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Abstract Methionine restriction has been proven to reverse age and obesity related metabolic diseases.
Basically, MR regulates energy homeostasis in the whole body contributing to enhanced insulin sensitivity and
improved redox status. There is no studies until now that comprehensively focus on the impact of MR on
reproduction performance. The aim of this work was to investigate the reproductive system response of female
obese model toward MR and clarify the possible mechanism. Females C57BL/6 were subjected to control diet
(CON, 0.86% methionine + 4% fat), High Fat Diet (HFD, 0.86% methionine + 20% fat), High fat methionine
Restricted diet (MR, 0.17% methionine + 20% fat). HFD showed impaired reproduction performance
characteristic by impaired conception ability and lactation difficulties. MR improved oxidative stress, metabolic
parameters, mammary and ovarian morphology. MR enhanced ovulation, lactation, and especially regulated
metabolism efficiency via AMPK/SIRT1/PGC1. This study is the first to suggest that MR can ameliorate
reproductive disorders induced by obesity.
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1. Introduction
Obesity contributes to a disruption of women
health and a complicated reproductive life [1,2]. Obesity
defects several systemic metabolic pathways regulating
reproduction performance. Studies have proven ovulation
dysfunction, impaired conception ability, and disrupted
lactation efficiency in obese individuals [3,4,5,6]. The
prevalence of both obesity and infertility problems is
quite increased among women, dietary management
and weight loss can effectively reverse reproductive
dysfunction induced by obesity [7,8].
Methionine restriction (MR) has been proved to ameliorate
obesity negative effects in multiple organs, by reducing
body fat accumulation, boost insulin sensitivity, improve
metabolic flexibility, and relief of oxidative stress [9-13].
Although methionine is an essential sulphur- amino acids
for fetal growth, lower methionine and homocysteine
blood concentrations were observed during the progress of
healthy pregnancies [14]. In addition, experimental evidence
has shown that excessive dietary methionine contributes to

impaired fetal health [15]. Moreover, few studies have
assessed MR impacts on reproduction performance.
Reproduction is high-cost process demands several
metabolic adaptations in multiple organs. Ovary and
mammary gland are two vital organs in women
reproduction system; both organs have been proved to be
highly altered by high fat diet induced obesity. Disruption
of mammary gland morphology and failure to establish
early lactogenesis with insufficient volumes of milk were
associated with obesity in different species [16,17].
Obesity disturbed ovarian function by increasing ovarian
oxidative stress, triggering excessive apoptosis, impaired
the quality and quantity of the oocytes, and accelerated
follicle development and loss [18-21]. The aim of this
study was to investigate the ability of MR to reverse
metabolic dysfunction induced by obesity and impaired
reproduction performance in obese models.

2. Materials and Methods
In this study, all experimental procedures and animal
care were carried out in accordance with the ethical
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standards laid down in the Guidelines for Laboratory
Animals Care, Jiangsu Province (China) and in the 1964
Declaration of Helsinki and its later amendments.

2.1. Experiment 1
Female C57BL/6 mice 3 weeks of age and weighing
18 g were obtained from Shanghai Slack Laboratory
Animals Co., Ltd. and divided to three experimental diet
groups, 18 mice in each group: the control group fed with
the normal diet (CON, 0.86% methionine + 4% fat), High
Fat Diet (HFD, 0.86% methionine + 20% fat), High Fat
Diet+ methionine Restricted diet (MR, 0.17% methionine
+ 20% fat). The mice maintained under standard laboratory
conditions: a temperature of 25°C, a relative humidity of
60-70%, and a 12-hour light/dark cycle, at the Experimental
Animal Centre of Jiangnan University (Wuxi, China). The
mice fed a standard commercial pellet diet and water for
one week before started the above mentioned diets for
11 weeks. After mating, the first day of gestation was
determined by the presence of spermatozoids in the
vaginal smears. Pregnant mice were housed individually
in metal cages under the above- mentioned conditions and
diets. After birth only lactating females with 4 or more
pups were included in the study. C57BL/6’ females tend
to a nervous behavior and eating pups especially at first
pregnancy because of lack experience, so pregnancy must
be induced more than once to get enough lactating females.
The mice were sacrificed using cervical dislocation on day
15 of lactation (LD 15), blood was collected from the
carotid artery. Plasma was immediately separated by
centrifugation (4,000g, 15 min, 4°C) and stored at
-80°C until it was used in an assay. On LD15, bilateral
abdominal mammary glands (the fourth mammary gland)
were excised. The right gland was immediately removed
and homogenized on ice with saline 0.9 percent, whereas
the left gland was weighed then divided after removing
the lymph node, a part was preserved at -80°C in
Trizol for later RNA isolation and other part was in
paraformaldehyde 4% in PBS for H & E staining. A
subgroup of mice was sacrificed on day 18 of pregnancy,
the right bilateral abdominal mammary gland was excised
and spread on a glass slide for whole-mount staining.

2.2. Experiment 2
At the end of experiment 1, 6 mice each group from
the previous diets, which failed in sustain lactation kept on
the same diets until 28 weeks old. At the end of the
experimental period, the mice were sacrificed using
cervical dislocation and blood was collected from the
carotid artery. Ovaries were excised, right ovary was
preserved at -80°C in Trizol for later RNA isolation, and
left ovary was in paraformaldehyde 4% in PBS for H&E
staining.

2.3. Weigh-Suckle-Weigh
On LD 2, 5, and 10, lactating females with relative
were subjected to a weigh-suckle-weigh experiment in
which pups were removed from dams for 4 hr which
allowed the milk supply to replenish and pups to grow

hungry. Pups were then weighed, returned to dams and
suckled for 30 minutes, then weighed again. The
difference between the final and initial litter weight
represents milk yield for one dam. Then milk yield was
estimating per pup for one bout of nursing.

2.4. Whole-Mount Examination
of Mammary Gland
Mammary glands were spread on glass slides, fixed in
Carnoy’s fixative overnight, washed with 70% ethanol,
and rehydrated with decreasing concentrations of ethanol
followed by distilled water. The gland was stained
3-4 hours in carmine alum, and dehydrated again through
serial ethanol baths 70, 80, 90, and 100% then with xylene,
according to the method previously described [22]. The
gland was photographed with a digital camera under a
dissecting microscope, and the image was analyzed using
Image-J NIH software, quantitative assessment of
mammary gland epithelial density area was performed
according to the protocol described by John N McGinley
and Henry J Thompson [23].

2.5. H & E Staining
The left ovary from experiment 2’s females and a part
of left mammary gland from experiment 1’s females were
fixed in paraformaldehyde 4% in PBS for 24 h, and
embedded in paraffin. Hematoxylin and eosin (HE)
staining was performed on 5 mm serials to analyze the
histopathological changes of ovarian follicle cells and
mammary alveolar lumens.

2.6. Measurement of Plasma Parameters
The bodyweights of the mice were measured every six
days before and through pregnancy. The body weight
of offspring was measured at birth, at one week, and
at two weeks old. Plasma insulin, leptin, and prolactin
concentrations were measured using the mice ELISA kits
(Huijia Biotechnology, Xiamen, P. R. China), according to
the manufacturer's instructions. Blood glucose was tested
using One Touch Sure Step test strips (Lifescan, Milpitas,
California, U.S.A.). TG (Triglycerides), HDL (High-density
lipoprotein), and LDL (low-density lipoprotein) were
measured by corresponding commercial kits (Jiancheng
Bioengineering Institute, Nanjing, P. R. China) according
to the manufacturer's instructions.

2.7. Oxidative Stress Biomarkers and
Activities of Antioxidant Enzymes
The activity of superoxide dismutase (SOD), catalase
(CAT), and the level of malondialdehyde (MDA),
total antioxidants (T-AOC), and reduced glutathione
(GSH), were assayed by corresponding kits (Jiancheng
Bioengineering Institute, Nanjing, P. R. China). The levels
of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6)
in the plasma, (TNF-α, and IL-6) in the tissue
were measured using the mice ELISA kits (Huijia
Biotechnology, Xiamen, P. R. China), according to the
manufacturer's instructions.
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Table 1. Primer's sequences of C57BL/6 mice for qRT-PCR
Gene
AMPK
AKT1
mTORC1
K18
PGC-1α
SIRT1
UCP2
β-actin

Forward (5’ to 3’ )
GAAGATCGGACACTACGTGC
ATCCGCTGCCTGCAGTGGACC
GCAGATTTGCCAACTACC
CGAGGCACTCAAGGAAGAAC
ACAGCTTTCTGGGTGGATTGAAGTG
CTGTTTCCTGTGGGATACCTGACT
CACGCAGCCTCTACAATG
TGTCACCAACTGGGACGATA

2.8. Total mRNA Isolation and Quantitative
RT-PCR (qRT-PCR)
Total RNA of tissues was extracted with Trizol reagent
according to the manufacturer's protocol (Applied
Biosystems, Foster City, CA, USA). The concentration of
total RNA in each sample was quantified by Nano Drop
Spectrophotometer (ND2000, Thermo, and Waltham, MA,
USA). A SYBR green based qRT-PCR kit was used according
to the manufacturer's instructions in a 7900HT instrument
(Applied Biosystems, Forster, CA, USA). The specificity
of the product was assessed from melting curve analysis.
Gene expressions were determined using the 2−ΔΔCt method.
The primer's sequences for the genes are shown in Table 1.

2.9. Statistics
All measurement values were expressed as means ±
Standard deviation. Significant differences between groups
were determined by one-way analysis of variance using SPSS
20.0 software (SPSS Inc. Chicago IL., U.S.A.) for windows.
A difference was considered significant at the p<0.05 level.

3. Results
3.1. Dams and Offspring Weight
In experiment 1, at mating day after 11 weeks, the body
weight in HFD groups was significantly higher than
control and reduced in MR group (p< 0.05) (Figure 1.A),
with noticeable increased in MR and HFD food intake
(Figure 1.B). This increment in HFD group body weight
was maintained throughout pregnancy (Figure 1.C).
However, the body weight difference between control
and fat diet groups was no longer present on LD 15
(Figure 1.D). In experiment 2, at 28 weeks old, the body
weight was significant higher in the HFD group with a
significant reduction in MR group (p< 0.05), (Figure 1.E).
We investigated the effect of MR on offspring growth.
There was no difference between HFD and MR fetus
Crown-rump length measured at 18 day pregnancy
(Figure 2.A), and no difference between HFD and MR
offspring weight at birth, but offspring weight in MR
group decreased markedly at 1 week old, whereas at 2
weeks old there was no significant difference between all
the groups offspring weight (Figure 2.B).

3.2. Milk Yield
On LD 2, LD 5 and LD 10 milk yield was markedly

Reverse(5’ to 3’ )
AGTCCACGGCAGACAGAATC
CCTTGTCCAGCATGAGGTTCTCC
TCTCCGGCCCTCATTTCG
CTTGGTGGTGACAACTGTGG
AGACTGTCCAGTGTCTCTGTGAGGA
ATCGAACATGGCTTGAGGATCT
TCAGCACAGTTGACAATGG
GGGGTGTTGAAGGTCTCAAA

less in HFD group and markedly higher in MR group
(Figure 2.C), MR improved surviving offspring rate at 2
weeks old markedly (p< 0.05) (Figure 2.D).

3.3. Fasting Blood Sugar, Insulin, Leptin
Secretion, Prolactin and Lipid Profile
HFD-induced obesity disturbed fasting blood sugar
(FBS) levels of females of both experiments with increased
insulin and leptin levels which indicated insulin resistance
status. MR markedly decreased FBS and insulin levels in
the two experiments (p< 0.05) (Figure 3. A,B). Moreover,
MR decreased leptin blood level in experiment 2 consistently
with the decreased body weight but not in experiment 1
as no difference was notable in the weight between
the groups (Figure 3.C). MR elevated prolactin levels in
experiment 1’s females on LD15 (p< 0.05) (Figure 3.D).
In experiment 2’s females, MR decreased TG and LDL
blood levels markedly and improved HDL levels in the
blood (Figure 3.E).

3.4. Redox Status
HFD induced an oxidative stress status characterised by
reduced GSH/GSSG ratio, elevated TNFα, IL6 in the
blood and mammary tissue of the experiment 1’s females
and elevated TNFα and IL6 in the blood of experiment 2’s
females. As shown in Table 2, MR elevated GSH/GSSG
ratio in the blood but not in the mammary of experiment
1’s females, and decreased GSH in the mammary gland.
Moreover, MR markedly enhanced antioxidant enzyme
activities in the blood and mammary tissue of experiment
1’s females. MR relieved the inflammation by reducing
MDA, TNFα, and IL6 in the blood and mammary
tissue of the experiment 1’s females, in addition to
TNFα and IL6 in the blood of experiment 2’s females
(Figure 3.F,G).

3.5. Histopathological Evaluation of
Mammary Glands of Experiment 1’s
Females
Distortion in mammary gland morphology was detected
by analyzing mammary gland whole-mount of experiment
1’s HFD females on day 18 of pregnancy. Mammary
epithelial density was diminished in HFD group but improved
markedly in MR group. In the same manner, the prevalence
of alveolar lumens area in HFD group was minimized with
larger adipocytes. MR significantly increased the alveolar
lumens prevalence in the parenchymal tissue (Figure 4).
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Figure 1. Effects of MR on body weight and food intake (p< 0.05) (Data were expressed as Means ± SDs. Data were expressed as Means ± SDs)

Figure 2. Effects of MR on offspring growth, offspring survive, and milk yield. (n=6 for each group, p<0.05). Data were expressed as Means± SDs
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3.6. Histopathological Evaluation of Ovaries
of Experiment 2’s Females
Accelerating in the growth of follicle cells in the HFD
ovaries was noticed as most of the follicles were stuck
in the early stages of development (primary, secondary
and antral follicles) or follicles were turned into
atretic follicles. In return, the majority of follicles cells
in CON and MR groups reached the later stages
(Graafian follicles, ovulated oocytes, and corpus luteum),
which indicates improved ovulation (Figure 5).
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3.7. mRNA Expression of Genes Involved
in Mitochondrial Function and
Metabolism in Ovarian and Mammary
Tissues
MR increased mRNA expressions of genes involved
in stimulating metabolism AMPK, PGC1α, SIRT1 and
decreased AKT1, mTORC1 in both mammary and
ovarian tissue. MR increased K18 in mammary tissue.
MR down- regulate the expressions UCP2 in mammary
tissue but not in the ovary (Figure 6).

Figure 3. Effects of MR on metabolic parameters, prolactin, lipid profile, and inflammation markers
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Table 2. Effects of MR on the redox satus in blood and mammary tissue of lactating females in Experiment 1 on LD15
Blood of Experiment 1’females on LD 15

CON

T-AOC
U/mg protein

MDA
(nmol/mL)

SOD
(U/mg protein)

CAT
(U/mg protein)

GSH
(Ug/mL)

4.7±0.45

3.11±0.5a

49.51±2.11b

9.68±0.85c

48.32±1.85b

a

a

b

33.12±2.77
46.9±3.3b

HFD

4.3±0.43

6.09±1.52

MR

4.5±0.37

2.05±0.65a

GSH/GSSG
0.51±0.09b

2.82±0.98

a

31.75±5.8

0.27±0.05a

7.85±0.97b

76.97±4.4c

0.75±0.07c

Mammary tissue of Experiment 1’females on LD15
MDA
(nmol/mL)

SOD
(U/mg protein)

CAT
(U/mg protein)

GSH
(Ug/mL)

GSH/GSSG

CON

0.25±0.04a

2.41±0.32b

22.3±1.46b

2.91±0.58b

1.35±0.15b

HFD

1.48±0.39b

1.08±0.4a

19.16±1.94a

1.43±0.3a

1.03±0.24a

MR

a

0.17±0.03

2.98±0.59

b

24.2±1.16

b

a

1.39±0.34

1.02±0.21a

The data marked with different letters in the same row were statistically different at p<0.05 (n=6).

Figure 4. Representative whole mount gland on day 18 of pregnancy (10×) & Representative HE-stained sections of the mammary glands on LD 15
(20×). A: MR effect on mammary epithelial density(n=3, p<0.05), B: MR effect on alveolar Lumens area. (n=6, p<0.05)
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Figure 5. Representative HE of ovarian tissues. 10× (n=3 for each group, p<0.05)

Figure 6. Effects of MR on mRNA genes expression of metabolic function, A: in mammary tissue, B: in ovarian tissue
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4. Discussion
IN the present study, several methods were conducted
to investigate the impact of MR on two important organs
in female reproduction system, our results support the
hypothesis that MR can improve reproductive disorders
caused by obesity. In addition, metabolism mechanism is likely
to be mediated through improved reproductive performance.
MR decreased mice weight after 11 weeks and increased
food intake as previously described. In experiment 1, on
LD 15 MR did not affect the mice weight and blood leptin
level was also high but in experiment 2, MR decreased
weight markedly and blood leptin level. Lactation is
energy demanding process in the purpose of producing
sufficient mounts milk, MR increases energy expenditure
in different ages with no effects on growth requirements in
small ages because of the higher energy intake [24]. MR
did not impact the weight in lactation situation and that
could be explained by the whole body adaptations
associated with this physiological condition to provide
enough energy for milk production [25]. Although, MR
decreased female weight through pregnancy, MR did not
affect fetus crown-rump length and birth weight, which
could refers to enough methionine supply access the fetus
blood through placenta. More investigations need to be
done about the effects of MR on fetus nutrition. At one
week age, MR showed its effects on offspring weight and
that could be explained by low methionine level in the
milk, which will need more investigations also. From
another sight, MR increased milk yield through lactation
and by promoting early lactogenesis. In addition, MR
increased offspring survival rate comparing to HFD.
As previously described, MR ameliorated insulin
resistance induced by obesity, decreased insulin and FBS
in the females of both experiments and improved lipid
profile in experiment 2 females [11,26-30]. In experiment
1, MR improved mammary morphology by increased
epithelial density and enhanced alveolar lumens expansion,
which was associated with up-regulated mRNA
expression of K18 (a luminal marker). In addition, MR
improved mammary glands oxidative stress caused by
obesity through enhancing the activity of antioxidant
enzymes and reducing inflammation markers as other
studies have shown [30,31,32]. At the genes level,
up-regulation of the genes evolved in energy production
was noticed, MR enhanced mRNA genes expression of
AMPK, PGC1, and SIRT1. The role of AMPK and SIRT1
in the reverse of metabolic syndrome symptoms is well
reported [21,33]. This mechanism was previously described
to mediate the longevity effects of MR [34,35,36], MR
down-regulated mRNA genes expression of mTORC1 and
AKT1. Taken together, MR improved metabolism function
through a nutrient-sensing mechanism contributed to
enhanced nutrients uptake and energy production in
mammary glands, which finally resulted in increased
milk yield. At the same manner, MR improved ovarian
metabolic function in experiment 2, and MR increased
mRNA genes expressions of AMPK/PGC1α/SIRT1
pathway in ovarian tissue, which was combined with
developed follicle cells and improved ovulation [37,38].
MR slowed down the follicle overgrowth process by
down-regulate AKT1, mTORC1 genes expressions.

Obesity is well proven to alter mitochondrial function.
Uncoupling protein (UCP2) has been linked to obesity,
insulin resistance, and decreased ATP production [39].
UCP2 has been proved to play a role in lipid synthesis
in mammary gland, and UCP2 mRNA has shown
to be stimulated in mammary tissue by fatty acids
administration [40]. MR markedly decreased UCP2
mRNA expression in lactating mammary glands. On the
opposite, MR increased UCP2 mRNA expression in
ovarian tissue, this is result comes along with previous
result about the role of UCP2 in the regulation of follicle
development and oocyte maturation and quality [41].
The present work implies that reducing methionine
in the diet could be a successful treatment for female
reproductive disorders associated with obesity. The
possible mechanism involves improve metabolism
efficiency and mitochondrial function through up-regulate
AMPK/PGC1α/SIRT1 pathway in mammary and ovarian
tissues.
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