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1  | INTRODUC TION

Excess stress might induce infertility and abortion. It has been 
reported that Japanese women have experienced psychological 
stress than men.1,2 Some studies have suggested that psycho-
logical stress could have harmful effects on the reproduction 
system.3,4 Psychological stress increases oocyte aneuploidy and 

impairs oocyte meiosis, which has been shown to disrupt the de-
velopment of fertilized eggs in animals,5,6 and reduces successful 
fertilization in vitro.7 Accordingly, protection from psychological 
stress may be important to keep the normal reproductive func-
tion. Psychological stress induces the production of reactive 
oxygen species (ROS; eg, O2•−, H2O2, OH•, 1O2) in oocytes.5 
Vigorous production of ROS can damage mitochondria, DNA, and 
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Abstract
Purpose: Psychological stress could negatively influence female reproductive ability. 
d- Leucine (d- Leu) is a d- type amino acid found in foods and mammalian tissues. We 
have examined the protective effects of d- Leu on oocyte abnormality induced by 
psychological stress.
Methods: Female mice (6- week- old) were divided into three groups: control, restraint 
stress (RS), and RS/d- Leu. The RS and RS/d- Leu mice were holed for 3 hours daily 
during 14 days. RS/d- Leu mice were fed 0.3% d- Leu diet. The oocyte maturation 
failure was analyzed by shapes of spindles and chromosomes. In addition, levels of 
heme- oxygenase- 1 (HO- 1) and superoxide dismutase (SOD) expression in the ovaries 
were also examined. Whether d- Leu reduces the generation of reactive oxygen spe-
cies (ROS) in cultured cells, K562 cells were treated with d- Leu, and then ROS in K562 
were analyzed.
Results: Oocyte maturation failure was increased in RS mice. d- Leu reduced abnor-
mal oocytes to control level. The expression levels of HO- 1 and SOD2 increased in 
RS/d- Leu mice compared to those of RS mice. ROS levels were decreased in K562 
cells with d- Leu in a dose- dependent manner.
Conclusions: We concluded that d- Leu protects oocytes from psychological stress 
through the induction of HO- 1 and SOD2 expression then by reducing oxidative 
stress.

K E Y W O R D S

heme- oxygenase- 1, leucine, oocyte, psychological stress, superoxide dismutase

www.wileyonlinelibrary.com/journal/rmb
mailto:￼
https://orcid.org/0000-0003-1619-7592
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:atsuji@cc.nara-wu.ac.jp


478  |     TSUJI eT al.

protein. The increase in ROS levels induces oocyte maturation 
failure by apoptosis.8 Heme- oxygenase- 1 (HO- 1) and superox-
ide dismutase (SOD) protect cells from ROS. Nuclear factor E2- 
related factor 2 (Nrf2) is a transcription factor that regulates the 
expression of HO- 1 and several SODs. HO- 1 degrades heme and 
generates the antioxidant molecules biliverdin and carbon mon-
oxide (CO). These products contribute to the suppression of in-
flammation, apoptosis, and oxidative damage to DNA and other 
cellular molecules, including membrane lipids and proteins.9,10 
The SODs (SOD1, SOD2, and SOD3) are antioxidant enzymes 
that play a role in the cellular defense system against ROS. SOD1, 
SOD2, and SOD3 localize to intercellular cytoplasmic compart-
ments, the mitochondria of aerobic cells, and extracellular ele-
ments, respectively.

d- amino acids are stereoisomers of widely observed l- amino 
acids, which are contained in certain types of food, beverages, and 
intestinal bacteria 11,12 and the mammalian brain.13,14 Recently, 
much attention has focused on the physiological functions of 
d- amino acids. For example, d- aspartic acid stimulates testos-
terone synthesis in rat Leydig cells.15 d- aspartic acid also plays 
a role in luteinizing hormone and estrogen secretion in rat and 
frog brains.16,17 d- serine binds to a glycine- binding site in the N- 
methyl- d- aspartate receptor and may be useful as a therapeutic 
agent for schizophrenia.18,19

d- Leucine (d- Leu) has been found in the pituitary gland and the 
pineal gland 20 and is present in foods such as sour milk, Emmentaler 
cheese, and carrot juice.21 Maesawa et al reported that d- Leu is able 
to induce immature ovaries in asexual worms at picomolar levels.22 
d- Lue has also been reported to suppress seizures in mice.23 We 
think, however, the biological functions of d- Leu remain unknown. 
The mechanism of oocyte meiosis failure induced by a high- fat diet 
is similar to that induced by psychological stress. A high- fat diet also 
increases oocyte ROS levels, and oocyte meiosis failure.24,25 We 
tested the effects of d- Leu on oocyte meiosis failure induced by a 
high- fat diet. The percentage of morphologically abnormal oocytes 
was reduced in mice fed a d- Leu- supplemented high- fat diet. In this 
report, we suggest a function of d- Leu in oocyte protection from 
psychological stress.

2  | MATERIAL S AND METHODS

2.1 | Mice

Female Crl:ICR mice (6- week- old) were obtained from Japan SLC, 
Inc (Shizuoka, Japan). The mice were housed in an environmentally 
controlled room, at approximately 20°C and 60% humidity with a 
12- h light/dark cycle (lights on at 07:00 and off at 19:00). The mice 
in the control and stress groups were fed a commercial powder diet 
[MF diet, Oriental Yeast Co., Ltd]. The care and treatment of the ex-
perimental animals conformed to the guidelines for the ethical treat-
ment of laboratory animals established by Nara Women's University 
(Nara, Japan) (Approval No. 19- 02).

2.2 | Food and restraint stress

Mice were randomly divided into three groups; control (n = 13), 
restraint stress (RS; n = 10), and RS/d- Leu (n = 10). Mice were ac-
climated to the environment for 1 week before use. The mice in 
the RS/d- Leu group were fed an MF diet containing 0.3% d- Leu. 
d- Leu was purchased from Tokyo Chemical Industry Co., LTD. The 
body weight and food intake of mice were measured daily. Animals 
were allowed free access to food and water. To induce restraint 
stress, the mice in the RS and RS/d- Leu groups were placed into 
50- mL plastic tubes for 3 hours (9:00- 12:00) each day for 14 con-
secutive days.

2.3 | Estrus cycle

The estrus cycle was evaluated by performing daily vaginal smears. 
The vaginal smears were collected at 8:30 before the restraint stress 
treatment. The smears were stained using 3.2% Giemsa stain solu-
tion (Fujifilm Wako Pure Chemicals Co.). The method for determining 
the estrus cycle was described in a previous report.26 Consecutive 4-  
or 5- day cycles were considered to represent a regular estrus cycle, 
whereas ≥6- days cycles were considered to represent an irregular 
estrus cycle.

2.4 | Oocyte and ovary collection

The method used for oocyte collection was described in a previous 
report.26 To collect oocytes, the mice were intraperitoneally injected 
with 5 IU pregnant mare serum gonadotropin (PMSG; product No. 
L816A; ASUKA Pharmaceutical Co., Ltd.) on Day 12. Then, the mice 
were intraperitoneally injected with 5 IU human chorionic gon-
adotrophin (hCG; product No. L239A; ASUKA Pharmaceutical Co., 
Ltd.), 48 h after PMSG priming. Oocyte- cumulus cell complexes and 
ovaries were collected from mice at 8:30 on Day 15. The cumulus 
cells were removed by hyaluronidase treatment (Sigma- Aldrich Inc). 
Ovulating oocytes were counted and classified as normal or abnor-
mal, according to morphology. The ovaries were weighed and stored 
at −80°C until analysis.

2.5 | Serum collection and measurement of 
AST and ALT

Immediately after the stress treatment for 3 hours on Day 14, 
whole blood samples were collected into 1.5- mL tubes. The samples 
were centrifuged at 3000 g for 15 min at 4°C to obtain serum. The 
serum samples were stored at −80°C until analysis. Aspartate ami-
notransferase (AST) and alanine aminotransferase (ALT) levels in the 
serum were measured using a Wako GOT/GPT CII- test, according 
to the manufacturer's instructions (FUJIFILM Wako Pure Chemical 
Corporation).
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2.6 | Immunofluorescence

The method used to perform immunofluorescence analysis was 
described in a previous report.23 Spindles in oocytes were stained 
with a 1:4000 dilution of anti- tubulin antibody (Cell Signaling 
Technology, Inc), followed by 1:500 dilution of goat anti- mouse 
IgG with Alexa Fluor- 499, after fixation with 4% paraformalde-
hyde. Chromosomes in the oocytes were stained with propidium 
iodide. The spindles and chromosomes were observed by confo-
cal fluorescence microscopy (C2; Nikon Instech Co., LTD.). The 
method used to classify oocytes as normal or abnormal was de-
scribed in a previous report.27

2.7 | Expression of genes in the ovary

Total RNA was isolated from ovary samples using RNAiso Plus 
(Takara Bio Inc) and transcribed into cDNA using ReverTra Ace® 
qPCR RT Master Mix (TOYOBO Co. LTD.). The analysis was per-
formed by real- time reverse- transcriptase- polymerase chain re-
action (RT- PCR) on a Light cycler® Nano (Roche diagnostics KK) 
using Thunderbird SYBR qPCR Mix (TOYOBO Co. LTD.). The ex-
pression levels of each target mRNA were calculated and normal-
ized against the expression level of β- actin using the 2−ΔΔCT method. 
Primer sequences were as follows: heme- oxygenase- 1 (Ho- 1), 
sense 5′- CAGAG CCGTC TCGAG CATAG- 3′, antisense 5′- CAAAT 
CCTGG GGCAT GCTGT- 3′; Superoxide dismutase 1 (Sod1), sense 
5′- AAGAG AGGCA TGTTG GAGAC C- 3′, antisense 5-  CGGCC 
AATGA TGGAA TGCTC- 3′; Sod2, sense 5′- TGGAG AACCC AAAGG 
AGAGT TG- 3′, antisense 5′- CAGGC AGCAA TCTGT AAGCG- 3′; 
Sod3, sense 5′- CTGACAGGTGCAGAGAACCTC- 3′, antisense 
5′- GCGTGTCGCCTATCTTCTCA- 3′; β- actin, sense 5′- TTCTA CAATG 
AGCTG CGTGT G- 3′, antisense 5′- CTTTT CACGG TTGGC CTTAG- 3′. 
Each primer was designed using nucleotide BLAST in NCBI.

2.8 | Cell culture and western blotting

Human K562 leukemia cells were cultured in RPMI- 1640 medium 
(Fujifilm Wako Pure Chemical Co.) supplemented with 3% fetal bo-
vine serum, penicillin, and streptomycin for 48 h, followed by incu-
bation with various concentration of d- Leu (0- 10 μmol/L) for 24 h 
at 37°C in 5% CO2. The cells were collected analyzed by western 
blotting. Membranes were immunostained with primary antibod-
ies against Nrt2 (1:2000 dilution, Cusabio Technology LLC.), HO- 1 
(1:8000 dilution, Gene Tex Inc), SOD2 (1:4000 dilution, Cusabio 
LLC.), and glyceraldehyde 3- phosphate dehydrogenase (GAPDH, 
1:8000 dilution, Fujifilm Wako Pure Chemical Co.), followed by 
incubation with anti- rabbit IgG horseradish peroxidase (HRP)- 
conjugated secondary antibody (Cell Signaling Technology Inc) for 
1 hour at room temperature. Immunoreactive bands were visualized 
using a Luminescence Reagent Set (Wako Pure Chemical Industries, 

Ltd) and detected with Image Quant LAS500 (GE Healthcare Japan 
Com., Tokyo, Japan). The intensities of the detected bands were cal-
culated using ImageJ software.

2.9 | Detection of intercellular ROS levels

l- Leu has been reported to increase Nrf2 and SOD2 mRNA expres-
sion in fish and piglets.27,28 d- Leu is converted into l- Leu via DAO 
and BCAT. K562 cells are a human leukemia- derived cell line. DAO 
and BCAT expression levels are very low in K562 cells. Therefore, 
we used K562 cells for evaluating the effects of d- Leu alone on in-
tracellular ROS levels, as well as HO- 1 and SOD2 expression. To de-
tect intercellular ROS, K562 cells treated with d- Leu for 24 h were 
incubated with 5- (6)- chloromethyl- 2′,7′- dichlorodihydrofluoresce
in diacetate acetyl ester (CM- H2DCFDA, Setareh Biotech LLC) for 
20 min at 37°C in 5% CO2. The media were removed, and the cells 
were washed with phosphate- buffered saline (PBS). The fluores-
cence of CM- H2DCFDA was detected using a Floid™ cell imaging 
station.

2.10 | Statistical analyses

Animal data are expressed as the mean ± standard error (SE). 
Cell data are expressed as the mean ± standard deviation (SD). 
Differences in body weight gain among groups were analyzed by 
two- way analysis of variance (ANOVA). The frequency of abnormal 
oocytes was analyzed using the Chi- square test. Other data were 
analyzed by one- way ANOVA, followed by Tukey's multiple com-
parison tests. The level of significance was set at P < .05. All sta-
tistical analyses were performed using GraphPad Prism version 5.0 
(GraphPad Software, Inc).

3  | RESULTS

3.1 | Effects of chronic physiological stress on body 
weight gain and estrus cycle

Body weight gain is described in Figure 1. Body weight gain was 
significantly suppressed in the RS and RS/d- Leu group compared 
with the control group from Day 5 to Day 14. On the other hand, 
there was no difference in body weight gain between RS mice and 
RS/d- Leu.

The estrus cycle in mice averages 4- 5 days. The estrus cycle was 
delayed in RS mice, albeit not significantly (P = .0971, control vs RS) 
(Table 1). In RS/d- Leu mice, also, the estrus cycle also tended to be 
delay compared with Control group (P = .102, control vs RS/d- Leu). 
There was no difference in the estrus cycle days between RS mice 
and RS/d- Leu mice. Thus, d- Leu did not affect body weight gain and 
estrus cycles.
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3.2 | AST and ALT levels in the serum

The AST and ALT levels in serum are shown in Figure 2. It has been re-
ported that AST and ALT are increased in RS mice by oxidative stress.29 
The AST levels were approximately 1.5 times higher in the RS group 

than that in the control group. The increase in AST levels were sup-
pressed in RS/d- Leu mice. On the other hand, ALT levels tended to be 
higher in the RS and RS/d- Leu groups than in the control group (control 
vs RS groups; P = .0814, control vs RS/d- Leu groups; P = .0651). There 
was no difference in the ALT levels between RS mice and RS/d- Leu mice.

3.3 | Ovulation and oocyte meiosis

The numbers of ovulated oocytes and the percentages of dead oo-
cytes did not differ among the three groups (Table 1). Abnormal oo-
cytes (spindle defects and chromosomally misaligned oocytes) were 
frequently observed in the RS group (Figure 3A). The percentage 
of abnormal oocytes was significantly higher in the RS group than 
that in control groups, as determined by Chi- square test (Figure 3B, 
P = .0474). The percentage of abnormal oocytes was deceased to the 
level observed in the control group in the RS/d- Leu group.

3.4 | Expression of antioxidation genes ovaries

Elevated ROS levels induce oocyte maturation failure.30 HO- 1, 
SOD1, and SOD2 are associated with intercellular and extracellular 
ROS removal. The expression levels of these genes in ovaries are 

F I G U R E  1   Effects of RS and d- Leu intake on body weight gain 
in mice. Body weights were measured before exposure to restraint 
stress every day during the experiment. Control group (closed 
circle), RS group (open circle), and RS/d- Leu group (closed triangle). 
Values are expressed as the mean ± SE, n = 10/group. The data 
were tested by two- way ANOVA. *P < .05 vs Control group

Control group RS group RS/d- Leu group

Final boy weight (g) 29.9 ± 0.5 28.0 ± 0.6 27.9 ± 0.7

Food intake (g/d) 4.34 ± 0.23 3.98 ± 0.13 4.13 ± 0.14

Uterus weight (g) 0.148 ± 0.011 0.117 ± 0.013 0.143 ± 0.012

Estrus cycle (day) 4.5 ± 0.2 7.4 ± 1.3 7.1 ± 1.2

Ovaries weight (g) 0.019 ± 0.003 0.020 ± 0.003 0.021 ± 0.002

Oocytes

Ovulated oocytes (number/mouse) 34 ± 5 39 ± 8 44 ± 8

Dead oocyte (%) 12.0 ± 3.7 5.7 ± 2.0 9.4 ± 3.0

Note: Values are mean ± SE; control, n = 13; RS group, n = 10; RS/d- Leu group, n = 10 (Estrus 
cycle; n = 5/group). The data were analyzed by one- way ANOVA, followed by Tukey's multiple 
comparison test. No significant differences were observed among the three groups.

TA B L E  1   Body and tissue weights, and 
estrus cycle

F I G U R E  2   Effects of RS and d- Leu intake on AST and ALT levels in the serum. Serum was collected just after the termination of 
restriction stress on Day 14. Serum AST (A) and ALT (B) levels were analyzed. Black, white, and gray bars indicate data for the control, RS, 
and RS/d- Leu groups, respectively. Values are expressed as the mean ± SE, n = 5 or 8/group. The data were tested by one- way ANOVA. A 
different letter indicates a significant difference at P < .05
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shown in Figure 4. The expression levels of these genes in the ovaries 
did not change in the RS group compared with the control groups. 
On the other hand, Ho- 1 and Sod2 expression levels in the RS/d- Leu 
group were markedly elevated, by 2- fold and 1.4- fold, respectively, 

compared with those in the control and RS groups. Sod1 expression 
level tended to be higher in the RS/d- Leu group than that in the RS 
group (P = .0577). Sod3 expression levels in ovary did not differ 
among the group (data not shown).

F I G U R E  3   Effects of RS and d- Leu intake on oocyte meiosis. Tubulin and chromosomes were stained using an immunofluorescence 
stain and propidium iodide, respectively. Oocytes were classified as normal or abnormal oocytes (the latter included those oocytes with 
spindle defects, chromosomal misalignments, or that were immature) (A). The percentage of abnormal oocytes was calculated (number of 
abnormal oocytes/number of total oocytes × 100) (B). Black, white, and gray bars indicate the data for the control, RS, and RS/d- Leu groups, 
respectively. Values are expressed as the mean ± SE, Control group, n = 86; RS group, n = 107; RS/d- Leu group, n = 117. The oocytes were 
collected from 5 mice in each group. Data were analyzed using the Chi- square test (*P < .05, **P < .01) [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  4   Ovarian mRNA expression 
of Ho- 1, Sod1, and Sod2. The ovaries from 
mice in each group were collected, and 
mRNA was isolated. The mRNA levels 
of Ho- 1 (A), Sod1, and Sod2 (B) were 
measured. The gene expression levels 
were normalized against that for β- actin. 
Black, white, and gray bars indicate the 
data for the control, RS, and RS/d- Leu 
groups, respectively. Values are expressed 
as the mean ± SE, n = 3/group. The 
data were tested by one- way ANOVA. 
A different letter indicates a significant 
difference at P < .05

www.wileyonlinelibrary.com
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3.5 | Intracellular ROS levels and the expression of 
proteins associated with antioxidation

To evaluate the ROS elimination efficacy of d- Leu, we incubated 
K562 cells with a medium containing d- Leu for 24 hours. The inter-
cellular ROS in K562 was detected using CM- H2DCFDA (Figure 5A). 
d- Leu treatment dose- dependently reduced ROS levels in K562 cells. 
Amazingly, Nrt2, HO- 1, and SOD2 protein expression levels were 
also increased dose- dependently with d- Leu treatment (Figure 5B). 
These results suggest that d- Leu upregulates the expression of HO- 1 
and SOD2 via Nrf2.

4  | DISCUSSION

Psychological stress can exert detrimental effects on oocytes in 
women. Anxiety-  and depression- like behaviors are observed in 
RS animals.31 Therefore, RS has been used to inflict psychological 
stress in experimental animals.32,33 Several stress hormones (cor-
tisol, adrenaline, and noradrenaline) are released from the adrenal 
glands via the activation of corticotrophin- releasing hormone and 
adrenocorticotropic hormone in hypothalamus and pituitary gland. 
Stress hormones could elevate ROS levels and activate apoptosis 
system in oocytes and mural granulosa cells.5,34,35 Furthermore, it 
has been shown that ROS production downregulates the expression 
of spindle assembly checkpoint proteins.3,5 As a result, the number 
of oocytes with aneuploidy and spindle defects increases, and then 
embryo development becomes impaired in stressed animals.3,36 In 
these studies, animals are typically exposed to strong and acute 
psychological stress for relatively short times (24- 48 hours). In our 
study, we chronically stressed the mice to mimic daily stress and to 

verify the effects of d- Leu on abnormal oocyte meiosis caused by 
chronic psychological stress. Suppression of body weight gain, an 
increase in AST level were observed in RS mice. It has been reported 
that a suppression of body weight gain and an increase in AST level 
are observed in psychological stress model animals.29,37 Therefore, 
we consider that our experiment mice were placed under psycho-
logical stress by RS treatment.

In our study, d- Leu improved the oocyte maturation failure and 
increase in AST levels induced by RS. Additionally, we showed that 
d- Leu upregulated the Ho- 1 and Sod2 expression levels in the ova-
ries. These effects of d- Leu were not observed in mice fed 0.3% diet 
without RS treatment (Figure S1 and Table S1). Oxidative stress can 
be caused by the generation of excess ROS and nitrogen species. 
HO- 1 and the SODs are key proteins that serve as the antioxidant 
defense system in cells. Under oxidative stress conditions, HO- 1 ex-
pression is promoted by Nrf2 signaling pathway to protect cells from 
oxidative stress. Perkins et al reported increased levels of SOD1 and 
SOD2 suppress the meiotic segregation errors in Drosophila aging 
oocytes.38 To the best of our knowledge, there are no studies about 
the association between oocyte meiosis failure and HO- 1. However, 
HO- 1 has been reported to may improve chronic kidney disease, and 
allergic disease.39,40

We showed increased Nrf2, HO- 1, and SOD2 protein expression 
levels, and decreased intercellular ROS levels were observed in d- 
Leu- stimulated K562 cells. d- amino acid is metabolized to l- amino 
acid by DAO and BCAT. These enzymes are hardly expressed in 
K562 cells. Therefore, almost all d- Leu are not metabolized to l- 
Lue in K562 cells. This result suggests that induction of HO- 1 and 
SOD2, and extinction of ROS is caused by d- Leu but not l- Leu. 
The gene expression of Ho- 1, Sod1, and Sod2 are regulated by the 
Keap1/Nrf2 pathway.9 d- Leu may protect oocytes from oxidative 

F I G U R E  5   Intercellular ROS, Nrf2, HO- 1, and SOD2 levels in K562 cells stimulated with d- Leu. The K562 cells were incubated with 
various concentrations of d- Leu for 24 h, and the levels of ROS, HO- 1, and SOD2 were detected in the treated cells. The ROS levels were 
determined by fluorescence staining with CM- H2DCFDA (A). The green dots in the left panels indicate the ROS in K562 cells and the right 
panel comprises the bright- field images when ROS was detected. Western blot analyses of Nrt2, HO- 1, and SOD2 protein in K562 cells 
(B). Values are expressed as the mean ± SD, n = 3- 5. The data were tested by one- way ANOVA. A different letter indicates a significant 
difference at P < .05 [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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stress through the activation of HO- 1 and SOD2 via the Keap1/
Nrf2 pathway. Interestingly, the Ho- 1 and Sod2 mRNA expression 
levels did not change in ovaries from mice fed a 0.3% d- Leu diet 
without RS treatment (Figure S1). It has been reported that SOD1 
and SOD2 expression levels are increased in ovaries from psycho-
logically stressed mice.41 In our study, the Sod2 mRNA expression 
levels in the RS group tended to increase compared to the control 
group (P = .0940). RS stimulates ovarian ROS levels. The Keap1/Nrf2 
pathway is activated by an increase in ROS levels. Subsequently, the 
transcription of SOD2 and HO- 1 is upregulated in order to protect 
ovary cells from oxidative stress. We hypothesized that d- Leu may 
have a potentiating effect on the Keap1/Nrf2 pathway. However, 
the potentiating effect of d- Leu may not occur when the Keap1/Nrf2 
pathway is not activated. Additional studies remain necessary to de-
termine the molecular mechanisms through which d- Leu activates 
the Keap1/Nrf2 pathway.

RS treatment for 6 hours induced severe oxidative stress and he-
patic injury, as evidenced by the marked elevation of serum AST and 
ALT levels in mice.29 AST is contained in myocardium, liver, kidney, 
and erythrocyte. The AST levels in the RS/d- Leu group tended to 
be lower than those in the RS group, which indicated that the anti- 
oxidative and anti- inflammatory effects of d- Leu not only affected 
oocytes but also affected the other tissues.

Delayed estrus cycles were unaffected by d- Leu. Estrus is reg-
ulated by multiple sex hormones, such as gonadotropin- releasing 
hormone (GnRH), follicle- stimulation hormone (FSH), and luteiniz-
ing hormone (LH). The suppression of FSH and LH release from the 
pituitary gland has been reported in psychological stress model an-
imals.42,43 d- Leu has been reported to be contained in the pituitary 
gland 20; however, we considered that d- Leu had no or weak effects 
on the release of sex hormones.

In summary, the present studies suggested that d- Leu protected 
oocytes from chronic physiological stress. Additionally, we demon-
strated the possibility that d- Leu may have anti- oxidative and anti- 
inflammatory effects through the expression of HO- 1 and SOD2 
in ovaries. Few studies have examined d- Leu in terms of intestinal 
absorption, tissue metabolism, or other functions. d- amino acid ox-
idase produces H2O2.44 Excess intake of d- amino acids could pro-
mote DNA damage and oxidative stress via the production of ROS 
in intracellular.17,45 Therefore, additional studies are necessary to 
determine the safety and dose- dependent effects of d- Leu from a 
multilateral perspective.
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