman’s rank correlation coefficient with missing values

excluded in a pairwise manner (Table 4).

Table 1. The average amino acid contents of each type of sample.

Amino Acids Plasma (M) Plasma (C) Amniotic Fluid
(umol/L) (umol/L) (umol/L)
Essential 86.5 + 15.6 2 129.5 +22.7b 244+ 63¢
Leu 495+ 8.72 72.8 £105P 10.7 £33¢
Tle 153.7 + 25.2 2 235.8 +£32.0P 499 +162°¢
Val 163.9 +£41.22 270.3 + 57.7 98.7 +40.2°¢
Thr 39.5+4.82 722 +69b 42+15¢
Trp 515+582 703 +8.0° 20.1+6.5¢
Phe 248 +352 282 +32P 83+26¢
Met 179.7 4+ 34.2 2 350.8 + 48.3P 1043 +32.1¢
Lys 77.8 +13.52 993 +89Pb 358 +89°
His 39.7+792 433+582 16.7 +4.7b
Non-essential 34+062 80+71Pb 194+05¢
Asn 4359 + 7442 321.8 +61.9° 145.6 +49.2°¢
Asp 344+9.12 63.6 +12.4° 13.3+4.5°¢
Ala 152.5 4+ 34.92 2446 +43.8 141.2 + 46.6 2
Arg 403.8 + 66.02 521.3 +74.8 207.9 £73.0°¢
Gly 50.3 + 13.42 441 +19.32 153 +6.1P
Gln 929 +1852 157.9 + 15.5P 354+98¢
Glu 466 +7.72 67.5+89P 19.6 £5.8¢
Ser 329 +6.32 388 + 6.6° 290+ 73¢
Tyr 154062 22409P 6.8+12°¢
Other 342+512 110.3 +29.4P 109.5 +£29.8b
Cystine, umol /L 144042 7.6 +5.7P 6.3+24P
P-Ser, pmol/L 933.5 + 767.4 2 1680.1 & 1296.1 P 2873.0 4 24719 °¢
Tau, pmol/L 1.74+0.82 20+082 20+082
PEA, pmol/L 921.7 + 309.3 2 1748.5 4+ 383.2 P 1501.2 + 498.8 b
Urea, umol/L 13.6 242 159 +£2.8P 56+16°
Sar, pmol/L 232+552 22.54+4.82 55+1.6P
a-AAA, nmol/L 1.5+042 23+05P 14+042
Cit, umol/L 1.8+0.82 37+14b 31+1.1P
a-ABA, umol/L 26+122 324224 47 +28b
Cystathio, umol /L 607.9 & 80.1 2 814.8 + 505.3 @ 7983 + 21132
b-Ala, pmol/L 46+122 273 +55P 4714+112°¢
b-AiBA, pmol/L 61.8 + 1552 92.7 +259b 150.8 + 55.1 ¢
g-ABA, nmol/L 398.3 +298.12 1624.2 4+ 488.0 P 1388.1 + 415.6P
EOHNH,, pmol/L 36.6+922 8144+ 11.6P 13.14+3.1°¢
NHj;, umol/L ND 29+1.72 31+162
Hylys, nmol/L 1.9+06% 24408° 2.0+ 0.8
Orn, umol/L ND 1.7+ 05 ND

1Mehis, pmol/L
3Mehis, pmol/L
Car, umol/L

Values are presented as mean =+ SD. The table is divided into essential amino acids, non-essential amino acids, and
others. Abbreviations used: C, cord; M, maternal; ND, not detected; Hyp, hydroxyproline; P-Ser, o-phosphoserine;
Tau, taurine; PEA, o-phosphoethanolamine; a-AAA, x-aminoadipic acid; Cit, citrulline; a-ABA, x-aminobutyric
acid; cystathio, cystathionine; b-Ala, 3-alanine; b-AiBA, 3-amino-iso-butyric acid; g-ABA, y-aminobutyric acid;
EOHNH,;, ethanolamine; NH3, ammonia; Hyl, hydroxylysine; Orn, ornithine; His(1-Me), 1-methylhistidine;
His(3-Me), 3-methylhistidine. Means followed by different letters are significantly different (p < 0.05) according to
Tukey’s honestly significant difference (HSD) test and the Steel-Dwass test.
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Table 2. Spearman rank correlation coefficients of the amino acid contents of maternal plasma, cord blood plasma, and
amniotic fluid samples with the maternal dietary intake of proteins, fats, and carbohydrates.

Plasma (M) Plasma (C) Amniotic fluid
P (E%) F (E%) C (E%) P (E%) F (E%) C (E%) P (E%) F (E%) C (E%) . 1
P-Ser 0.1272 0.2419 —0.2606 0.1976 0.1910 —0.3134 —0.0660 —0.3674 * 0.3036 : 0.75~1.00

Tau 0.0214 0.3545 —0.2952 0.0539 —0.1476 0.1081 0.0481 0.1918 —0.1392 : 0.50~0.75

Asp —00101 _ —01141 01298 00389 —00265 _ 0.04% 0.1824  04075°  —04709~ T=1.00-—075
Thr 0.0784 00600 —0053 02673 02984  —03149 03398 03281 —03502~ T=0.75-=050

0.1186 0.1165 03936%  —0.3669

Clu 0.1294 —03172 0.1942 —0.0883  —0.0963

GIn —0.2495 0.0338 0.1013 —0.0020 —0.0017 0.0625 0.1489 0.4531 ** —0.3669 *
Sar —0.3077 0.0490 —0.0350 0.3578 0.1368 —0.2833 0.2675 0.3130 —0.3597
a-AAA —0.0299 —0.3419 0.3120 0.1961 0.2060 —0.1492 0.2838 0.0585 —0.0531
Gly —0.2460 —0.0485 0.2099 —0.0633 0.0715 —0.0300 0.2431 0.1612 —0.1805
Ala 0.0289 0.3629 * —0.3183 0.0020 0.2198 —0.2113 0.1284 0.3420 —0.3286
Cit 0.0862 0.1437 —0.0920 0.0642 0.2594 —0.2310 0.1344 0.3654 * —0.3437
; I —0. ; ! .16 ] A ;

Val 0.1212 —0.1579 0.0793 0.1317 0.1020 —0.2063 0.1827 0.3304 —0.3137
Cystine 0.0686 0.1227 —0.0613 0.0368 0.1967 —0.1478 0.2819 0.1343 —0.1670
Met —0.1197 —0.0481 0.1T70 —0.1302 0.1947 —0.0660 0.1555 0.4891 ** —0.3993
Cystathio —0.0436 0.1100 —0.0764 —0.1597 0.0420 0.0353 0.4275* 0.3545 * —0.4392

Tle —0.0684 0.0660 —0.0042 —0.0055 —0.0486 —0.0175 0.1006 0.3071 —0.2891

Phe 00334 0.0264 0.0237 02712 02829 —04035% 01776 | 05083

—0.4480 F

b-Alx 00526 00040  —00028 00842  —00709  0.0374 0.2700 0.0066 —0.1039
b-AIBA 01434 —02377 03146  —00616 ~ —02650 03051 01200 —0.1749 0.1064

Trp 02143 —00521  0.1835 02320 —02363  0.0852 0.0761 02517 —0.1802

2 =0k b —0. =0k 4 . =0 b =0
NH;3 —0.0394 0.2350 —0.1371 0.1622 —0.0145 —0.0692 —0.0354 —0.0251 0.0423
Orn 0.2112 —0.1840 0.0275 0.1128 0.0128 —0.0522 0.0983 0.1789 —0.1324
Lys 0.0642 —0.1629 0.1146 0.1531 0.1618 —0.1581 0.2902 0.2276 —0.2119
His —0.0825 —0.0461 0.1213 —0.1601 0.1637 —0.0597 0.2307 0.4235*% —0.3406

His(3-Me) 0.3588 * —0.1492 0.0590 0.3474 % —0.0926 0.0411 0.2639 0.1081 —0.0819
Arg —0.2046 —0.0722 0.1394 0.1020 —0.1165 0.1690 0.0369 0.2958 —0.1978

Abbreviations used: plasma (M), maternal plasma; plasma (C), cord plasma; P, protein; F, fat; C, carbohydrate; E%, percentage of daily energy
intake; Hyp, hydroxyproline; P-Ser, o-phosphoserine; Tau, taurine; PEA, o-phosphoethanolamine; a-AAA, x-aminoadipic acid; Cit, citrulline;
a-ABA, x-aminobutyric acid; cystathio, cystathionine; b-Ala, $-alanine; b-AiBA, $-amino-iso-butyric acid; EOHNH,;, ethanolamine; NH3,
ammonia; Orn, ornithine; His(3-Me), 3-methylhistidine. The numbers in the table show the correlation coefficients, with blue highlighting
indicating positive correlations and pink highlighting indicating negative correlations. The correlation coefficients are divided into nine
color-coded bins (from =+1 to 0). The darker the color, the higher the correlation. Significance level: * p < 0.05, ** p < 0.01.

Table 3. Spearman rank correlation coefficients between lipid species in the maternal diet and amino acid concentrations in
the amniotic fluid.

Fat Animal Fat Vegetable Fat Cholesterol SFAs MUFAs PUFAs
Intake (g/day) 30.5 14.1 16.4 0.205 8.44 10.69 744
Amino acids correlation coefficient

P-Ser —0.3068 —0.2691 —0.2339 —0.1521 —0.3878 * —0.3358 —0.1547

Tau 0.1337 0.1624 0.0943 0.1719 0.2196 0.0976 0.0356
PEA —0.1347 —0.0058 —0.1042 —0.0244 —0.0569 —0.0805 —0.1817

Urea 0.2517 0.1731 0.1173 0.2493 0.1862 0.2995 0.0448
Asp 0.5587 ** 0.3710 * 0.4216 * 0.5018 ** 0.2991 0.5418 ** 0.5198 **

Thr 0.4017 * 0.1875 0.2002 0.0388 0.2574 0.3686 * 0.2299

Ser 0.4842 ** 0.3112 0.2848 0.1408 0.3215 0.4941 ** 0.3229

Asn 0.5729 ** 0.4542 ** 0.2790 0.3556 * 0.4732 ** 0.5348 ** 0.2980
Glu 0.4820 ** 0.4198 * 0.2677 0.3676 * 0.3399 0.4713 ** 0.3559 *

Gln 0.4923 ** 0.4475 ** 0.2062 0.1330 0.4756 ** 0.3920 * 0.2289

Sar 0.1494 0.3078 —0.0364 0.1091 0.3325 0.0286 0.1052
a-AAA 0.0585 0.1523 —0.1838 0.2938 0.1785 0.0000 —0.2069

Gly 0.2342 0.1484 0.0934 0.1780 0.1117 0.1994 0.1462

Ala 0.4806 ** 0.4439 ** 0.2266 0.2473 0.3329 0.4920 ** 0.3476 *

Cit 0.4161 * 0.3207 0.1848 0.0652 0.3288 0.3794 * 0.2709
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Table 3. Cont.

a-ABA 0.3349 0.3269 0.1016 0.3419 0.2637 0.3697 * 0.1213
Val 0.4348 * 0.2951 0.2390 0.1481 0.3232 0.4632 ** 0.2406
Cystine 0.1716 0.0445 —0.0035 0.0472 0.0891 0.1267 0.0830
Met 0.6239 ** 0.5022 ** 0.3021 0.2621 0.4670 ** 0.6034 ** 0.3765 *
Cystathio 0.3970 * 0.2031 0.2097 0.2060 0.2782 0.3226 0.2951
Ile 0.4223 * 0.3438 0.1921 0.0960 0.3479 0.4520 ** 0.1771
Leu 0.3688 * 0.2815 0.1287 0.1345 0.2808 0.4128 * 0.1587
Tyr 0.6301 ** 0.5227 ** 0.2980 0.3944 * 0.4432 * 0.6613 ** 0.3563 *
Phe 0.6444 ** 0.5297 ** 0.3369 0.3526 * 0.4754 ** 0.6580 ** 0.3911 *
b-Ala 0.0005 0.0541 —-0.1771 —0.1354 0.1387 —0.0043 —0.3082
b-AiBA —0.2990 —0.3586 —0.1143 —0.2133 —0.2394 —0.2650 —0.0946
Trp 0.4230 * 0.4032 * 0.0480 0.1349 0.3424 0.4201 * 0.1056
EOHNH, 0.1285 0.2788 —0.0909 0.2125 0.1740 0.0665 —0.0680
NH; 0.0946 0.1331 0.0521 —0.0011 0.0718 0.1639 —0.0136
Orn 0.2108 0.0433 0.1136 0.0590 0.0147 0.2023 0.2078
Lys 0.2667 0.0572 0.1654 0.0588 0.1491 0.2517 0.1618
His 0.5164 ** 0.3676 * 0.3105 0.2550 0.3937 * 0.4853 ** 0.3646 *
His(3-Me) 0.1724 0.0478 0.1257 0.0416 —0.0354 0.1195 0.2707
Arg 0.2625 0.3504 0.0343 0.2339 0.3423 0.2327 0.0585
b
n-3 FA n-6 FA C16:0 C17:0 C18:0 C18:1 C18:2 (n-6) C20:3 (n-6)
Intake (g/day) 1.36 6.07 4.92 0.072 1.79 9.76 5.90 0.017
Amino acids correlation coefficient
P-Ser 0.0084 —0.1785 —0.3622 * —0.2738 —0.3486 —0.3548 * —0.1734 —0.3013
Tau —0.0374 0.0490 0.1820 0.3018 0.2483 0.1169 0.0399 0.1603
PEA —0.2299 —0.1071 —0.0496 0.1063 0.0151 —0.0964 —0.1044 —0.0248
Urea 0.1668 0.0087 0.2557 0.3633 * 0.3185 0.2620 0.0120 0.2774
Asp 0.4186 * 0.5026 ** 0.4571 ** 0.2797 0.4351 * 0.5400 ** 0.4897 ** 0.5847 **
Thr 0.3252 0.2032 0.3061 0.2179 0.3178 0.3222 0.2049 0.2958
Ser 0.3284 0.3127 0.3827 * 0.3420 0.4102 * 0.4527 ** 0.3083 0.3952 *
Asn 0.3845 * 0.2529 0.5007 ** 0.4542 ** 0.5297 ** 0.5095 ** 0.2390 0.5095 **
Glu 0.3168 0.3406 0.4188 * 0.3332 0.4268 * 0.4552 ** 0.3255 0.5338 **
GIn 0.2577 0.2226 0.4586 ** 0.4011 * 0.4739 ** 0.3723 * 0.2199 0.4111*
Sar 0.1325 0.0649 0.2169 0.1844 0.2273 0.0182 0.0260 0.1961
a-AAA 0.0538 —0.2615 0.1669 0.1485 0.1446 —0.0285 —0.2962 0.1662
Gly 0.2526 0.1261 0.1215 0.1435 0.1407 0.1581 0.1147 0.1896
Ala 0.3128 0.3396 0.3757 * 0.3817 * 0.3967 * 0.4576 ** 0.3232 0.4539 **
Cit 0.4256 * 0.2262 0.3424 0.3589 * 0.3314 0.3380 0.2254 0.3270
a-ABA 0.2313 0.0959 0.3600 * 0.4171* 0.4215 * 0.3235 0.0976 0.4906 **
Val 0.2500 0.2276 0.3580 * 0.3382 0.3914 * 0.4211°* 0.2320 0.3747 *
Cystine 0.2299 0.0634 0.0955 0.0738 0.0765 0.0967 0.0503 0.1031
Met 0.4417 * 0.3475 0.5198 ** 0.5055 ** 0.5411 ** 0.5649 ** 0.3332 0.5425 **
Cystathio 0.3013 0.3024 0.3207 0.2577 0.3054 0.3087 0.2724 0.3043
Ile 0.2606 0.1620 0.3889 * 0.4065 * 0.3860 * 0.4058 * 0.1584 0.3823 *
Leu 0.2416 0.1309 0.3266 0.3457 0.3548 * 0.3603 * 0.1276 0.3486
Tyr 0.3548 * 0.3402 0.5407 ** 0.4967 ** 0.5839 ** 0.6268 ** 0.3292 0.6309 **
Phe 0.3578 * 0.3831 * 0.5491 ** 0.5440 ** 0.5850 ** 0.6213 ** 0.3662 * 0.6063 **
b-Ala —0.1323 —0.3134 0.1487 0.1262 0.1083 —0.0382 —0.3140 0.1183
b-AiBA —0.0946 —0.0961 —0.3232 —0.2202 —0.2911 —0.2552 —0.1025 —0.3527

Trp 0.1976 0.0883 0.3930 * 0.3886 * 0.4227 * 0.3658 * 0.0777 0.4714 **
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Table 3. Cont.
EOHNH, 0.0796 —0.1144 0.1725 0.2193 0.2327 0.0591 —0.1276 0.2043
NH; —0.1309 0.0718 0.1573 0.1107 0.1939 0.1595 0.0975 0.1994
Orn 0.2940 0.2038 0.0674 0.0213 0.0660 0.1957 0.2108 0.1056
Lys 0.1965 0.1601 0.1725 0.1019 0.1698 0.2430 0.1604 0.1324
His 0.2888 0.3633 * 0.3907 * 0.3737 * 0.4609 ** 0.4652 ** 0.3523 * 0.3830 *
His(3-Me) 0.3406 0.2400 —0.0171 —0.0710 0.0056 0.1141 0.2392 0.0127
Arg 0.1710 0.0641 0.2980 0.3972 * 0.3101 0.2238 0.0452 0.2819

Abbreviations used in (a): FAs, fatty acids; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty
acids. Abbreviations used in (b): n-3 FAs, n-3 fatty acids; n-6 FAs, n-6 fatty acids; C16:0, palmitic acid; C17:0, heptadecanoic acid; C18:0, stearic
acid; C18:1, oleic acid; C18:2(n-6), linoleic acid; C20:3(n-6), eicosatrienoic acid; Hyp, hydroxyproline; P-Ser, o-phosphoserine; Tau, taurine; PEA,
o-phosphoethanolamine; a-AAA, ax-aminoadipic acid; Cit, citrulline; a-ABA, x-aminobutyric acid; cystathio, cystathionine; b-Ala, 3-alanine;
b-AiBA, -amino-iso-butyric acid; His(3-Me), 3-methylhistidine. Intake represents the mean intake (g/day) across subjects. Significance level:
*p <0.05,*p<0.01.

Table 4. Spearman rank correlation coefficients between dietary protein, meat, and egg intake and
ammonia concentration in maternal plasma, cord blood plasma, and amniotic fluid samples.

NH;j; Plasma (M) Plasma (C) Amniotic Fluid
P (%E) —0.0394 0.1622 —0.0354
Chicken meat 0.0318 —0.0016 0.4817 **
Pork & beef meat 0.0160 0.0349 0.3959 *
Egg 0.1357 —0.3099 0.1411

Abbreviations used: plasma (M), maternal plasma; plasma (C), cord blood plasma; P (%E), protein as the percent
of daily energy intake. Significance level: * p < 0.05, ** p < 0.01.

6. Results

The baseline characteristics for mothers and infants are shown in Table 5. Participants
in this experiment were full-term infants (37—41 weeks) delivered by caesarian section
from Japanese mothers with standard physique, including height and weight, the day
after delivery. The average age of the mothers in this study (32.4 £ 4.6 years old) was
very similar to the average age at the birth of a second child among Japanese women.
Of the mothers who participated in this study, 91% were multipara because the selection
criteria included delivery by caesarean section (85% of participant mothers had undergone
a cesarean section for a previous birth). In Japan, caesarean sections are commonly planned
to avoid the risks present in a vaginal delivery after a previous caesarean section. The
average number of offspring in Japan in 2016 was 1.44, but the parity of the participants in
this study was higher (2.2 £ 0.7) for this reason. The birth weight of almost all newborns
was over the low-birth-weight reference weight of 2500 g (only one newborn was under the
reference weight, weighing 2485 g). Nutritional condition at delivery was assessed based
on blood concentrations of glucose and ketone bodies. The maternal blood concentration
of glucose was higher than the fetal concentration in cord blood. In contrast, the ketone
body concentration in maternal blood was lower than in cord blood.

Table 6 shows the daily nutrient intake per 1000 kcal according to the BDHQ. Our
data mostly matched past reports for late-stage pregnancy that had used the BDHQ
and the DHQ (self-administered diet-history questionnaire) [23-25]. The average energy
intake (1565 + 384 kcal/day) was well below that recommended for pregnant women
during late pregnancy (2100~2750 kcal/day). We considered that energy intake was
likely low due to underreporting [23-25]. The consumption levels of other nutrients were
generally satisfactory.
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Table 5. Baseline characteristics of mothers and infants (n = 34).

Mother
Age, years 324+ 4.6
Length, cm 1571+ 64
Bodyweight, kg 63.0 £12.2
BMI 255 +44
Parity 22407
Promipara, n (%) 3(8.8)
Multipara, n (%) 31 (91)
BloodGlucose (mg/dL) 1049 + 214
BloodKetone (mmol /L) 0.1+0.1
Infants
Gestationalage (weeks) 38.1+ 0.6
Birthweight (g) 2967 + 275
GenderMale, n (%) 20 (58.8)
Female, n (%) 14 (41.2)
CordbloodGlucose (mg/dL) 63.6 + 11.0
CordbloodKetone (mmol/L) 0.6 +0.2

Values are presented as mean =+ SD.

Table 6. Daily nutrient intakes reported on the BDHQs.

Nutrient Mean+SD
Energy, kcal /day 1565 + 384
Protein, %E 151421
Fat, %E 27.4+45
Carbohydrate, %E 574 +5.6
Fiber, g/1000 kcal 6.9+15
NaCl, g/1000 kcal 58+09
Vitamin 428 + 191
V.A, ug/1000 keal 6.2+33
V.D, ug/1000 kcal 40407
V.E, mg/1000 kcal 0.44 £+ 0.06
V.By, mg/1000 keal 0.69 + 0.14
V.B,, mg/1000 kcal 8.0+1.6
Niacin, mg/1000 kcal 0.65 + 0.11
V.Bg, mg/1000 keal 40+13
V.Byy, ng/1000 kcal 170 £+ 44
Folate, 1g/1000 kcal 3.74 £+ 0.66

Abbreviations used: BDHQ, brief-type self-administered diet history questionnaire; %E, percentage of daily
energy intake; V, vitamin; PaA, pantothenic acid; NaCl, table salt; K, potassium; Ca, calcium; Mg, magnesium;
P, phosphorus; Fe, iron; Zn, zinc; Cu, copper; Mn, manganese. Energy intake is shown as daily energy intake.
Protein, fat, and carbohydrate values are expressed as %E. All other values are shown as intake per 1000 kcal of
total energy intake (energy-adjusted nutrient intake). Values are presented as mean =+ SD.

The amino acid contents of each sample are shown in Table 1. In the amino acid
analysis, 38 of 41 amino acids were detected (Pro, Hyp, and anserine were not detected). In
general, concentrations of the nine essential amino acids were highest in cord blood plasma,
moderate in maternal blood plasma, and lowest in amniotic fluid, with two exceptions: the
concentration of Ala was higher in maternal blood and the concentration of Gly was the
same in maternal blood and amniotic fluid.

A correlation chart is shown in Table 2. This chart compares the concentrations of
each amino acid in the three biological samples to the maternal dietary intake divided into
three major nutrient categories (proteins, fats, and carbohydrates). Compared with other
samples, the amino acid concentration profile of amniotic fluid was enriched for the types
of amino acids that were correlated with lipid (positively) and carbohydrate (negatively)
intake. To identify the fatty acid species responsible for the correlation of lipid intake with
amino acids in the amniotic fluid, we divided the data into lipid species (fat, animal fat,
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vegetable fat, cholesterol, total SFAs, total MUFAs, total PUFAs, total n-3 FAs, total n-6
FAs, and 36 specific types of FAs) The intake of each FA and the amino acid contents in
the amniotic fluid were compared (Table 3). Table 3 shows 6 selected fatty acids (palmitic
acid (C16:0), heptadecanoic acid (C17:0), stearic acid (C18:0), oleic acid (C18:1), linoleic
acid (C18:2(n-6)), and eicosatrienoic acid (C20:3(n-6))) out of the 36 FAs analyzed (data not
shown for the other 30 FAs) that either show a similar correlation with overall lipid intake
or were FAs with high intake levels. The results showed that animal lipids, total MUFAs,
C16:0, C18:0, and C18:1 had similar correlations as the overall lipid intake.

Additionally, we analyzed whether the concentrations of ammonia (NHj3) as a metabo-
lite from amino acids in the maternal plasma, cord blood plasma, or amniotic fluid samples
were correlated with a maternal diet high in protein content and found that NHj3 in am-
niotic fluid correlated significantly with chicken (correlation coefficient: 0.4817) and pork
and beef intake (correlation coefficient: 0.3959; Table 4). We also analyzed the correlation
between the amino acid content in amniotic fluid and food intake, and the correlation
diagrams are shown for eggs and tsukemono (green leafy vegetable pickles), which showed
high correlation (Figure 2). Three amino acids, Asp, Phe, and Tyr, showed positive correla-
tions with egg intake (Figure 2a—c). Tsukemono showed negative correlations with many
amino acids, especially the three with the highest correlation coefficients (Trp, Leu, and
Ser) (Figure 2d—f).
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Figure 2. Correlations between specific maternal food intake and amino acid contents in the amniotic fluid. (a) Egg intake

vs. Asp concentration, (b) egg intake vs. Phe concentration, (c) egg intake vs. Tyr concentration, (d) tsukemono intake

vs. Trp concentration, (e) tsukemono intake vs. Leu concentration, and (f) tsukemono intake vs. Ser concentration. The

correlation coefficients are indicated on each panel.
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7. Discussion

The BMI of the mothers was calculated from their self-reported height and weight
during the dietary survey on the third or fourth day after delivery. Although the calculated
BMI was over 25, we did not consider the subjects of this study to be overweight because it
was reported that maternal postpartum weight begins to decrease after about the fourth
day [26]. One of the limitations of this study is that the height and weight of the mothers
were self-reported at the time of the dietary survey and not actual measurements taken at
the time of the survey. The birth weights recorded in this study (male, 2.962 4= 0.280 kg;
female, 2.974 + 0.279 kg) were similar to the average birth weights in 2015 in Japan (male,
3.040 kg; female, 2.960 kg). The average rate of low-birth-weight infant births in developed
countries is about 7%, while that of Japan is high, at 9.5% for 2011-2016, according to
UNICEEF statistical data. There is also an indication that the average birth weight of babies
born to Japanese parents living in the United States is lower than those with parents
from other Asian countries (Japanese, 3.093 kg; Chinese, 3.250 kg; Korean, 3.272 kg) [27].
Japanese babies may have lower birth weights not only due to genetic differences in the
mothers, but also due to the influence of environmental factors, including eating habits and
psychological factors, such as the desire to lose weight, on the mother’s nutrient intake.

Umbilical cord blood glucose levels were low compared with some literature values
due to the effects of the caesarean delivery. It has previously been reported that the blood
glucose concentrations in umbilical cord blood from cesarean-delivered newborns are
lower than those from newborns delivered vaginally [28,29]. Umbilical cord blood ketone
body levels were equivalent to those previously reported in the literature [30]. One of the
limitations of this study is the delay of about half a day between the time when cord blood
and amniotic fluid were collected, since maternal blood was collected the morning after
delivery (before breakfast).

The daily nutrient intake values reported in this study were similar to the results ob-
tained using the BDHQ and DHQ that have been reported in other studies (Table 6) [23-25].
Although the low energy intake has been discussed in previous studies and is considered to
be a result of underreporting, we believe that the BDHQ is appropriate for use in this study
because it was reported to be valid in studies comparing FA intake and FA blood levels in
pregnant women [25]. However, one of the limitations of the study is the shortcomings of
the BDHQ-based survey used, which is prone to underreporting.

The concentrations of amino acids in cord blood were generally higher than in mater-
nal blood; only levels of Ala were higher in maternal blood (Table 1) [31]. We considered
that blood Ala levels were maintained at higher levels than other amino acids during late
pregnancy, in accordance with a previous report that the glucose-alanine cycle is increased
to provide gluconeogenic substrates during late gestation [32].

The correlation between amino acid content in maternal blood, cord blood, and
amniotic fluid samples and the maternal intake of major nutrient categories (i.e., proteins,
fats, and carbohydrates) was investigated (Table 2). Maternal protein intake was not
strongly correlated with the maternal blood concentration of any amino acid, although for
two amino acids there was a negative correlation (Met and Arg). We consider the poor
correlation between maternal blood amino acid contents and maternal protein intake to be
due to the increased maternal and fetal nutritional requirements and the use of amino acids
for protein synthesis. It has been reported that the human embryo can catabolize amino
acids to produce energy [33]. It is also possible that the catabolic metabolism of amino
acids is enhanced, as studies on pregnant rats have shown that tryptophan catabolism
is increased in late pregnancy compared with mid-pregnancy [34]. Unexpectedly, amino
acid concentrations in amniotic fluid were positively correlated with maternal lipid intake;
conversely, they were negatively correlated with carbohydrate intake. We consider this
inverse correlation to be due to the negative correlation (—0.9304) observed between lipid
and carbohydrate intake.

The concentrations of many amino acids in the amniotic fluid were not positively
correlated with maternal protein intake, nor was the level of the amino acid metabolite
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NHj; (Table 2). It was reported that blood NH3 concentration increases after protein intake
depending on the amount of protein consumed [35]. However, it was reported that the
increase in blood NHj following consumption of a protein load is transient [36]. Our study
employed a survey of habitual intake to record protein intake and blood collection was
performed under fasting conditions. A correlation between the concentration of NHj in
the amniotic fluid and maternal protein intake was not anticipated. It was also reported
that, during late pregnancy, the demand for proteins and amino acids increases, and thus
amino acid catabolism and urea synthesis decrease [37]. Similar to what is seen for NHj,
amino acids may also not correlate with maternal intake due to the increasing amino acid
requirements during late pregnancy. Alternatively, NH3 concentrations in amniotic fluid
were positively correlated with the intake of meat, especially chicken. This correlation was
not seen in maternal or cord blood (Table 4). This suggests that the effect of the mother’s
habitual diet may be difficult to detect in blood due to the influence of the nutritional
requirements of the mother and child, but may be detectable in amniotic fluid.

In order to clarify why many amino acid concentrations in amniotic fluid correlated
positively with maternal lipid intake and P-Ser correlated negatively, we analyzed the
correlation between the intake of each type of lipid and the amino acid contents of the
amniotic fluid. In particular, animal lipids, MUFAs, C16:0, C18:0, and C18:1 were found to
have similar correlations to overall lipid intake. About 91% of the intake of MUFAs was
C18:1, indicating that this correlation of MUFAs reflects the intake of C18:1. C16:0 is found
in palm oil, shortening, butter, and other foods. It has been reported that excessive intake
of C16:0 promotes fat accumulation and has a negative effect on the development and
progression of type 2 diabetes [38]. C18:0 is found in animal fats and oils such as beef and
pork. C18:1 is found in vegetable oils, such as olive oil and rape seed oil, but is also high in
animal fats, such as beef. Among these FAs, C16:0 has been reported to promote serine
synthesis through the expression of ATF4 in human cells [39,40]. Therefore, we believe
that the negative correlation between C16:0 intake and P-Ser and the positive correlation
between C16:0 intake and Ser (synthesized from P-Ser) is a result of the induction of serine
synthesis in response to the intake of C16:0. In addition, studies using animal models have
reported that a high-fat diet induces the expression of LAT1 and SNAT2 and activates
the system A and system L transporters [41-43]. In the present study, all eight amino
acids transported by system L (His/Met/Leu/lle/Val/Phe/Tyr/Trp) were among the
17 amino acids that showed a significant (p > 0.05) correlation with lipid intake [44]. Amino
acids transported by system A (Gly /Pro/Ala/Ser/Cysteine/Gln/Asn/Met/His) were also
correlated, except for Gly, Pro, and cysteine [44]. Pro is an amino acid that was not detected
during the analysis. Gly is rarely transported in the human placenta and is reported to be
synthesized from serine in the fetus [45]. Cysteine was analyzed as cystine in this study,
but no significant correlation was obtained. This may be due to the fact that cystine and
cysteine are unstable in the acid used for pretreatment during analysis; thus, the values
we obtained may be smaller than the actual values. The present results suggest that the
intake of lipids, especially palmitic acid (C16:0), has an effect on amino acid concentrations
in the amniotic fluid. Our results are consistent with previous reports indicating that
high-fat diets in animal models activate the serine synthesis pathway and system A and
L transporters.

We also analyzed the foods that correlated with the amino acid contents of the amniotic
fluid and showed the top three correlation coefficients in two example cases (Figure 2). Egg
intake was positively correlated with Asp, Phe, and Tyr levels. This suggests that these
three amino acids, found to be correlated with lipid intake, may be a result of inclusion of
eggs in the maternal diet. In addition, Trp, Leu, and Ser showed negative correlations with
tsukemono intake. Tsukemono is a typical Japanese food with a low fat content and, as
such, the negative correlation of the lipid intake dependent amino acids with tsukemono
consumption was expected.

For the sample size of this study, if we calculate the recovery rate as 94% (calculated
from the 36 participants initially recruited and the two individuals who did not complete
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the survey), the confidence level as 95% (A = 1.96), and the sample error as 5-10 percentage
points, the sample size ranged from 22 to 87 people. For conducting the analysis shown in
Figure 2, the total of 34 subjects in this study was too small for many foods to be included.
Although we were able to analyze foods that were generally eaten widely and daily, such as
eggs, we were not able to analyze foods that were disliked by more than a certain number
of the participants (such as bluefish) or seasonal foods. This small sample size was one of
the limitations of this study.

8. Conclusions

The limitations of this study include the small number of subjects, the inclusion of
the effects of anesthesia in the amniotic fluid and cord blood results due to the cesarean
deliveries, maternal blood collection taking place at a different time from the amniotic fluid
and cord blood collection, the high BMI of the subjects, and suspected underreporting due
to low energy intake results from dietary survey. However, despite these limitations, the
mother’s diet during pregnancy, especially fat intake, was positively correlated with many
amino acid concentrations in the amniotic fluid and negatively correlated with P-Ser.

We believe that, by increasing the number of subjects and accumulating the results
of dietary surveys and analysis of amniotic fluid components, it will be possible to clarify
the effects of the habitual diet consumed by pregnant mothers on the nutrient contents
(fatty acids, vitamins, minerals, etc.) and the associated metabolites in the amniotic fluid.
In addition, clarifying the effects of maternal BMI and diseases such as gestational diabetes
can also be addressed in future research. Furthermore, the impact of the amniotic fluid
composition on the postnatal growth of the child will also be an issue for future stud-
ies. We believe that this information will be useful in providing nutritional guidance to
pregnant women.

Author Contributions: M.S., design and planning of the current study, description of the food survey;
A.N., recruitment of the subjects and collection of all samples; M.S., H.N., and S.U., measurement of
the samples and administration of the dietary survey; M.S., H.N., and S.U., data analysis. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant Number JP26560063 in Japan (for M.S.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethical Committee of the University of Shiga Prefecture
(approval number: 476 and date of approval: 12 January 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Acknowledgments: We thank the Open Facility at the Global Facility Center, Creative Research
Institution, Hokkaido University for allowing us to conduct the analysis of plasma and amniotic fluid
using their amino acid auto-analyzer and for providing insight and expertise that greatly assisted
this research. All authors declare that no competing interests exist. We would like to thank Uni-edit
(https:/ /uni-edit.net/) (accessed on 21 June 2021) for editing and proofreading this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1. Horan, M.K.; McGowan, C.A.; Gibney, E.R.; Donnelly, ].M.; McAuliffe, EM. The association between maternal dietary micronutri-
ent intake and neonatal anthropometry—Secondary analysis from the ROLO study. Nutr. J. 2015, 14, 1-11. [CrossRef]
2. Scholl, T.O. Iron status during pregnancy: Setting the stage for mother and infant. Am. J. Clin. Nutr. 2005, 81, 12185-1222S.

[CrossRef]

3. Horan, M.K,; McGowan, C.A.; Gibney, E.R.; Donnelly, ].M.; McAuliffe, EM. Maternal low glycaemic index diet, fat intake and
post-prandial glucose influences neonatal adiposity—Secondary analysis from the ROLO study. Nutr. J. 2014, 13, 78. [CrossRef]

[PubMed]

4. Barker, D.J.; Osmond, C. Infant mortality, childhood nutrition, and ischaemic heart disease in England and Wales. Lancet 1986,

10, 1077-1081. [CrossRef]


https://uni-edit.net/
http://doi.org/10.1186/s12937-015-0095-z
http://doi.org/10.1093/ajcn/81.5.1218
http://doi.org/10.1186/1475-2891-13-78
http://www.ncbi.nlm.nih.gov/pubmed/25084967
http://doi.org/10.1016/S0140-6736(86)91340-1

Nutrients 2021, 13, 2136 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Luyckx, V.A.; Bertram, ].E; Brenner, B.M.; Fall, C.; Hoy, W.E.; Ozanne, S.E.; Vikse, B.E. Effect of fetal and child health on kidney
devel-opment and long-term risk of hypertension and kidney disease. Lancet 2013, 382, 273-283. [CrossRef]

Chong, E.; Yosypiv, I.V. Developmental Programming of Hypertension and Kidney Disease. Int. ]. Nephrol. 2012, 2012, 1-15.
[CrossRef] [PubMed]

Wang, T.; Huang, T.; Li, Y.; Zheng, Y.; Manson, ].E.; Hu, EB.; Qi, L. Low birthweight and risk of type 2 diabetes: A Mendelian
ran-domization study. Diabetologia 2016, 59, 1920-1927. [CrossRef]

Luyckx, V.A.; Brenner, B.M. The Clinical Importance of Nephron Mass. . Am. Soc. Nephrol. 2010, 21, 898-910. [CrossRef]
Jiménez-Chillardn, J.C.; Diaz, R.; Martinez, D.; Pentinat, T.; Ramoén-Krauel, M.; Ribg, S.; Plosch, T. The role of nutrition on
epigenetic modifications and their implications on health. Biochimie 2012, 94, 2242-2263. [CrossRef]

Baker, H.; Frank, O.; Deangelis, B.; Feingold, S.; Kaminetzky, A.H. Role of placental-fetal vitamin transfer in human. Am. J. Obste.
Gynecol. 1981, 141, 792-796. [CrossRef]

Bogden, ].D.; Thind, L.S.; Kemp, EW.; Caterini, H. Plasma concentrations of calcium, chromium, copper, iron, magnesium, and
zinc in maternal and cord blood and their relationship to low birth weight. J. Lab. Clin. Med. 1978, 92, 455-462. [PubMed]
Kriesten, K.; Schmidtmann, W.; Murawski, U. Iron and copper concentrations in the maternal and fetal serum, placenta and
amniotic fluid during the reproductive stadium as well as in the milk of rabbits. Comp. Biochem. Physiol. Part A Physiol. 1986,
83, 291-296. [CrossRef]

Cornelissen, M.; Steegers-Theunissen, R.; Kollée, L.; Eskes, T.; Motohara, K.; Monnens, L. Supplementation of vitamin K in
pregnant women receiving anticonvulsant therapy prevents neonatal vitamin K deficiency. Am. ]. Obstet. Gynecol. 1993,
168, 884-888. [CrossRef]

Capper, J.L.; Wilkinson, R.G.; Kasapidou, E.; Pattinson, S.E.; Mackenzie, A.M.; Sinclair, L. The effect of dietary vitamin E and fatty
acid supplementation of pregnant and lactating ewes on placental and mammary transfer of vitamin E to the lamb. Br. ]. Nutr.
2005, 93, 549-557. [CrossRef]

Herrera, E. Implications of Dietary Fatty Acids During Pregnancy on Placental, Fetal and Postnatal Development—A Review.
Placenta 2002, 23, S9-519. [CrossRef]

Koski, K.G.; Fergusson, M.A. Amniotic Fluid Composition Responds to Changes in Maternal Dietary Carbohydrate and is Related
to Metabolic Status in Term Fetal Rats. J. Nutr. 1992, 122, 385-392. [CrossRef]

Underwood, M.A; Gilbert, WM.; Sherman, M.P. Amniotic Fluid: Not Just Fetal Urine Anymore. . Perinatol. 2005, 25, 341-348.
[CrossRef]

Wan, J; Jiang, F; Zhang, J.; Xu, Q.; Chen, D.; Yu, B.; Mao, X.; Yu, J.; Luo, Y.; He, J. Amniotic fluid metabolomics and biochemistry
analysis provides novel insights into the diet-regulated foetal growth in a pig model. Sci. Rep. 2017, 7, srep44782. [CrossRef]
[PubMed]

Okubo, H.; Sasaki, S.; Rafamantanantsoa, H.H.; Ishikawa-Takata, K.; Okazaki, H.; Tabata, I. Validation of self-reported energy
intake by a self-administered diet history questionnaire using the doubly labeled water method in 140 Japanese adults. Eur. |.
Clin. Nutr. 2007, 62, 1343-1350. [CrossRef] [PubMed]

Kobayashi, S.; Murakami, K.; Sasaki, S.; Okubo, H.; Hirota, N.; Notsu, A.; Fukui, M.; Date, C. Comparison of relative validity of
food group intakes estimated by comprehensive and brief-type self-administered diet history questionnaires against 16 d dietary
records in Japanese adults. Public Heal. Nutr. 2011, 14, 1200-1211. [CrossRef]

Willett, W.C.; Howe, G.R.; Kushi, L. Adjustment for total energy intake in epidemiologic studies. Am. J. Clin. Nutr. 1997,
65, 12205-1228S. [CrossRef]

Rhee, ] J.; Cho, E.; Willett, W.C. Energy-Adjustment of nutrient intakes is preferable to adjustment using body weight and physical
activity in epidemiologic analysis. Public Health Nutr. 2014, 17, 1054-1060. [CrossRef] [PubMed]

Shiraishi, M.; Haruna, M.; Matsuzaki, M.; Murayama, R.; Sasaki, S. Availability of two self-administered diet history ques-
tionnaires for pregnant Japanese women: A validation study using 24-hour urinary markers. J. Epidemiol. 2017, 27, 172-179.
[CrossRef] [PubMed]

Shibata, K.; Fukuwatari, T.; Sasaki, S.; Sano, M.; Suzuki, K.; Hiratsuka, C.; Aoki, A.; Nagai, C. Urinary excretion levels of
water-soluble vitamins in pregnant and lactating women in Japan. J. Nutr. Sci. Vitaminol. 2013, 59, 178-186. [CrossRef] [PubMed]
Shiraishi, M.; Haruna, M.; Matsuzaki, M.; Murayama, R.; Sasaki, S. The biomarker-based validity of a brief-type diet history
ques-tionnaire for estimating eicosapentaenoic acid and docosahexaenoic acid intakes in pregnant Japanese women. Asia Pac. |.
Clin. Nutr. 2015, 24, 316-322. [CrossRef] [PubMed]

Dennis, K.; Bytheway, W.R. Changes in Body Weight after Delivery. ]. Obstet. Gynaecol. Br. Commonw. 1965, 72, 94-102. [CrossRef]
Ministry of Agriculture in Japan. 2015. Available online: https://www.maff.go.jp/j/zyukyu/fbs/ (accessed on 15 January 2021).
Morisaki, N.; Kawachi, I.; Oken, E.; Fujiwara, T. Social and anthropometric factors explaining racial/ethnical differences in birth
weight in the United States. Sci. Rep. 2017, 7, 46657. [CrossRef]

Zanardo, V.; Mari, G.; De Luca, F,; Scambia, G.; Guerrini, P; Straface, G. Lactate in cord blood and its relation to fetal gluconeoge-
nesis in at term deliveries. Early Hum. Dev. 2015, 91, 165-168. [CrossRef] [PubMed]

Hussein, S.M; Salih, Y.; Rayis, D.A.; Bilal, ].A.; Adam, I. Low neonatal blood glucose levels in cesarean-delivered term newborns
at Khartoum Hospital, Sudan. Diagn. Pathol. 2014, 9, 112. [CrossRef]

Muneta, T.; Kawaguchi, E.; Nagai, Y.; Matsumoto, M.; Ebe, K.; Watanabe, H.; Bando, H. Ketone body elevation in placenta,
umbilical cord, newborn and mother in normal delivery. Glycative Stress Res. 2016, 3, 133-140. [CrossRef]


http://doi.org/10.1016/S0140-6736(13)60311-6
http://doi.org/10.1155/2012/760580
http://www.ncbi.nlm.nih.gov/pubmed/23251800
http://doi.org/10.1007/s00125-016-4019-z
http://doi.org/10.1681/ASN.2009121248
http://doi.org/10.1016/j.biochi.2012.06.012
http://doi.org/10.1016/0002-9378(81)90706-7
http://www.ncbi.nlm.nih.gov/pubmed/567238
http://doi.org/10.1016/0300-9629(86)90576-1
http://doi.org/10.1016/S0002-9378(12)90839-X
http://doi.org/10.1079/BJN20051376
http://doi.org/10.1053/plac.2002.0771
http://doi.org/10.1093/jn/122.2.385
http://doi.org/10.1038/sj.jp.7211290
http://doi.org/10.1038/srep44782
http://www.ncbi.nlm.nih.gov/pubmed/28300194
http://doi.org/10.1038/sj.ejcn.1602858
http://www.ncbi.nlm.nih.gov/pubmed/17671444
http://doi.org/10.1017/S1368980011000504
http://doi.org/10.1093/ajcn/65.4.1220S
http://doi.org/10.1017/S1368980013001390
http://www.ncbi.nlm.nih.gov/pubmed/23701939
http://doi.org/10.1016/j.je.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28142045
http://doi.org/10.3177/jnsv.59.178
http://www.ncbi.nlm.nih.gov/pubmed/23883688
http://doi.org/10.6133/apjcn.2015.24.2.10
http://www.ncbi.nlm.nih.gov/pubmed/26078249
http://doi.org/10.1111/j.1471-0528.1965.tb01379.x
https://www.maff.go.jp/j/zyukyu/fbs/
http://doi.org/10.1038/srep46657
http://doi.org/10.1016/j.earlhumdev.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25656301
http://doi.org/10.1186/1746-1596-9-112
http://doi.org/10.24659/gsr.3.3_133

Nutrients 2021, 13, 2136 14 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Rossary, A.; Farges, M.C.; Lamas, B.; Miles, E.A.; Noakes, P.S.; Kremmyda, L.S.; Vlachava, M.; Diaper, N.D.; Robinson, S.M.;
Godfrey, K.M.; et al. Increased consumption of salmon during pregnancy partly prevents the decline of some plasma es-sential
amino acid concentrations in pregnant women. Clin. Nutr. 2014, 33, 267-273. [CrossRef]

Dingemanse, M.A.; Lamers, W.H. Expression patterns of ammonia-metabolizing enzymes in the liver, mesonephros, and gut of
human embryos and their possible implications. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 1994, 238, 480—490. [CrossRef]

Cuezva, J.; Valcarce, C.; Chamorro, M.; Franco, A.; Mayor, F. Alanine and lactate as gluconeogenic substrates during late gestation.
FEBS Lett. 1986, 194, 219-223. [CrossRef]

Sano, M.; Ferchaud-Roucher, V,; Kaeffer, B.; Poupeau, G.; Castellano, B.; Darmaun, D. Maternal and fetal tryptophan metabolism
in gestating rats: Effects of intrauterine growth restriction. Amino Acids 2015, 48, 281-290. [CrossRef]

Okumura, J.-I.; Tasaki, I. Effect of Fasting, Refeeding and Dietary Protein Level on Uric Acid and Ammonia Content of Blood,
Liver and Kidney in Chickens. J. Nutr. 1969, 97, 316-320. [CrossRef]

Mancini, A.; Imperlini, E.; Nigro, E.; Montagnese, C.; Daniele, A.; Orrt, S.; Buono, P. Biological and Nutritional Properties of
Palm Qil and Palmitic Acid: Effects on Health. Molecules 2015, 20, 17339-17361. [CrossRef] [PubMed]

Herring, C.M.; Bazer, EW.; Johnson, G.A.; Wu, G. Impacts of maternal dietary protein intake on fetal survival, growth, and
development. Exp. Biol. Med. 2018, 243, 525-533. [CrossRef] [PubMed]

Cho, H.; Wu, M.; Zhang, L.; Thompson, R.; Nath, A.; Chan, C. Signaling dynamics of palmitate-induced ER stress responses
mediated by ATF4 in HepG2 cells. BMC Syst. Biol. 2013, 7, 9. [CrossRef]

DeNicola, G.M.; Chen, P-H.; Mullarky, E.; Sudderth, J.A; Hu, Z.; Wu, D.; Tang, H.; Xie, Y.; Asara, ].M.; Huffman, K.E.; et al. NRF2
regulates serine biosynthesis in non-small cell lung cancer. Nat. Genet. 2015, 47, 1475-1481. [CrossRef]

Rosario, FJ.; Kanai, Y.; Powell, T.; Jansson, T. Increased placental nutrient transport in a novel mouse model of maternal obesity
with fetal overgrowth. Obesity 2015, 23, 1663-1670. [CrossRef]

Jones, H.N.; Woollett, L.A.; Barbour, N.; Prasad, P.D.; Powell, T.; Jansson, T. High-fat diet before and during pregnancy causes
marked up-regulation of placental nutrient transport and fetal overgrowth in C57/BL6 mice. FASEB ]. 2008, 23, 271-278.
[CrossRef] [PubMed]

Vaughan, O.; Rosario, F.; Powell, T.; Jansson, T. Regulation of Placental Amino Acid Transport and Fetal Growth. Prog. Mol. Biol.
Transl. Sci. 2017, 145, 217-251. [CrossRef]

Broer, S.; Broer, A. Amino acid homeostasis and signalling in mammalian cells and organisms. Biochem. J. 2017, 474, 1935-1963.
[CrossRef] [PubMed]

Lewis, RM.; Godfrey, KM.; Jackson, A.A.; Cameron, I.T.; Hanson, M. Low Serine Hydroxymethyltransferase Activity in the
Human Placenta Has Important Implications for Fetal Glycine Supply. J. Clin. Endocrinol. Metab. 2005, 90, 1594-1598. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.clnu.2013.04.013
http://doi.org/10.1002/ar.1092380407
http://doi.org/10.1016/0014-5793(86)80088-6
http://doi.org/10.1007/s00726-015-2072-4
http://doi.org/10.1093/jn/97.3.316
http://doi.org/10.3390/molecules200917339
http://www.ncbi.nlm.nih.gov/pubmed/26393565
http://doi.org/10.1177/1535370218758275
http://www.ncbi.nlm.nih.gov/pubmed/29466875
http://doi.org/10.1186/1752-0509-7-9
http://doi.org/10.1038/ng.3421
http://doi.org/10.1002/oby.21165
http://doi.org/10.1096/fj.08-116889
http://www.ncbi.nlm.nih.gov/pubmed/18827021
http://doi.org/10.1016/bs.pmbts.2016.12.008
http://doi.org/10.1042/BCJ20160822
http://www.ncbi.nlm.nih.gov/pubmed/28546457
http://doi.org/10.1210/jc.2004-0317
http://www.ncbi.nlm.nih.gov/pubmed/15598699

	Introduction 
	Materials and Methods 
	Sample Collection 
	Measurements 
	Statistics 
	Results 
	Discussion 
	Conclusions 
	References

