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Abstract: Excess L-tryptophan (L-Trp) in the diet decreases fetal body weight. However, the relationship between L-Trp concentration
and its effects on maternal, placental, and fetal growth are not well-understood. We investigated the effects of excess L-Trp intake on
maternal, placental, and fetal growth. Female mice were fed a 20% casein diet (control diet) or control diet plus 2% or 5% L-Trp during
gestation. Pup weights did not differ between the control (L-Trp intake: 0.04 g/kg body weight (BW)/day) and 2% L-Trp groups (L-Trp
intake: 3.3 g/lkg BW/day), but were significantly lower in the 5% L-Trp group (L-Trp intake: 7.0 g/lkg BW/day) than in the control and
2% L-Trp groups. These results show that less than 3.3 g/kg BW/day L-Trp intake in pregnant mice during gestation does not affect fetal
growth or L-Trp homeostasis in the placenta or fetus.
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Introduction

L-tryptophan (L-Trp) is an essential amino acid and
is an important precursor for vitamin nicotinamide
(Nam), and a neuron transmitter, and can be converted
into smooth muscle serotonin (5-hydroxytryptamine,
5-HT)."*L-Trpsupplements arereadily available from
local supermarkets.* Thus, understanding the effects
of excess L-Trp on human health is important.

The effects of excess L-Trp have been reported in
rodents.”” Feeding of a high L-Trp diet to experimental
animals induced fatty liver® and lung inflammation.”®
Generally, toxicity due to the excess intake of a partic-
ular nutrient is likely to appear during pregnancy.'®!
Good nutrition is particularly important for preg-
nant animals as well as fetuses to maintain overall
health during pregnancy. The requirement for nutri-
ents increases during pregnancy compared with the
normal state. Therefore, information regarding safe
levels of particular nutrients as well as the amounts
that increase the risk of adverse effects is required. In
pregnant rodents, fetal body weight was shown to be
lower in animals fed a high L-Trp diet compared with
rodents fed an normal diet.'>!* However, the relation-
ships between pregnancy and excess L-Trp are not
well-documented.'* '3

It has been reported that L-Trp levels in mater-
nal serum decrease during normal pregnancy.'®!’
However, there have been no studies examining L-Trp
metabolism on maternal, placental, and fetal growth
in fed a high L-Trp diet. We investigated the relation-
ships between L-Trp intake and L-Trp concentration
in maternal, placental, and fetal animals and the sub-
sequent effect on growth. In addition, excess L-Trp in
the placenta may restrict fetal growth. Therefore, we
investigated the effects of a high L-Trp diet during ges-
tation on placental development and fetal growth. We
also measured mRNA expression of enzymes involved
in the L-Trp degradation pathway in the placenta.

Materials and Methods

Ethical considerations

The care and treatment of the experimental animals
conformed to the University of Shiga Prefecture guide-
lines for the ethical treatment of laboratory animals.

Animals and diets
Female imprinting control region (ICR) mice (6-week-
old) were obtained from Charles River (Tokyo, Japan).

They were immediately housed in a large plastic cage
(225 x 338 x 140 mm, Clea Japan, Tokyo, Japan).
Initially, all mice were fed ad libitum a 20% casein
diet (Table 1) for 3 days. They were then divided into
three groups. Group 1 was fed ad libitum the 20%
casein diet (control), group 2 was fed ad libitum the
20% casein diet plus 2% L-Trp (2% L-Trp group), and
group 3 was fed ad libitum the 20% casein diet plus
5% L-Trp (5% L-Trp group) (Table 1) throughout the
experiment except for mating with a male mouse. All
animals were allowed free access to water. The room
in which the mice were kept was maintained at a tem-
perature of approximately 22 °C with 60% humidity
and a 12-h light/12-h dark cycle (light on at 6:00 h
and off at 18:00 h).

Mating

Female mice fed more than 10-days feeding of the
control, 2% L-Trp, and 5% L-Trp diets were mated
with a male adult ICR mouse. Each female mouse
in estrus was moved to in a small plastic cage
(155 %245 % 148 mm, Clea Japan) at 16:00 h, and then
mated with one male adult ICR mouse fed a commer-
cial non-purified diet (MF; Oriental Yeast Co., Ltd.,
Tokyo, Japan). The next day, we checked for a vagi-
nal plug at 09:00 h. Female mice were placed back in
the large plastic cage and fed the original chemically
defined purified diet (control, 2% L-Trp, or 5% L-Trp
diet) during gestation. The time was designated as
embryonic day (E) 0.5. The normal gestational period
of mice is E19.5. Body weights of the pregnant mice

Table 1. Composition of diets.

Control diet Test diets
g/kg diet 2% L-Trp 5% L-Trp
g/kg diet  g/kg diet

Casein 200 200 200
L-methionine 2 2 2
Gelatinized 469 456 436
cornstarch
Sucrose 234 227 217
Corn ol 50 50 50
Mineral mixture 35 35 35
(AIN-93-G-MX)*
Vitamin mixture 10 10 10
(AIN-93-VX)*
L-Trp 0 20 50

Note: *Reeves RG: Components of the AIN-93 diets as improvements in
the AIN-76A diet. J Nutr. 2008;127:8385-41S.

22

International Journal of Tryptophan Research 2013:6


http://www.la-press.com

¢

2% L-Trp diet does not inhibit placental and fetal growth

and food intakes were measured throughout gestation
at 09:00 h each day.

Experiment 1

L-Trp concentrations of the liver,

blood, placenta, and fetus

Pregnant mice fed the 20% casein diet (control), 20%
casein diet plus 2% L-Trp, or 20% casein diet plus
5% L-Trp were killed at either E12.5 (control group,
n=28;2% L-Trp group, n=5; 5% L-Trp group, n=10)
or E17.5 (control group, n = 5; 2% L-Trp group,
n =4; 5% L-Trp group, n = 6). Blood was acquired
by cardiac puncture. The maternal liver, fetuses, and
placentas were removed and weighed. Non-proteina-
ceous L-Trp concentrations, which is the total amount
of free form of L-Trp and bound form of L-Trp with
albumin and macromolecules in the maternal blood,
maternal liver, placenta, and fetus, were measured by
high-performance liquid chromatography (HPLC).'

MRNA expression of L-Trp-degrading enzymes

and LAT1 in the placenta by real-time RT-PCR

At E12.5 and E17.5, two or three placentas were
selected at random from each dam per group. mRNA
expression of L-Trp-degrading enzymes of 17 types
(Table 2) and large neutral amino acid transporter
1 (LAT 1) mRNA expression levels were measured
in the placenta. Total RNA was extracted using the
RNeasy® Mini Kit (cat. no. 74124, Qiagen, Hilden,
Germany) according to the manufacturer’s instruc-
tions. Reverse transcription was performed on 4 g of
RNA with oligo-dT primers using the PrimeScript® II
Ist strand cDNA Synthesis Kit (6210A/B, Takara Bio,
Japan). The FastStart Unucersal SYBR Green Mas-
ter (ROX) (Roche, Mannheim, Germany) was used
for PCR. The expression of mRNA was quantified
using the ABI Prism 7000 Sequence Detection Sys-
tem (Applied Biosystems, Foster City, CA, USA).
The reverse transcription (RT)-PCR conditions were

Table 2. Primers used to measure mRNA expression of enzymes involved in L-Trp degradation in the placenta at E12.5

and E17.5.
Gene Forward primer Reverse primer Fragment size
(5'>3) (5'-3) (bp)
L-Trp-kynurenine pathway
Tdo tgggaactagattctgttcg tcgctgctgaagtaagagcet 947
Ido1 gtacatcaccatggcgtatg gctttcgtcaagtcttcattg 740
Ido2 tcctetctgggtggaaggac tgcaggatgtgaacctctaacgct 580
Kmo tgatgggagagcaagccctc tgcatggtcatctgggatcc 266
Kynase ctgtcaagcctgcegttagtgg tggttctcgcttgtcacaaacg 401
Kat2 accgtctcctcagggttgag caatctctggaaggctgtatce 462
3-Hao gaatcgggcctcctttcage ttcctggtattggggectee 92
Acmsd ggttacagaggagtctcttcgc gccgttatggtactgtgctctg 295
NAD cycle and Nam
catabolic pathway
Qprt gctcctgttaccccctacaacc ggatgcaaaattgaggcccggg 82
Nmnat1 tgcacctcaggctgttcgag acgcatcaccgaccggtgag 89
Nadsyn tcgggagtgagatctgtgagg catccaatgagaactgagtgccc 287
Nad kinase gcaccaaggagttcaggagg gcagagctctttgaagggctg 215
Nampt tgccaccgttgccagatacc ggtctccgatggceattcctac 179
Nmt ctgcctgtgagtccttcacg agcaagcagtcagcaggagg 265
Xo cccaaactgctgcatgagec gaacacctctgtcctctgctc 454
Aox actgctctgcgtgggatttgg cttagttcccggcetgaccacc 440
L-Trp-serotonin pathway
Tph1 cttccaggagaatcatgtgagc ccataacgtcttccttcgcagt 195
L-Trp transporter
Lat1 ggaaggacatgggacaaggtg gtggtagttcccgaagtccac 31
Housekeeping gene
Gapdh taaagggcatcctgggctacact ttactccttggaggccatgtagg 82

Abbreviations: Tdo, Trp 2,3-dioxygenase; Ido, indoleamine 2,3-dioxygenase; Kmo, kynurenine 3-monooxygenase; Kynase, kynureninase; Kat2,
kynurenine aminotransferase 2; 3-Hao, 3-hydroxyanthranilic acid 3,4-dioxygenase; Acmsd, amino carboxymuconate semialdehyde decarboxylase; Qprt,
quinolinic acid phosphoribosyltransferase; Nmnat1: Nam mononucleotide adenylyltransferase 1; Nadsyn: NAD synthetase; Nmt, Nam N-methyltransferase;
Xo, xanthine oxidase; Aox, aldehyde oxidase 1; Tph1, Trp 5-hydroxylase 1; Lat1, large neutral amino acid transporter 1; Gapdh, glyceraldehyde-3-
phosphate dehydrogenase.
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50 °C for 2 min, 95 °C for 10 min, 95 °C for 15 s,
and 60 °C for 1 min for 40 cycles. Real-time RT-PCR
was carried out with the primers shown in Table 2.
All data were normalized to the endogenous refer-
ence gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) levels and shown as the fold-change
relative to the control.

Placental morphometry

The placenta was collected from three dams from
the control and 5% L-Trp groups at E12.5 or E17.5.
Placentas were immersed in 4% paraformaldehyde
for 24 h, embedded in Tissue-Tek OCT Compound
(Sakura Finetek Japan Co., Tokyo, Japan), and
stored at —80 °C until sectioning. Sections were
cut to 5 um, mounted on glass slides, stained with
hematoxylin-eosin (HE), and prepared for sub-
sequent microscopic mounting. HE staining was
performed according to the standard protocol.
Digitized images were captured from each placenta
section using a Pentax digital camera (Pentax Ricoh
Imaging Co., Ltd., Denver, CO, USA) equipped
with a microscope (Carl Zeiss Japan Co., Tokyo,
Japan) at a final magnification. The placenta was
classified into the decidua basalis, spongiotro-
phoblast, and labyrinth zone.!” For quantification,
digitized images were captured on the same scale
using the same imaging system described above.
The decidua basalis, spongiotrophoblast, and laby-
rinth zone thickness at the thickest point in the pla-
centa were measured using ImagelJ software (Image
Processing and Analysis in Java. http://rsb.info.nih.
gov/ij/).

Experiment 2

Death rate of pup

To elucidate whether fetuses born from mothers fed
the high L-Trp diet could live after birth, pregnant
mice fed the 20% casein diet (control), 20% casein
diet plus 2% L-Trp, or 20% casein diet plus 5%
L-Trp were killed at E 18.5 (control group: n=4; 2%
L-Trp group: n = 2; 5% L-Trp group: n = §) and the
pups were removed by caesarean delivery. Pup body
weights were measured and pup behavior was imme-
diately monitored with a video camera (GZ-HM350,
JVC Co., Kanagawa, Japan) for 2 min. We then mea-
sured respiration frequencies of the pups using the
video data.

Lung morphometry

One hour after caesarean delivery, pups in the control
and 5% L-Trp groups were sacrificed and their lungs
were collected from three dams per group. Lungs were
immersed in 4% paraformaldehyde for 24 h, embed-
ded in Tissue-Tek OCT Compound (Sakura Finetek),
and stored at —80 °C until sectioning. Sections were
cut to 5 um, mounted on glass slides, stained with HE,
and prepared for subsequent microscopic mounting.
HE staining was performed according to the standard
protocol. We determined the alveolar area according
to the method described by Chen et al.?® Digitized
images were captured from each lung section (ie,
30 images per lungs) using a Pentax digital camera
(Pentax Ricoh Imaging) equipped with a microscope
(Carl Zeiss Japan) at a final magnification of X500. Six
images were chosen randomly, and alveolar airspace
in the image was measured using ImagelJ software.

Statistical analysis

Data are expressed as the mean * SE. Maternal
body weight changes were compared by two-way
analysis of variance (ANOVA) for each day among
control, 2% L-Trp, and 5% L-Trp groups. Placental
layer thicknesses were compared by Student’s -test
between the control and 5% L-Trp groups. Other data
were compared by one-way ANOVA and subsequent
Tukey-Kramer multiple-comparison post-hoc tests.
Differences were considered significant at P < 0.05.
Prism 5.0 (Graph Pad Software, San Diego, CA,
USA) was used for all analyses.

Results
L-Trp intake and changing maternal body

weight during gestation (experiment 1)
L-Trp intake was 0.04 g/kg BW/day, 3.3 g/kg BW/
day, and 7.0 g/lkg BW/day in the control, 2% L-Trp,
and 5% L-Trp groups, respectively, during gestation.
Figure 1 shows the body weights of mice during
gestation. These values did not include the aborted
pregnant mice. The body weights of pregnant mice
were not significantly different among the control,
2% L-Trp, and 5% L-Trp groups through gestation
(Fig. 1). There were no abortions in the control group
(plugging, n = 13; abortion, n = 0) or the 2% L-Trp
group (plugging, n = 9; abortion, n = 0). However,
31.3% of mice aborted in the 5% L-Trp group (plug-
ging, n = 16; abortion, n = 5).

24

International Journal of Tryptophan Research 2013:6


http://www.la-press.com
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/

\3

2% L-Trp diet does not inhibit placental and fetal growth

70+

Body weight (g)

20

10

0 T T T T T T T T T 1
0 4 8 12 16 20
Length of gestation (day)

Figure 1. Pregnant mice body weight change during gestation by feeding
of a high L-Trp diet (experiment 1).

Notes: Body weight of pregnant mice fed a 20% casein diet (o, n = 13;
used as control group), a 20% casein diet adding 2% L-Trp (e, n =9; used
as a 2% L-Trp) and a 20% casein diet adding 5% L-Trp (A, n = 16; used
as a 5% L-Trp) were measured daily from the time of vaginal plug detec-
tion (EO.5) until E18.5. Values are mean + SE. Values that do not share
the same superscript letters are significantly different by determined by
two-way ANOVA multiple comparison tests in each days (P < 0.05).
Means did not differ among treatment groups.

Reduction of placental and fetal body
weights by feeding a high L-Trp diet
(experiment 1)

Placental weights and fetal body weights at E12.5 or
E17.5 are shown in Table 3. Placental weights and
fetal body weights at E12.5 were lower in the 2%
L-Trp group than the control group (Table 3). At
E17.5, placental weights did not differ between the
control and 2% L-Trp groups (Table 3). Fetal body

weights were lower in the 2% L-Trp group than the
control group at E17.5 (Table 3). Placental weights
and fetal body weights were markedly reduced only
in the 5% L-Trp group but not in the 2% L-Trp group
at E12.5 and E17.5.

Non-proteinaceous form L-Trp
concentrations in the maternal liver,

blood, placenta, and fetus (experiment 1)
Non-proteinaceous form of L-Trp concentrations in
the maternal liver and total blood, placenta and fetus
did not differ between the control and 2% L-Trp
groups at E12.5 (Fig. 2A-D) and E17.5 (Fig. 2E-H).
Thus, mice fed the 2% L-Trp diet (3.3 g’lkg BW/day)
were able to maintain L-Trp concentration normal in
the maternal body, placenta, and fetus.

In contrast, the non-proteinaceous form of L-Trp
concentrations in the maternal liver, blood, placenta,
and fetus were higher in the 5% L-Trp group than in
the control and 2% L-Trp groups at E12.5 (Fig. 2A-D)
and E17.5 (Fig. 2E-H). L-Trp accumulation was
observed not only in maternal but also placental and
fetal tissues in the 5% L-Trp group.

MRNA expression of L-Trp-degrading
enzymes and LAT1 in the placenta
(experiment 1)

The response patterns by L-Trp were different for Trp
2,3-dioxygenase (TDO), indoleamine 2,3-dioxygense
1 (IDO1), and IDO2 mRNA expression in the placenta
(Table 4). TDO mRNA expression was not signifi-
cantly different among the three groups at E12.5 and
E17.5 (Table 4). IDO1 mRNA expression increased

Table 3. Inhibition of placental and fetal development in pregnant mice fed a 2% L-Trp or 5% L-Trp diet (experiment 1).

Control
E12.5
Placental weight (g) 0.073 £ 0.001°
(n=28%5)
Fetal body weight (g) 0.103 + 0.001°
(n=295)
E17.5
Placental weight (g) 0.105 £ 0.002°
(n=55)
Fetal body weight (g) 1.097 £ 0.012¢
(n=65)

2% L-Trp 5% L-Trp
0.068 +0.001° 0.053 £ 0.0012
(n=61) (n=69)

0.097 £0.001° 0.079 + 0.0012
(n = 66) (n=281)

0.104 £ 0.002° 0.085 + 0.0022
(n=41) (n=55)

0.996 +0.012° 0.829 £ 0.0177
(n=47) (n=65)

Notes: Values are mean + SE. Values that do not share the same superscript letters are significantly different by one-way ANOVA with Tukey’s multiple

comparison tests in each term (P < 0.05).
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Figure 2. Increase in Non-proteinaceous form of L-Trp concentrations in liver, blood, placenta, and fetus at E12.5 and E17.5 in the pregnant mice fed the

5% L-Trp diets (experiment 1).

Notes: Non-proteinaceous form of L-Trp concentrations of maternal liver (A) (control, n =5; 2% L-Trp, n = 3; 5% L-Trp, n =4), blood (B) (control, n =5; 2%
L-Trp, n = 3; 5% L-Trp, n = 5), placenta (C) (control, n = 14; 2% L-Trp, n =7; 5% L-Trp, n = 10) and fetus (D) (control, n = 17; 2% L-Trp, n = 8; 5% L-Trp,
n=15) at E12.5. Non-proteinaceous form of L-Trp concentrations of maternal liver (E) (control, n =6; 2% L-Trp, n =4; 5% L-Trp, n = 3), blood (F) (control,
n=6;2% L-Trp, n=4; 5% L-Trp, n = 4), placenta (G) (control, n = 10; 2% L-Trp, n =9; 5% L-Trp, n = 10) and fetus (H) (control, n = 14; 2% L-Trp, n = 13;
5% L-Trp, n = 16) at E17.5. Ctrl, control group; 2% L-Trp, the 2% L-Trp group; 5% L-Trp, the 5% L-Trp group. Values are mean + SE. Values that do not
share the same superscript letters are significantly different by one-way ANOVA with Tukey’s multiple comparison tests (P < 0.05).

with dietary L-Trp content at E12.5 and EI17.5
(Table 4). IDO2 mRNA expression increased in a
dose-dependent manner of dietary L-Trp at E12.5;
however, IDO2 mRNA expression was not observed
at E17.5 (Table 4). There were no observed changes
in mRNA expression for other enzymes involved in
the L-Trp-kynurenine pathway (Table 4).

In the NAD cycle and Nam catabolic pathway,
mRNA expression of Nam mononucleotide adeny-
lyltransferase 1 (NMNAT1), NAD kinase, and Nam
N-methyltransferase (NMT) were induced accord-
ing to L-Trp content in the diets at E12.5 (Table 4).
NAD kinase mRNA expression was higher in the 5%
L-Trp group than the control and 2% L-Trp groups
(Table 4).

AtE17.5, mRNA expression of Trp 5-hydroxylase 1
(TPH1),whichisaninitialenzymeinvolvedthe L-Trp-
serotonin pathway, was significantly lower in the 2%
L-Trp group and 5% L-Trp group than in the control
group (Table 4). LAT1 mRNA expression was induced
according to a L-Trp dose-dependent manner at E12.5.
LAT1 mRNA expression was higher in the 5% L-Trp
group than in the 2% L-Trp group (Table 4).

Spongiotrophoblast and labyrinth zone
development (experiment 1)

The placenta supports fetal growth. Placental thickness is
associated with fetal growth (ex, fetal body weight),?!?
so we measured the placental thickness of the control and
5% L-Trp groups. There was no significant difference
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Table 4. Composition of mMRNA expression related to L-Trp-degrading enzymes in the placenta at E12.5 and E17.5 in preg-
nant mice fed control and high L-Trp diets (experiment 1).

Gene E12.5 E17.5
Control 2% L-Trp 5% L-Trp Control 2% L-Trp 5% L-Trp
L-Trp-kynurenine pathway
Tdo 1.00 + 0.342 2.63+1.05° 3.65 £ 1.06° 1.00 £ 0.282 2.76 £ 1.092 217 +£0.122
Ido1 1.00 + 0.252 2.23 £0.222b 7.01+2.65° 1.00 £ 0.242 2.10 £ 0.302° 2.94 £0.47°
ldo2 1.00 + 0.202 1.51 £0.572P 270+£0.43° 1.00 £ 0.152 1.15+0.19° 1.47 £0.192
Kmo 1.00+0.172 0.89 £ 0.082 0.77 £ 0.122 1.00 £ 0.112 1.03+0.122 2.08 £0.722
Kynase 1.00 + 0.292 0.77 £ 0.25° 0.86 £ 0.282 1.00 £ 0.412 0.81 £ 0.272 0.92 £ 0.322
Kat2 1.00 + 0.322 1.35+0.362 217 £0.41° 1.00 £ 0.132 0.70£0.13? 1.04 £ 0.402
3-Hao 1.00 £ 0.282 0.87 £ 0.20? 1.34 £ 0.322 1.00+0.172 1.12+0.182 1.73 +£0.242
Acmsd 1.00 + 0.372 0.74 £ 0.06° 1.59 + 0.322 1.00 £ 0.512 1.11+0.122 0.61+0.122
NAD cycle and Nam catabolic pathway
Qprt 1.00+£0.132 0.74 £ 0.06° 0.68 £0.10° 1.00+0.182 0.77 £0.122 1.18 £ 0.302
Nmnat1 1.00 + 0.042 1.10 £ 0.082P 1.32 £ 0.05° 1.00 £ 0.082 1.04 £ 0.07° 1.31+£0.102
Nadsyn 1.00 £ 0.162 1.29 +0.282 1.39+0.272 1.00 + 0.042 1.02 £ 0.082 1.13+0.102
Nad kinase 1.00 + 0.052 1.09 £ 0.082P 1.24 £0.03° 1.00 + 0.062 0.96 £ 0.03? 1.25£0.09°
Nampt 1.00 + 0.212 0.93+0.122 1.06 £ 0.252 1.00 + 0.092 1.04 £0.132 1.13+£0.032
Nmt 1.00 + 0.302 1.99 + 0.672° 3.80 £ 0.46° 1.00 + 0.222 1.49 + 0.322 1.56 + 0.162
Xo 1.00 £ 0.202 1.03+£0.102 1.06 £ 0.142 1.00 £ 0.132 1.44 +0.18¢2 1.08 + 0.092
Aox 1.00 + 0.322 1.22 £0.242 1.45+0.322 1.00+0.172 1.73+£0.362 1.37 £0.232
L-Trp-serotonin pathway
Tpht 1.00 + 0.202 1.14+£0.212 0.94 £ 0.26° 1.00 £ 0.25° 0.15 £ 0.06° 0.31£0.13?
L-Trp transporter
Lat1 1.00+0.172 1.13 £ 0.14ab 1.61£0.16° 1.00 £ 0.04a* 0.84 £ 0.05° 1.17 £0.07°

Notes: All data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene levels and showed as the fold-change relative to the
control. Each open column is control; Each closed column is represented in the group of the high L-Trp diet. Values are mean + SE (n = 4-5). mRNA
expression ware compared within each pregnant days. Values that do not share the same superscript letters are significantly different by one-way ANOVA
with Tukey’s multiple comparison tests (P < 0.05).
Abbreviations: TDO, Trp 2,3-dioxygenase; IDO1, indoleamine 2,3-dioxygenase 1; KMO, kynurenine 3-monooxygenase; KYNase, kynureninase; KAT2,
kynurenine aminotransferase 2; 3-HAO, 3-hydroxyanthranilic acid 3,4-dioxygenase; ACMSD, amino carboxymuconate semialdehyde decarboxylase; QPRT,
quinolinic acid phosphoribosyltransferase; NMNAT1, Nam nucleotide adenylyltransferase 1; NADSYN, NAD synthetase; NMT, Nam N-methyltransferase;
XO, xanthine oxidase; AOX, aldehyde oxidase 1; TPH1, Trp 5-hydroxylase 1; LAT1, large neutral amino acid transporter 1.

in decidua basalis thickness between the control and 5%
L-Trp groups at E12.5 (Figs. 3A-B and 4A). Placen-
tal spongiotrophoblast and labyrinth zone thicknesses
were significantly thinner in the 5% L-Trp group than
in the control group at E12.5 (Figs. 3A-B and 4B-C).
The thicknesses of the spongiotrophoblast and labyrinth
zone in the 5% L-Trp group were 49.1% and 69.5% of
control thickness, respectively (Figs. 3B and 4C). There
was no significant difference in the thickness of placen-
tal regions between the control and 5% L-Trp groups at
E17.5 (Figs. 3C-D and 4D-F).

Pups body weight and death rate

(experiment 2)
The body weights of pregnant mice were lower in the
5% L-Trp group than in the control and 2% L-Trp

groups at E 18.5. (P < 0.05) (maternal body weight at
E18.5: control group, 55.2 g = 2.2; 2% L-Trp group,
55.1 g£5.0; 5% L-Trp group, 47.4 g+ 2.0). However,
the body weights of pregnant mice in the 2% L-Trp
and 5% L-Trp groups were not significantly different
compared to the control group from E0.5 to E17.5
(data not shown). There was no incidence of abor-
tion in control pregnant mice (plugging, n = 4; abor-
tion, n = 0) and the 2% L-Trp group (plugging, n = 2;
abortion, n = 0). However, the abortion percentage
was 25.0% in the 5% L-Trp pregnant mice (plugging,
n = §; abortion, n = 2).

Pup weights at E18.5 were not significantly differ-
ent between the control and 2% L-Trp groups (Table 5).
All pups in the control and 2% L-Trp groups lived and
moved immediately following caesarean delivery at
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Figure 3. Retardation of the structural maturation of spongiotrophoblast
and labyrinth zone in placentas of the pregnant mice fed the 5% L-Trp
diet (experiment 1).

Notes: HE stained placenta sections of control (A) and 5% L-Trp (B) at
E12.5, and placenta control (C) and 5% L-Trp (D) at E17.5; scale bar is
5um.

Abbreviations: DB, decidua basalis; S, spongiotrophoblast; LZ, labyrinth
zone.

E18.5. However, the pup weights were significantly
lower in the 5% L-Trp group than in the control
and 2% L-Trp groups (Table 5). Precise monitoring
indicated that some pups in the 5% L-Trp group were
born alive, but despite visible efforts to breathe, they
became cyanotic and died within minutes. Other pups
in the 5% L-Trp group responded to forceps irrita-
tion, but showed a very weak response compared to
those in the control group. In contrast, the pups in the
control and 2% L-Trp groups responded to forceps
irritation and contracted their bodies and rolled over.
At 1 hour after caesarean delivery, the death rate of
pups was 3-fold higher in the 5% L-Trp group than
in the control group (Table 5). Respiration frequency
in living pups of the control and the 5% L-Trp groups

was counted for 2 min. The incidence of pup respira-
tion was 3-fold higher in the 5% L-Trp group than in
the control group (Table 5). In the 2% L-Trp group,
respiratory frequency did not differ from that of the
control.

Lung morphometry of pups

(experiment 2)

We had hypothesized that lungs of the pups in the
5% L-Trp group were damaged by excess L-Trp.
The lungs of live and dead pups were macroscopi-
cally observed in the control and 5% L-Trp groups
at E18.5. There were no abnormalities of the tho-
racic diaphragm and bronchi in the two groups. Lung
weights were not significantly different between the
control pups and the live pups in the 5% L-Trp group
(data not shown). However, the lungs of dead pups
were smaller in the 5% L-Trp group than in live pups
of control and 5% L-Trp groups (Fig. 5A). The alveo-
lar air space was narrower in dead pups of the 5%
L-Trp group than in live pups of the control and the
5% L-Trp groups (P < 0.01) (Fig. 5B—C). Part of the
lung of living pups in the 5% L-Trp group was col-
lapsed (data not shown) and blood cells remained in
the alveolar air space (Fig. 5C).

Discussion

Understanding the safe consumption of nutrients is
important in the prevention of certain health problems
caused by excess intake of particular nutrients. Know-
ing the safe amount of L-Trp is particularly important
because of the reported link between eosinophilia-
myalgia syndrome and the ingestion of contaminated
L-Trp preparations.” We previously reported that a
high L-Trp diet (5% L-Trp) leads to a decrease in
food intake and subsequent reduced body weight gain
in weaned male rats.” However, feeding a 2% L-Trp
diet does not show adverse effects for weaned male
rats.’ In addition, our group reported that supplement-
ing healthy women with up to 5.0 g/day of L-Trp has
no adverse effects.?

Here, we clarified that less than 3.3 g L-Trp/kg
BW/day during gestation can maintain the homeosta-
sis of L-Trp concentration in the maternal body (ie,
liver, blood), placenta, and fetus. Thus, consump-
tion of up to 3.3 g L-Trp/kg BW/day was safe dur-
ing gestation. However, 7.0 g L-Trp/kg BW/day was
not safe. L-Trp accumulation in the maternal body,
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Figure 4. Decrease in thickness ratio of spongiotrophoblast and labyrinth zone in placentas of the pregnant mice fed the 5% L-Trp diet (experiment 1).
Notes: Thickness ratio of decidua basalis (A), spongiotrophoblast (B), labyrinth zone (C) (control, n = 6; 5% L-Trp, n = 4) at E12.5. Thickness rate of
decidua basalis (D), spongiotrophoblast (E), labyrinth zone (F) at E17.5 (control, n = 6; 5% L-Trp, n = 3). Values are mean + SE. P values are the compari-

son by Student’s t-test between control and 5% L-Trp, *P < 0.05, **P < 0.01.

placenta, and fetus in pregnant mice fed a 5% L-Trp
diet was observed. Thus, 7.0 g L-Trp/kg BW/day dur-
ing gestation could not maintain the homeostasis of
L-Trp concentration in the maternal body, placenta,
and fetus. L-Trp is transported from maternal blood
to fetus via the placenta, where L-Trp is transported
by LAT1 and LAT2.%* The expression of LAT1 was
higher in mice that had consumed the 5% L-Trp diet

Table 5. Pup body weight and death rate (experiment 2).

Control 2% L-Trp 5% L-Trp
Pup body 1.37 £0.03* 1.37+£0.02° 1.07+£0.012
weight (g) (n=27) (n=25) (n=45)
Death rate 12.2 0.0 37.7
of pup* (%) (n=27) (n=25) (n=45)
Respiratory 3+1° 2+1° 9+1b
frequency** (n=19) (n=11) (n=29)

(number/min)

Notes: Values are mean + SE. Values that do not share the same
superscript letters are significantly different by one-way ANOVA with
Tukey’s multiple comparison tests (P < 0.05). *The data express dead
rate until one hour from cesarean delivery; **the pregnant dams of each
group took up the pups by cesarean delivery at E18.5. Immediately,
numbers of respiration frequency of pups were monitored with a video
camera.

than in mice consuming control and 2% L-Trp diets.
The increase in the transporter LAT1 may increase
the ability to eliminate L-Trp from the body through
the urine and amniotic fluid. The increase of L-Trp
via LAT1 to the amniotic fluid in the 5% L-Trp group
may worsen in addition to the increase in L-Trp intake
from the 5% L-Trp diet.

Placental development is one of the most impor-
tant factors for normal fetal growth. Birth weight is
strongly positively correlated with placental weight.?’
The placenta of a low birth weight fetus induced
by feeding of a low protein diet is light and shows
a restricted ability for amino acid transport.?® Here,
placental weight at E17.5 did not differ between the
control and 2% L-Trp groups, and pup body weights
in the 2% L-Trp group recovered to control levels at
E18.5. Further, the death rate of pups was 0.0% in the
2% L-Trp group. We suggest that the fetus could not
grow normally because of the premature placenta of
mice fed an excess L-Trp diet.

However, we did not measure the placental ability
to transport nutrients, which should be examined in
future studies.
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Figure 5. Histological comparison of pup’s lungs at E18.5 (experiment 2).

Notes: (A) Lungs of living pup of control (left), lungs of living pup of the 5% L-Trp group (middle), lungs of dead pup of the 5% L-Trp group (right). Lungs
were immersed in 4% paraformaldehyde for 24 h. (B) Comparison of percentage of alveolar airspace volume. Values are mean * SE (control pup, n=12;
living pups of 5% L-Trp, n = 9; dead pups of 5% L-Trp, n = 9). Values that do not share the same superscript letters are significantly different by one-way
ANOVA with Tukey’s multiple comparison tests in each term (P < 0.05). (C) HE stained lung sections of living pup of control (left), living pup of the 5%

L-Trp (middle), dead pup of the 5% L-Trp (right); 500 x original magnification.

The labyrinth zone of the placenta is the most
important interface for exchanging nutrients between
fetal and maternal tissues. The placenta of low birth
weight newborns is light and shows retardation of
labyrinth zone development, which is associated
with fetal growth restriction.”? The low birth weight
newborn death rate is higher because of problems
with respiration, including collapsed lungs.?® The
placenta was thinner and lighter in the 5% L-Trp
group than in the control group. This suggests that
fetuses could not grow normally because of the pre-
mature placenta. Thus, the low birth weight new-
borns in the 5% L-Trp group died, likely because of
lung collapse.

The fate of L-Trp in the placenta may explain
the resulting toxicity of excess L-Trp. IDO1 has
been implicated in contributing to immunotolerance
in early pregnancy to deplete L-Trp.* It has been
reported that IDO1 and TDO 1is expressed in the
mouse placenta’® and that kynurenine 3-monooxyge-
nase (KMO) is expressed in the human placenta.’!
L-Trp metabolism is unique in the placenta. TDO and
IDO1 mRNA is strongly expressed at mid-gestation,
but that expression becomes very weak before birth in
mice.’ TDO mRNA expression is strongly expressed
from early to mid-gestation (about E10.5), but that
expression becomes very weak after E12.5 until
birth in mice.*® There have been no reports regarding
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the effect on IDO1 and TDO expression in a high
L-Trp diet in pregnant rodent.">"* We showed that
mRNA expression of enzymes of L-Trp degradation
in the placenta when the dam was fed 2% L-Trp or
5% L-Trp diets. TDO mRNA expression was not dif-
ferent in the control, 2% L-Trp and 5% L-Trp groups.
In contrast, IDOl mRNA expression increased
according to L-Trp content in the diets. IDO1 is
known to be induced by various compounds, such
as interferon-y** and lipopolysaccharide.” Induced
IDOI1 expression may not be induced by L-Trp in
the placenta. L-Trp degrades to N-formylkynurenine,
which then is converted to kynurenine by formylase.
KMO, kynureninase (KYNase) and kynurenine ami-
notransferase 2 (KAT2) mRNA expression did not
change at E12.5 and E17.5. These results suggest
that kynurenine accumulates in the placenta of mice
fed a high L-Trp diet.

The role of IDO2 is poorly understood. Here,
IDO2 mRNA expression was not dependent on
L-Trp content in the diet at E12.5. However, the
expression was not different in the control, 2%
L-Trp, and 5% L-Trp groups at E17.5. Thus, IDO
2 mRNA expression may be controlled by factors
other than L-Trp.

NMT catabolizes the reaction of Nam to N'-
methylnicotinamide (MNA). We showed that NMT
mRNA expression increased in a dose-dependent
manner with L-Trp. AOX mRNA expression in
the placenta at E12.5 did not change. This implies
the possibility of MNA accumulation in the pla-
centa at E12.5. In recent years, the physiological
roles of MNA have been reported, such as anti-
inflammatory action in skin diseases, induction of
prostacyclin synthesis via COX-2, aortal endothe-
lium protection in diabetes and hypertriglyceri-
daemia, and increased survival rate of diabetic
rats.’?7 We were unable to determine whether
MNA accumulation leads to the inhibition of pla-
cental development and intend to focus further
investigation in this area.

An increase of serotonin level in placenta has been
previously reported.”” We showed that TPH1 mRNA
expression was lower in the 2% L-Trp and 5% L-Trp
groups than in the control group at E17.5. However,
serotonin level in placenta was not significantly dif-
ferent between control and 5% L-Trp group at E18.5
(Table S1).

Conclusion

We demonstrated that mice fed 3.3 g L-Trp/kg BW/
day during gestation were able to maintain homeo-
stasis in the maternal body, placenta and fetus; thus,
no adverse effects were observed up to feeding 3.3 g
L-Trp/kg BW/day even in gestation. However, mice
fed 7.0 g L-Trp/kg BW/day during gestation led to the
accumulation of non-proteinaceous form of L-Trp in the
maternal body, placenta, and fetus, which may explain
the reduction of placental development and fetal growth
and the higher death rate of pup of the maternal.
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Supplementary table

Table S1. Serotonin content in placenta at E18.5.

Control 5% L-Trp

Serotonin (nmol/placenta) 1.07 +0.05 1.13+£0.20
(n=3) (n=6)

Notes: Maternal in the control and 5% L-Trp groups were randomly
chosen (control dams, n = 1; 5% L-Trp dams n = 2). Next, maternal were
sacrificed at E18.5. Values are mean * SE. None of the means differed
between control and 5% L-Trp groups by Student’s t-test.
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