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Abstract: Background: As a routine procedure in assisted reproductive technology (ART), it is crucial
to assess the safety of frozen and thawed embryo transfer (FET). We aimed to investigate the metabolic
profile of children conceived through FET in their early childhood. Method: A total of 147 children
between the age of 1.5 and 4 years old, conceived through FET or naturally conceived (NC), were
recruited. A total of 89 children, 65 in the FET group and 24 in the NC group (matched with the FET
group based on children’s BMI) were included in the final statistical analysis of biochemical markers
and metabolomics. Results: Children conceived through FET had a lower level of fasting insulin level
and HORM-IR and a higher level of fasting glucose and APOE as compared to children naturally
conceived. Metabolomics showed that there were 16 small differential metabolites, mainly including
amino acids, carnitines, organic acids, butyric, and secondary bile acid between two groups, which
enriched in Nitrogen metabolism, Butanoate metabolism, Phenylalanine metabolism, and D-Arginine
and D-ornithine metabolism pathways. Conclusion: Although the FET group had a significantly
higher level of APOE and fasting glucose, it cannot yet be considered that children in the FET group
had an obvious disorder of glucose and lipid metabolism. However, the potentially more active
intestinal flora and lower carnitine levels of children in the FET group suggested by metabolomics
are worth further exploration.
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1. Introduction

As the most widely used treatment for infertility, more than 8 million children world-
wide have been born through assisted reproductive technology (ART) up to 2018 [1]. Since
the first successful frozen-thawed embryo transfer (FET) was reported in 1983, it has be-
come a very important part of assisted reproductive technology (ART) [2]. Even though
FET can significantly increase the cumulative pregnancy rate and reduce the risk of multiple
gestations and ovarian hyperstimulation syndrome (OHSS) [3], there have been concerns
regarding its potential adverse effects. FET has been identified as a potential risk factor
for pregnancy-induced hypertension, large for gestational age, and macrosomia [4-7], all
of which might raise the risk of metabolic dysfunction and cardiovascular problems [8,9].
In addition, the exposure of gametes and embryos to the non-physiological environment
during the critical preimplantation period may lead to epigenetic disorder of the growth
and metabolic systems of the offspring and result in potential long-term health effects.
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Animal studies have shown that IVE-ET (in vitro fertilization and embryo transfer)
offspring have impaired glucose metabolism, including altered fasting glucose levels and
impaired glucose tolerance (IGT) [10-13]. Recently, we discovered that FET-conceived
male mouse offspring had glucose metabolic abnormalities, mainly manifesting insulin
resistance [14]. Observations from human studies indicate that body fat composition in
IVF children is disturbed, and children conceived by IVE/ICSI (intracytoplasmic sperm
injection) have less favorable glucose and cardiovascular metabolic profiles in childhood
when compared with naturally conceived children [15,16]. However, human research on the
metabolic profile of children conceived through FET is limited. One follow-up study found
that children conceived through FET frequently have abnormal lipid metabolism. [17].

Metabolomics, also known as the comprehensive profiling of small molecule metabo-
lites in cells, is the study of the types, quantities, and changes of endogenous metabolites in
biological systems, which has undergone a rapid evolution in the past two decades [18]. In
the present study, we aimed to investigate the metabolic profile of FET offspring in early
childhood at the level of macromolecular metabolites and small molecule changes and
explore its potential impact on the metabolism in early childhood, with the hope to conduct
early interventions to possible metabolic abnormalities of FET offspring.

2. Method
2.1. Study Design and Population

This study was a prospective study. From September 2018 to November 2019, 182 chil-
dren born from FET and 66 naturally conceived children were recruited based on the
electronic Case Report Forms (e-CRF) data in the International Peace Maternity and Child
Health Hospital IPMCH). Inclusion criteria were singleton birth children born after 28 ges-
tational weeks and aged 1.5-4 years on the follow-up day. The exclusion criteria were as
follows: (1) The mother had a history of severe liver and kidney dysfunction, diabetes,
cancer, or autoimmune system disease; (2) One or both of their parents’ BMI was greater
than 28 before pregnancy; (3) Children with severe congenital malformations, chromosomal
abnormalities, or congenital metabolic diseases (as described in the previous study [19,20]);
(4) Children developed from embryo preserved by the conventional slow freezing method.

In total, 118 children from the FET group and 29 from the NC group who consented
to provide venous blood were included in biochemical and metabolomic analyses. For a
better comparison between the two groups, we matched NC cases with FET cases based on
children’s BMI at the ratio of 1:3; in all, 24 children naturally conceived and 65 children
born from FET were finally included for statistical analysis.

This study was approved by the hospital’s scientific research ethics committee ((GKLW)
2016-21), and each participant signed an informed consent form for sample and data collection.

2.2. Medical History

Sociodemographic characteristics, birth characteristics, and other potential confound-
ing factors were collected by a questionnaire that was administered by specially trained
investigators. Specifically, month age = (date of examination—date of birth)/30, gesta-
tional week (GW) refers to the exact days of the gestational week (e.g., 39 weeks + 5 days =
39.7 weeks). The diagnosis of GDM (gestational diabetes mellitus) was confirmed if fasting
plasma glucose was >5.1 mmol/L (>92 mg/dl), 1-h plasma glucose was >10.0 mmol/L
(>180 mg/dl), or 2-h plasma was >8.5 mmol/L (>153 mg/dL). Preterm birth (PTB): ges-
tational week <37 weeks; low birthweight (LB): birthweight < 2500 g; macrosomia: birth
weight > 4000 g; birth weight <10th percentile was defined as small for gestational age
(SGA), and >90th percentile was defined as large for gestational age (LGA). As for alcohol
consumption, a positive result was defined as having consumed alcohol at least once one
year before childbirth. A positive result for smoking was defined as a history of smoking,
and a positive result for passive smoking was defined as exposure to second-hand smoking
during pregnancy.
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2.3. IVF Procedures

The ovarian stimulation protocol includes conventional protocols (GnRH-agonist
long protocol, short protocol, and GnRH antagonist protocol), modified mild protocol,
and individualized combined protocol [21-24]. The choice of different protocols is based
on patients’ age, infertility diagnosis, and ovarian reserve test results. Oocytes were
collected 34-36 h after ovulation induction [25] and inseminated using traditional IVF or
ICSI. Fertilized oocytes were cultured in a cleavage medium until day 2 or day 3 before
being cryopreserved via vitrification [26]. Natural cycles, hormone replacement cycles,
and human menopausal gonadotropin (HMG)-stimulated cycles were used to administer
endometrial preparation [27]. The embryos were thawed and transferred on a day when
the maternal estradiol levels and endometrial thickness were well-prepared.

2.4. Biochemical Analysis

The children’s peripheral venous blood was collected after they were fasting (>8 h).
Plasma was collected in EDTA tubes after centrifugation at 3000 rpm for 10 min and stored
in a —80 °C refrigerator. Fasting blood glucose (FBG) was measured using a glucometer
((ACCU-CHEK (Roche) glucose meter). Plasma concentrations of total cholesterol (CHOD-
POD method), triglyceride (GPO-PAP method), HDL-cholesterol (direct method), and LDL-
cholesterol (direct method) were measured by TBA 120 FR chemistry analyzer (Toshiba
Co., Tokyo, Japan) [28]. The original formula was used to calculate the homeostasis model
assessment (HOMA) as a marker of insulin resistance [29].

2.5. Metabolomic Analysis
2.5.1. Sample Preparation

All targeted metabolite standards were obtained from Sigma-Aldrich (St. Louis, MO,
USA), Steraloids Inc. (Newport, RI, USA), and TRC Chemicals (Toronto, ON, Canada).
All standards were precisely weighed and prepared in water, methanol, sodium hydrox-
ide solution, or hydrochloric acid solution to yield individual stock solutions containing
5.0 mg/mL. An appropriate amount of each stock solution was mixed to create stock
calibration solutions. To reduce sample degradation, samples were thawed on ice, 25 pL
of plasma was added to a 96-well plate, and the plate was transferred to the workstation
(Biomek 4000, Beckman Coulter, Inc., Brea, CA, USA). Each sample received 100 puL of ice
methanol with partial internal standards and was vortexed vigorously for 5 min.

The plate was returned to the workstation after centrifugation at 4000 g for 30 min
(Allegra X-15R, Beckman Coulter, Inc., Indianapolis, IN, USA). Then, 30 uL of supernatant
was transferred to a clean 96-well plate, and each well-received 20 uL of freshly prepared
derivative reagents. 350 pL of ice-cold 50% methanol solution was added to dilute the
sample after it had been sealed and derivatized at 30 °C for 60 min. The plate was then
stored at —20 °C for 20 min before being centrifuged at 4 °C for 30 min. 135 pL of
supernatant was transferred to a new 96-well plate, each with 15uL internal standards. The
left wells were treated with serial dilutions of derivatized stock standards.

2.5.2. Data Analysis and Processing

Metabolomic analysis was performed against 210 standard metabolites using an
ultra-performance liquid chromatography coupled to tandem mass spectrometry (UPLC-
MS/MS) system (ACQUITY UPLC-XEVO TQ-S, Waters Corp., Milford, MA, USA); a similar
method was prescribed in previous studies [30,31]. The following are brief descriptions
of the optimized instrument settings: Temperatures for the sample manager and column
were set to 10 °C and 40 °C, respectively. The injection volume was set at 5 uL, with a
flow rate of 0.4 mL/min. The mobile phases were 0.1% formic acid (A) and acetonitrile (B).
The gradient conditions were set as follows: 0-1 min, 5% B; 1-12 min, 5% — 80% B; 12—
15 min, 80-95% B; 15-16 min, 100% B; 18-18.1 min, 100% — 5% B, 18.1-20 min, 5% B. The
following instrument parameters were chosen for the mass spectrometer: voltage,1.5 Kv
(ESI+)2.0(ESI-), source temperature, 150 °C; desolvation temperature, 550 °C; desolvation
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gas flow, 1000 L/h. The raw data files generated by UPLC-MS/MS were processed using
Quan MET software (v2.0, Metabo Profile, Shanghai, China) to perform peak integration,
calibration, and quantification of each metabolite.

2.6. Statistical Analysis

The propensity score matching method (PSM) was adopted to match the NC cases
for the FET cases. Statistical data analysis was conducted using SPSS (IBM, Armonk, NY,
USA). Continuous variables with normal distribution were presented as mean =+ standard
deviation (SD), while continuous variables with nonnormal distribution were presented as
median (first quartile, third quartile); the differences in the continuous variables between
the two groups were tested using the t-test or Mann-Whitney U test. Noncontinuous data
were presented as a percentage, and differences were detected using the Pearson x2 test or
Fisher’s exact test. A p-value less than 0.05 was deemed significant. Based on Xplore MET’s
one-stop analysis software platform (including embedded statistical R software (3.2.1) code
and a link to the KEGG database) for metabolomic data analysis, interpretation, and visual
mapping. Orthogonal projection to latent structure discriminant analysis (OPLS-DA) was
used in multivariate statistical analysis. A permutation test (1000 times) was performed for
the statistical validation of the OPLS-DA model. Univariate analysis was also performed
(t-test or Mann—-Whitney U Test) to determine the differential metabolites between the
two groups. The involved pathways based on the differential metabolites were identified
using the KEGG-has library (http:/ /www.genome.jp/kegg-bin/showpathway, accessed
on 6 February 2023).

3. Results
3.1. Baseline Characteristics

The comparison of baseline characteristics between the FET group and the NC group
was summarized in Table 1. The median age of children in the NC group on the follow-up
day was higher than children in the FET group by about four months. Other characteristics,
including maternal and paternal factors, were comparable between the two groups.

Table 1. Baseline characteristics of singleton children and their parents in the groups.

Children Factors NC Group (n =24) FET Group (n = 65) p Value
Age at follow-up (months) 37.20 (32.05-41.30) 33.50 (26.30-35.30) 0.002 **
Gender 0.651
Boy 12 (50.00%) 29 (44.60%)
Girl 12 (50.00%) 36 (55.40%)

BMI (kg/m?) 15.40 (14.83-16.15) 15.90 (15.10-16.70) 0.377
Gestational week 38.85 (38.20-39.55) 39.00 (38.00-39.00) 0.303
PTB (<37 weeks) 0 (0.0%) 3 (4.6%) 0.683

Birthweight (g) 3395.00 (3200.00-3586.25) 3460.00 (3000.00-3710.00) 0.757

LBW (<2500 g) 6 (7.2%) 0 (0.0%)
Macrosomia (>4000 g) 1(4.2%) 7 (10.8%) 0.583
SGA 0 (0.0%) 6(9.2%) 0.287
LGA 1 (4.2%) 10 (15.4%) 0.287
NICU 0 (0.0%) 0 (0.0%) 0.379
Breastfeedingtotal duration (months) 6.00 (6.00-11.50) 8.00 (6.00-12.00) 0.703

Maternal factors

Ovum age (years) 29.50 (27.00-34.00) 32.00 (28.00-35.00) 0.256
Pregnant age (years) 29.50 (27.00-34.00) 32.00 (28.00-35.00) 0.179

BMI (kg/m?) 19.95 (18.40-23.35) 19.90 (19.90-21.00) 0.875
Type of delivery
Cesarean section 7 (29.20%) 21 (32.30%)

Vaginal 17 (70.80%) 44 (67.70%) 0.777
Smoking 0 (0.0%) 2 (3.1%) 0.949
Passive smoking 10 (41.7%) 29 (45.3%) 0.759
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Table 1. Cont.

Children Factors NC Group (n = 24) FET Group (n = 65) p Value
Drinking 8 (33.33%) 9 (13.8%) 0.076
GDM 11 (13.30%) 1 (3.40%)
Prenatal factors
Sperm age 31.00 (28.00-33.00) 33.00 (30.00-36.50) 0.077
BMI (kg/m?) 24.20 (21.80-26.55) 23.90 (21.95-24.85) 0.694
Smoking 5 (20.8%) 20 (30.8%) 0.355

Abbreviations: NC: natural conception; FET: frozen embryo transfer; LBW: low birth weight; BMI: body mass
index; LGA: large for gestational age; SGA: small for gestational age; NICU: neonatal intensive care unit; PTB:
preterm birth (gestational week <37 weeks); ** p < 0.01.

3.2. Biochemical Profile

The biochemical profile of the FET group compared with the NC group is presented
in Table 2. Children in the FET group have a significantly higher concentration of APOE
than in the NC group. As for glucose metabolism, the fasting insulin level and HOMA-IR
index were significantly decreased, while the fasting glucose level significantly increased
in the FET group. No significant difference was observed in other biochemicals between
the two groups.

Table 2. Comparison of plasma biochemical markers between the FET group and NC group.

Biochemical Markers NC Group FET Group p Value
Fasting blood glucose 5.00 (4.80-5.20) 5.20 (4.90-5.40) 0.049 *
TC (mmol/L) 4.42 (3.88-5.01) 4.39 (3.83-4.98) 0.805
TG (mmol/L) 0.67 (0.54-0.85) 0.70 (0.57-0.87) 0.718
HDL (mmol/L) 1.35 (1.12-1.47) 1.15 (1.36-1.58) 0.372
LDL (mmol/L) 2.25 (1.91-2.99) 1.99 (2.26-2.94) 0.894
APOE (g/L) 179.80 (118.88-235.66) 263.93 (180.95-387.52) 0.007 **
Insulin (IU/L) 4.02 (3.50-6.34) 3.32 (3.00-4.02) 0.002 **
HOMA-IR 0.90 (0.77-1.59) 0.78 (0.68-0.94) 0.018 *
Leptin (pg/mL) 207.58 (108.44-257.65) 229.20 (129.13-322.98) 0.305
FT3 (pmol /L) 444 (4.02-6.45) 4.88 (4.27-6.65) 0.240
FT4 (pmol /L) 15.78 (15.17-16.62) 15.61 (14.30-18.24) 0.631
TSH (mIU/L) 3.49 (4.33-6.45) 4.34 (3.65-4.99) 1.000
CRP (ng/mL) 1017.01 (568.47-2263.48) 1039.35 (455.94.47-4467.87) 0.901

Abbreviations: TC: total cholesterol; TG: triglyceride; HDL: high-density lipoprotein; LDL: low-density lipoprotein;
APOE: apolipoprotein E; FT3: free Triiodothyronine; FT4: free Thyroxine; TSH: thyroid-stimulating hormone;
CRP: C-reactive protein; * p < 0.05, ** p < 0.01.

3.3. Metabolomic Profile

In total, 210 small molecule metabolites (umol/L) from three metabolic pathways,
including glucose, amino acid, and lipid metabolism, were detected in plasma; details of
category and KEGG number are presented in Table S1. The stacked bars of the relative
abundance of various metabolite types in each sample and the Z-score heatmap are shown
in Figures S1 and S2, respectively. The results of OPLS-DA (orthogonal partial least-
squares discrimination analysis) score plots and the permutation test are presented in
Figure 1. However, OPLS-DA failed to completely separate the two groups of small
molecule metabolite. Based on univariate analysis, 16 differential metabolites were screened
out (Figure 2), with Maleic acid, TLCA (Taurolithocholic acid), and two fatty acids named
Butyric acid and Isocaproic acid increased in the FET group. The higher metabolites in
the NC group as compared to the FET group were three kinds of amino acid (Histidine,
Tyrosine, Ornithine) and organic acid (Azelaic acid, Isocitric acid, 2-Hydroxy-3-methyl-
butyric acid, Methylmalonic acid), three kinds of Carnitines (Palmitoyl carnitine, Stearyl
carnitine, Linoleyl carnitine), Fructose, and p—Hydroxy phenylacetic acid (Benzenoids).
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See the box plot (Figure S3) for a more intuitive comparison. According to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, enriched metabolic pathways
based on differential metabolites from two groups were displayed in the bubble plot
(Figure 3). The affected pathways were Nitrogen metabolism, Butanoate metabolism,
Phenylalanine metabolism, and D-Arginine and D-ornithine metabolism pathways.
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each point represents a metabolic profile of a sample; (b) permutation test of the model.
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Figure 3. Enriched metabolic pathways based on the screened differential metabolites between the
two groups. The color of the point represents the p-value. The redder the point is, the more significant
the enrichment is. The size of the point represents the number of enriched differential metabolites.
Significantly enriched pathways with a p-value < 0.05 was highlighted.

4. Discussion
4.1. Glycolipid Metabolism

Glucose homeostasis plays a critical role in sustaining stable growth and metabolic
status for an individual. A meta-analysis found that ART offspring had higher fasting
insulin levels but no significant difference in fasting glucose or HOMA-IR when compared
to non-ART offspring [32]. A human study demonstrated that children conceived by ART
have significantly higher fasting blood glucose and serum insulin levels than children con-
ceived naturally [16]. Our previous animal study showed the decreased insulin tolerance
of FET-conceived male offspring, with higher HOMA-IR index and higher serum insulin
level post glucose injected than the mouse conceived of natural conception. In addition,
mice offspring in both the IVF-chow and FET-chow groups had higher serum TG, LDL,
and lower HDL levels than those in the NC-chow group, indicating dyslipidemia [14]. In
the present study, the FET group has a decreased level of fasting insulin and HOMA-IR but
a higher level of fasting glucose and APOE.

A large number of previous adult-based studies show that the acceleration of lipid
decomposition, the entry of total free fatty acid (FFA) into the blood, and the promotion of
inflammation are potential intermediate mechanisms of the interaction between obesity
and insulin resistance. Adults with obesity and insulin resistance have an accumulation of
total FFA, particularly saturated fatty acids (high-risk factor for type 2 diabetes). It is also
accompanied by extensive fatty acid oxidation defects, with the products of incomplete
fatty acid oxidation accumulating in the circulation. However, there were no significant
differences in total FFA (free fatty acids) or SFA (saturated fatty acids) concentrations
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between the two groups, according to our findings (Table 52). However, the FET group has
a significantly higher UFA and PUFA.

Therefore, in the present study, we did not observe significant metabolic characteristics
related to glucose and lipid metabolism disorder in the FET group. At the same time,
metabolomics showed a decrease in three kinds of carnitines in the FET group. Carnitine is
a low-molecular-weight compound that plays a specific role in the mitochondrial oxidation
of long-chain fatty acids. Low carnitine availability was suggested to contribute to metabolic
inflexibility and impaired glucose tolerance, and carnitine supplementation improves the
formation of acetyl-carnitine and rescues metabolic flexibility in IGT subjects [33].

At the same time, a study investigated the plasma profile of subjects with nonalco-
holic fatty liver disease (NAFLD), steatosis, and steatohepatitis (NASH) showed higher
concentrations of free carnitine, butyryl carnitine, and methyl butyryl carnitine in NASH.

Evidence obtained from animal studies revealed that embryonic exposure to culture
components affected the body mass and adiposity of adult offspring in mice [34]. A human
study demonstrated that children born after IVF have exaggerated weight gain in late
infancy and that such catch-up growth appeared to correlate with the fetal growth pattern
itself, regardless of birth weight [35].

Therefore, it cannot be ruled out that children conceived through FET have decreased
insulin secretion from beta cells in the pancreatic islet, which results in increased fasting
glucose levels, and the changes in lipid metabolism may appear in later childhood period.
What is more, it should pay attention to the change in carnitine level in FET offspring and
its potential relationship with glycolipid metabolism.

4.2. Amino Acid Metabolism

The association between BCAAs, aromatic amino acids, with insulin resistance and
type 2 diabetes has been well-established during the past decades [36]. A systematic review
evaluating potential metabolite markers of prediabetes and type 2 diabetes suggested that
several blood amino acids were associated with the risk of developing type 2 diabetes,
including isoleucine, leucine, valine, tyrosine, and phenylalanine [37]. In the children’s
study, amino acids linked to insulin resistance, obesity, and impaired glucose tolerance
included branched-chain amino acids (BCCAs), phenylalanine (aromatic amino acid),
aspartic acid, arginine, histidine, sarcosine, with abnormally high levels of BCCAs being
potentially important risk biomarkers [38—41].

In the present study, no differences were observed in BCAAs between the FET group
and the NC group. However, histidine, tyrosine, and ornithine were significantly decreased
in the FET group, besides, Phenylalanine metabolism and D-Arginine and D-ornithine
metabolism were affected in the FET group as compared to the NC group. Phenylalanine
and tyrosine belong to aromatic amino acids, which are essential amino acids for the human
body and are mainly produced by intestinal bacteria, especially Escherichia coli. Most
phenylalanine is oxidized to tyrosine by phenylalanine hydroxylase in the body. Both
are involved in synthesizing essential neurotransmitters and hormones and in the body’s
metabolism of glucose and fat body. Histidine is a non-essential amino acid for adults but
an essential amino acid for children. Ornithine is mainly involved in the urea cycle and
plays an important role in the excretion of nitrogen in the body.

Therefore, the tyrosine production and urea cycle may decrease in children of the FET
group. Still, there were no significant changes in amino acid metabolism related to insulin
resistance or type 2 diabetes.

4.3. Bile Acids (BAs) and Short-Chain Fatty Acids (SFACs) Metabolism

Hepatocytes take cholesterol as raw material and synthesize primary BAs through
multiple steps. The primary BAs can combine with glycine, taurine, and other substances to
form conjugated Bas, including glycol cholic acid, taurocholic acid, glycol chenodeoxycholic
acid, and taurochenodeoxycholic acid. After the BAs are discharged into the intestinal
cavity, the conjugated primary BAs are hydrolyzed by bacteria in the ileum and upper colon
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to free primary BAs, which then undergoes 7-position-dehydroxylation to form secondary
BAs- bile acid is converted into deoxycholic acid, and chenodeoxycholic acid is converted
into lithocholic acid.

More than 95% of various BAs discharged into the intestine will be reabsorbed. The
reabsorbed BAs enter the liver through the portal vein, and the liver cells re-uptake it and
convert it into conjugated BAs, which are discharged into the intestine again, thus forming
the enterohepatic circulation, which reuses the limited BAs and promotes digestion and
absorption of lipids.

SCFAs are primarily produced by the gut microbiota through the fermentation of
dietary fiber or carbohydrates [42]; amino acid fermentation also contributes to SCFAs [43].
Unlike the acetate production pathway, which is widely distributed among bacterial
groups [43], butyrate production depends on a surprisingly small number of organ-
isms, dominated by Faecalibacterium prausnitzii, Eubacterium rectale, Eubacterium hallii, and
R. bromii [44]. It is known that SCFAs, particularly butyrate, play a significant role in
maintaining the colonic epithelium and act as a preferred fuel of colonocytes.

The increased conjugated secondary BAs (Taurolithocholic acid), butyrate, and the
affected butanoate metabolism pathway in the FET group may implicate the more active gut
microbiota of children born from FET. In addition, the change in the nitrogen metabolism
pathway may be related to the degradation of amino acids by intestinal flora, which can
produce SFCA and NH4*. The above-mentioned decrease in tyrosine of the FET group
may be the result of imbalanced degradation and synthesis of amino acids by intestinal
flora. Considering the potential regulatory role of SCFAs in glucose homeostasis, we may
speculate that the more active enterohepatic circulation and increased butyrate can promote
lipid and glucose metabolism, but several studies indicate the opposite.

A study involving 40 individuals with self-reported diabetes and 60 controls indicates
that patients with diabetes exhibit a higher rate of conversion of primary and secondary bile
acids by the gut microflora [45]. The study mentioned above showed markedly higher levels
of glycocholate, taurocholate, and glycochenodeoxycholate in subjects with NAFLD [46].
Some other studies have reported that intestinal SCFAs concentrations were significantly
increased in obese individuals [47-49], and high levels of SCFAs may be caused by an
imbalance of phyla Firmicutes and Bacteroidetes. A study based on adolescents suggested that
plasma SCFA concentrations were positively related to phyla Firmicutes/Bacteroidetes, body
mass index, and visceral fat [48]. A high-quality study also revealed that individuals with
dysbiosis associated with high fecal SCFAs are prone to increase intestinal permeability,
obesity, and cardiovascular disease [50]. Thus, it is interesting to further explore the
intestinal flora and BA pool composition of children born from FET.

To summarize, our research found that children conceived through FET have a differ-
ent metabolite profile as compared to children conceived naturally. Although the FET group
has a significantly higher level of APOE and fasting glucose, it cannot yet be considered
that children in the FET group have an obvious disorder of glucose and lipid metabolism.
However, the potentially more active intestinal flora and lower carnitine levels of children
in the FET group suggested by metabolomics are worth further exploration.

To our knowledge, we demonstrated the metabolic profile of children born after FET
in early childhood for the first time. However, some limitations should be considered when
interpreting our study. First, the sample size of the present study, particularly the NC
group, is small. A further study with a larger sample size and a longer follow-up period
will be required to observe the long-term metabolic profile of FET offspring. Second, the
present statistical method of metabolomics cannot exclude other confounding factors which
could influence children’s metabolism, such as dietary patterns and nutrition, to which the
parents of the FET group may pay more attention. However, we balanced the children’s
BMI between the two groups, which may reduce this impact to some extent. Third, blood
tested for metabolomics comes from only one vein of the children, which may not fully
reflect their metabolism profile. Further research is needed to explore the intestinal flora
and fecal metabolomics of FET offspring.
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5. Conclusions

Children conceived through FET have a lower level of fasting insulin level, HORM-IR,
and a higher level of fasting glucose and APOE. There are 16 small differential metabo-
lites, mainly including amino acids, carnitines, organic acids, butyric, and secondary
bile acid, between two groups, which are enriched in four metabolism pathways. The
long-term metabolism, intestinal flora, and fecal metabolomics of FET offspring need
further exploration.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jem12062322 /s1, Figure S1: Stacked bar of relative abundance of
various metabolite types in each sample; Figure S2: Z-score heat-map of various metabolites in each
sample of the two groups; Figure S3: Box plot of screened differential metabolites between the two
groups; Table S1: Names, classifications, and KEGG database number references of the total 210 small
metabolites detected; Table S2: Comparison of plasma fatty acid concentrations in children between
two groups.

Author Contributions: Z.-H.D.: Data curation, Investigation, Methodology Project, administration
Resources; T.W.: Formal analysis, Methodology, Visualization, Writing—original draft, Writing—
review and editing; C.Z.: Formal analysis, Software; K.-Z.S.: Software, Writing—review and editing;
Y.-T.W.: Funding acquisition, Supervision, Validation, Writing—review and editing; H.-F.H.: Funding
acquisition, Supervision, Validation Writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This research is supported by National Key Research and Development Program of China
(2021YFC2700701, 2022YFC2703505), National Natural Science Foundation of China (8211101588,
82088102, 82171686), CAMS Innovation Fund for Medical Sciences (2019-12M-5-064), Program
of Shanghai Academic Research Leader (20XD1424100), Natural Science Foundation of Shang-
hai (20ZR1463100), Collaborative Innovation Program of Shanghai Municipal Health Commis-
sion (2020CXJQO01), Clinical Research Plan of Shanghai Shenkang Hospital Development Center
(SHDC12018X17, SHDC2020CR1008A, SHDC12019107), Science and Technology Innovation Fund
of Shanghai Jiao Tong University (YG2019GD04), Outstanding Youth Medical Talents of Shanghai
Rising Stars of Medical Talent Youth Development Program, Shanghai Clinical Research Center
for Gynecological Diseases (22MC1940200), Shanghai Urogenital System Diseases Research Center
(2022Z701012) and Shanghai Frontiers Science Research Base of Reproduction and Development.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the International Peace Maternity and Child
Health Hospital ((GKLW) 2016-21).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly available due to privacy or
ethical restrictions.

Acknowledgments: The authors thank the children and their parents for their contribution to this
study. We also thank the doctors and nurses who assisted with recruitment for this study. All of them
have consented to the acknowledgment.

Conflicts of Interest: None of the authors has any potential conflict of interest related to this manuscript.

References

1. Wennerholm, U.-B.; Bergh, C. Perinatal outcome in children born after assisted reproductive technologies. Ups. J. Med. Sci. 2020,
125, 158-166. [CrossRef] [PubMed]

2. Trounson, A.; Mohr, L. Human pregnancy following cryopreservation, thawing and transfer of an eight-cell embryo. Nature 1983,
305, 707-709. [CrossRef]

3. Belva, F; Henriet, S.; Van den Abbeel, E.; Camus, M.; Devroey, P.; Van der Elst, ].; Liebaers, I.; Haentjens, P.; Bonduelle, M.

Neonatal outcome of 937 children born after transfer of cryopreserved embryos obtained by ICSI and IVF and comparison with
outcome data of fresh ICSI and IVF cycles. Hum. Reprod. 2008, 23, 2227-2238. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jcm12062322/s1
https://www.mdpi.com/article/10.3390/jcm12062322/s1
http://doi.org/10.1080/03009734.2020.1726534
http://www.ncbi.nlm.nih.gov/pubmed/32124667
http://doi.org/10.1038/305707a0
http://doi.org/10.1093/humrep/den254
http://www.ncbi.nlm.nih.gov/pubmed/18628260

J. Clin. Med. 2023, 12,2322 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Berntsen, S.; Pinborg, A. Large for gestational age and macrosomia in singletons born after frozen/thawed embryo transfer (FET)
in assisted reproductive technology (ART). Birth Defects Res. 2018, 110, 630-643. [CrossRef]

Sha, T; Yin, X.; Cheng, W.; Massey, LY. Pregnancy-related complications and perinatal outcomes resulting from transfer of
cryopreserved versus fresh embryos in vitro fertilization: A meta-analysis. Fertil. Steril. 2018, 109, 330-342. [CrossRef]

Roque, M; Lattes, K.; Serra, S.; Sola, I; Geber, S.; Carreras, R.; Checa, M. A. Fresh embryo transfer versus frozen embryo transfer
in in vitro fertilization cycles: A systematic review and meta-analysis. Fertil. Steril. 2013, 99, 156-162. [CrossRef]

Wei, D.; Liu, J.-Y,; Sun, Y,; Shi, Y.; Zhang, B.; Liu, J.-Q.; Tan, J.; Liang, X.; Cao, Y.; Wang, Z.; et al. Frozen versus fresh single
blastocyst transfer in ovulatory women: A multicentre, randomised controlled trial. Lancet 2019, 393, 1310-1318. [CrossRef]
Boney, C.M.; Verma, A.; Tucker, R.; Vohr, B.R. Metabolic syndrome in childhood: Association with birth weight, maternal obesity,
and gestational diabetes mellitus. Pediatrics 2005, 115, 290-296. [CrossRef]

Hermann, G.M.; Dallas, L.M.; Haskell, S.E.; Roghair, R.D. Neonatal macrosomia is an independent risk factor for adult metabolic
syndrome. Neonatology 2010, 98, 238-244. [CrossRef]

Calle, A.; Miranda, A.; Fernandez-Gonzalez, R.; Pericuesta, E.; Laguna, R.; Gutierrez-Adan, A. Male mice produced by in vitro
culture have reduced fertility and transmit organomegaly and glucose intolerance to their male offspring. Biol. Reprod. 2012, 87,
34. [CrossRef]

Chen, M.; Wu, L.; Wu, E; Wittert, G.A.; Norman, R.J.; Robker, R.L.; Heilbronn, L.K. Impaired glucose metabolism in response to
high fat diet in female mice conceived by in vitro fertilization (IVF) or ovarian stimulation alone. PLoS ONE 2014, 9, e113155.
[CrossRef]

Cerny, D.; Sartori, C.; Rimoldi, S.E; Meister, T.; Soria, R.; Bouillet, E.; Scherrer, U.; Rexhaj, E. Assisted Reproductive Technologies
Predispose to Insulin Resistance and Obesity in Male Mice Challenged With a High-Fat Diet. Endocrinology 2017, 158, 1152-1159.
[CrossRef] [PubMed]

Vrooman, L.A.; Bartolomei, M.S. Can assisted reproductive technologies cause adult-onset disease? Evidence from human and
mouse. Reprod. Toxicol. 2017, 68, 72-84. [CrossRef]

Qin, N.; Zhou, Z.; Zhao, W.; Zou, K,; Shi, W,; Yu, C.; Liu, X,; Dong, Z.; Mao, Y,; Liu, X; et al. Abnormal Glucose Metabolism in Male
Mice Offspring Conceived by Fertilization and Frozen-Thawed Embryo Transfer. Front. Cell Dev. Biol. 2021, 9, 637781. [CrossRef]
Ceelen, M.; van Weissenbruch, M.M.; Roos, J.C.; Vermeiden, ].PW.; van Leeuwen, FE.; Delemarre-van de Waal, H.A. Body
composition in children and adolescents born after in vitro fertilization or spontaneous conception. J. Clin. Endocrinol. Metab.
2007, 92, 3417-3423. [CrossRef]

Cui, L.; Zhou, W.; Xi, B.; Ma, ].; Hu, ].; Fang, M.; Hu, K,; Qin, Y.; You, L.; Cao, Y.; et al. Increased risk of metabolic dysfunction in
children conceived by assisted reproductive technology. Diabetologia 2020, 63, 2150-2157. [CrossRef]

Green, M.P,; Mouat, F; Miles, H.L.; Hopkins, S.A.; Derraik, ].G.B.; Hofman, P.L.; Peek, J.C.; Cutfield, W.S. Phenotypic differences
in children conceived from fresh and thawed embryos in in vitro fertilization compared with naturally conceived children.
Fertil.Steril. 2013, 99, 1898-1904. [CrossRef] [PubMed]

Newgard, C.B. Metabolomics and Metabolic Diseases: Where Do We Stand? Cell Metab. 2017, 25, 43-56. [CrossRef] [PubMed]
Reis, M.; Kéllén, B. Combined use of selective serotonin reuptake inhibitors and sedatives/hypnotics during pregnancy: Risk of
relatively severe congenital malformations or cardiac defects. A register study. BMJ Open 2013, 3, €002166. [CrossRef] [PubMed]
Zhang, W,; Yang, Y.; Peng, W.; Chang, ].; Mei, Y.; Yan, L.; Chen, Y.; Wei, X; Liu, Y.; Wang, Y.; et al. A 7-Year Report of Spectrum of
Inborn Errors of Metabolism on Full-Term and Premature Infants in a Chinese Neonatal Intensive Care Unit. Front. Genet. 2019,
10, 1302. [CrossRef] [PubMed]

Chatillon-Boissier, K.; Genod, A.; Denis-Belicard, E.; Felloni, B.; Chene, G.; Seffert, P.; Chauleur, C. Prospective randomised study
of long versus short agonist protocol with poor responder patients during in vitro fertilization. Gynecol Obs. Fertil. 2012, 40,
652-657. [CrossRef] [PubMed]

Pacchiarotti, A.; Selman, H.; Valeri, C.; Napoletano, S.; Sbracia, M.; Antonini, G.; Biagiotti, G.; Pacchiarotti, A. Ovarian Stimulation
Protocol in IVF: An Up-to-Date Review of the Literature. Curr. Pharm. Biotechnol. 2016, 17, 303-315. [CrossRef] [PubMed]

La Marca, A.; Sunkara, S.K. Individualization of controlled ovarian stimulation in IVF using ovarian reserve markers: From
theory to practice. Hum. Reprod. Update 2014, 20, 124-140. [CrossRef]

Nargund, G.; Datta, A K.; Fauser, B. Mild stimulation for in vitro fertilization. Fertil. Steril. 2017, 108, 558-567. [CrossRef]

Tan, Y,; Yin, X.; Zhang, S.; Jiang, H.; Tan, K,; Li, ].; Xiong, B.; Gong, F.; Zhang, C.; Pan, X.; et al. Clinical outcome of preimplantation
genetic diagnosis and screening using next generation sequencing. Gigascience 2014, 3, 30. [CrossRef]

Kuang, Y.; Chen, Q.; Fu, Y,; Wang, Y,; Hong, Q.; Lyu, Q.; Ai, A.; Shoham, Z. Medroxyprogesterone acetate is an effective oral
alternative for preventing premature luteinizing hormone surges in women undergoing controlled ovarian hyperstimulation for
in vitro fertilization. Fertil. Steril. 2015, 104, 62-70.e63. [CrossRef]

Xue, Y.; Tong, X.; Jiang, L.; Zhu, H.; Yang, L.; Zhang, S. Effect of vitrification versus slow freezing of human day 3 embryos on
B-hCG levels. |. Assist. Reprod. Genet. 2014, 31, 1037-1043. [CrossRef]

Zeng, Z.; Cao, B.; Guo, X,; Li, W,; Li, S.; Chen, J.; Zhou, W.; Zheng, C.; Wei, Y. Apolipoprotein B-100 peptide 210 antibody inhibits
atherosclerosis by regulation of macrophages that phagocytize oxidized lipid. Am. J. Transl. Res. 2018, 10, 1817-1828. [PubMed]
Matthews, D.R.; Hosker, ].P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F,; Turner, R.C. Homeostasis model assessment: Insulin
resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412-419.
[CrossRef]


http://doi.org/10.1002/bdr2.1219
http://doi.org/10.1016/j.fertnstert.2017.10.019
http://doi.org/10.1016/j.fertnstert.2012.09.003
http://doi.org/10.1016/S0140-6736(18)32843-5
http://doi.org/10.1542/peds.2004-1808
http://doi.org/10.1159/000285629
http://doi.org/10.1095/biolreprod.112.100743
http://doi.org/10.1371/journal.pone.0113155
http://doi.org/10.1210/en.2016-1475
http://www.ncbi.nlm.nih.gov/pubmed/28323978
http://doi.org/10.1016/j.reprotox.2016.07.015
http://doi.org/10.3389/fcell.2021.637781
http://doi.org/10.1210/jc.2006-2896
http://doi.org/10.1007/s00125-020-05241-1
http://doi.org/10.1016/j.fertnstert.2013.02.009
http://www.ncbi.nlm.nih.gov/pubmed/23472944
http://doi.org/10.1016/j.cmet.2016.09.018
http://www.ncbi.nlm.nih.gov/pubmed/28094011
http://doi.org/10.1136/bmjopen-2012-002166
http://www.ncbi.nlm.nih.gov/pubmed/23427202
http://doi.org/10.3389/fgene.2019.01302
http://www.ncbi.nlm.nih.gov/pubmed/31998365
http://doi.org/10.1016/j.gyobfe.2011.08.025
http://www.ncbi.nlm.nih.gov/pubmed/22342506
http://doi.org/10.2174/1389201017666160118103147
http://www.ncbi.nlm.nih.gov/pubmed/26775651
http://doi.org/10.1093/humupd/dmt037
http://doi.org/10.1016/j.fertnstert.2017.08.022
http://doi.org/10.1186/2047-217X-3-30
http://doi.org/10.1016/j.fertnstert.2015.03.022
http://doi.org/10.1007/s10815-014-0259-3
http://www.ncbi.nlm.nih.gov/pubmed/30018722
http://doi.org/10.1007/BF00280883

J. Clin. Med. 2023, 12,2322 12 0of 12

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Huang, Y; Jiao, Y,; Gao, Y.; Zhang, P; Huang, W.; Liu, Y,; Huang, Y.; Tian, Y.; Wan, J.B.; Zhang, Z; et al. An extendable
all-in-one injection twin derivatization LC-MS/MS strategy for the absolute quantification of multiple chemical-group-based
submetabolomes. Anal. Chim. Acta 2019, 1063, 99-109. [CrossRef]

Bian, X.; Li, N.; Tan, B.; Sun, B.; Guo, M.Q.; Huang, G.; Fu, L.; Hsiao, W.L.W.; Liu, L.; Wu, J.L. Polarity-Tuning Derivatization-
LC-MS Approach for Probing Global Carboxyl-Containing Metabolites in Colorectal Cancer. Anal. Chem. 2018, 90, 11210-11215.
[CrossRef] [PubMed]

Guo, X.-Y,; Liu, X.-M,; Jin, L.; Wang, T.-T.; Ullah, K.; Sheng, J.-Z.; Huang, H.-F. Cardiovascular and metabolic profiles of offspring
conceived by assisted reproductive technologies: A systematic review and meta-analysis. Fertil. Steril. 2017, 107, 622-631.
[CrossRef]

Bruls, Y.M.; de Ligt, M.; Lindeboom, L.; Phielix, E.; Havekes, B.; Schaart, G.; Kornips, E.; Wildberger, ].E.; Hesselink, M.K.; Muoio,
D.; et al. Carnitine supplementation improves metabolic flexibility and skeletal muscle acetylcarnitine formation in volunteers
with impaired glucose tolerance: A randomised controlled trial. EBioMedicine 2019, 49, 318-330. [CrossRef]

Sjoblom, C.; Roberts, C.T.; Wikland, M.; Robertson, S.A. Granulocyte-macrophage colony-stimulating factor alleviates adverse
consequences of embryo culture on fetal growth trajectory and placental morphogenesis. Endocrinology 2005, 146, 2142-2153.
[CrossRef]

Ceelen, M.; van Weissenbruch, M.M.; Prein, J.; Smit, ].].; Vermeiden, ] P.W.; Spreeuwenberg, M.; van Leeuwen, FE.; Delemarre-van
de Waal, H.A. Growth during infancy and early childhood in relation to blood pressure and body fat measures at age 8-18 years
of IVF children and spontaneously conceived controls born to subfertile parents. Hum. Reprod. 2009, 24, 2788-2795. [CrossRef]
[PubMed]

Roberts, L.D.; Koulman, A.; Griffin, J.L. Towards metabolic biomarkers of insulin resistance and type 2 diabetes: Progress from
the metabolome. Lancet Diabetes Endocrinol. 2014, 2, 65-75. [CrossRef] [PubMed]

Guasch-Ferré, M.; Hruby, A.; Toledo, E.; Clish, C.B.; Martinez-Gonzalez, M.A.; Salas-Salvadé, J.; Hu, F.B. Metabolomics in
Prediabetes and Diabetes: A Systematic Review and Meta-analysis. Diabetes Care 2016, 39, 833-846. [CrossRef]

Liu, L.; Feng, R.; Guo, E; Li, Y,; Jiao, ].; Sun, C. Targeted metabolomic analysis reveals the association between the postprandial
change in palmitic acid, branched-chain amino acids and insulin resistance in young obese subjects. Diabetes Res. Clin. Pract.
2015, 108, 84-93. [CrossRef]

Suzuki, Y.; Kido, J.; Matsumoto, S.; Shimizu, K.; Nakamura, K. Associations among amino acid, lipid, and glucose metabolic
profiles in childhood obesity. BMC Pediatr. 2019, 19, 273. [CrossRef]

Perng, W.; Gillman, M.W.; Fleisch, A.F.; Michalek, R.D.; Watkins, S.M.; Isganaitis, E.; Patti, M.E.; Oken, E. Metabolomic profiles
and childhood obesity. Obesity 2014, 22, 2570-2578. [CrossRef]

Moran-Ramos, S.; Ocampo-Medina, E.; Gutierrez-Aguilar, R.; Macias-Kauffer, L.; Villamil-Ramirez, H.; Lopez-Contreras, B.E.;
Leon-Mimila, P.; Vega-Badillo, J.; Gutierrez-Vidal, R.; Villarruel-Vazquez, R.; et al. An Amino Acid Signature Associated with
Obesity Predicts 2-Year Risk of Hypertriglyceridemia in School-Age Children. Sci. Rep. 2017, 7, 5607. [CrossRef]

Macfarlane, S.; Macfarlane, G.T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 2003, 62, 67-72. [CrossRef]
Morrison, D.J.; Preston, T. Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism. Gut
Microbes 2016, 7, 189-200. [CrossRef] [PubMed]

Louis, P; Young, P; Holtrop, G.; Flint, H.]J. Diversity of human colonic butyrate-producing bacteria revealed by analysis of the
butyryl-CoA:acetate CoA-transferase gene. Environ. Microbiol. 2010, 12, 304-314. [CrossRef]

Suhre, K.; Meisinger, C.; Doring, A.; Altmaier, E.; Belcredi, P; Gieger, C.; Chang, D.; Milburn, M.V.; Gall, W.E.; Weinberger, K.M.;
et al. Metabolic footprint of diabetes: A multiplatform metabolomics study in an epidemiological setting. PLoS ONE 2010, 5,
€13953. [CrossRef]

Kalhan, S.C.; Guo, L.; Edmison, J.; Dasarathy, S.; McCullough, A.J.; Hanson, R.W.; Milburn, M. Plasma metabolomic profile in
nonalcoholic fatty liver disease. Metabolism 2011, 60, 404—-413. [CrossRef] [PubMed]

Fernandes, J.; Su, W.; Rahat-Rozenbloom, S.; Wolever, T.M.; Comelli, E.M. Adiposity, gut microbiota and faecal short chain fatty
acids are linked in adult humans. Nutr. Diabetes 2014, 4, €121. [CrossRef] [PubMed]

Goffredo, M.; Mass, K.; Parks, E.J.; Wagner, D.A.; McClure, E.A.; Graf, J.; Savoye, M.; Pierpont, B.; Cline, G.; Santoro, N. Role of
Gut Microbiota and Short Chain Fatty Acids in Modulating Energy Harvest and Fat Partitioning in Youth. J. Clin. Endocrinol.
Metab. 2016, 101, 4367—4376. [CrossRef] [PubMed]

Rahat-Rozenbloom, S.; Fernandes, J.; Gloor, G.B.; Wolever, T.M. Evidence for greater production of colonic short-chain fatty acids
in overweight than lean humans. Int. J. Obes. 2014, 38, 1525-1531. [CrossRef]

De la Cuesta-Zuluaga, J.; Mueller, N.T.; Alvarez-Quintero, R.; Velasquez-Mejia, E.P; Sierra, J.A.; Corrales-Agudelo, V.; Carmona,
J.A.; Abad, ].M.; Escobar, ].S. Higher Fecal Short-Chain Fatty Acid Levels Are Associated with Gut Microbiome Dysbiosis, Obesity,
Hypertension and Cardiometabolic Disease Risk Factors. Nutrients 2018, 11, 51. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.aca.2019.02.001
http://doi.org/10.1021/acs.analchem.8b01873
http://www.ncbi.nlm.nih.gov/pubmed/30193063
http://doi.org/10.1016/j.fertnstert.2016.12.007
http://doi.org/10.1016/j.ebiom.2019.10.017
http://doi.org/10.1210/en.2004-1260
http://doi.org/10.1093/humrep/dep273
http://www.ncbi.nlm.nih.gov/pubmed/19648588
http://doi.org/10.1016/S2213-8587(13)70143-8
http://www.ncbi.nlm.nih.gov/pubmed/24622670
http://doi.org/10.2337/dc15-2251
http://doi.org/10.1016/j.diabres.2015.01.014
http://doi.org/10.1186/s12887-019-1647-8
http://doi.org/10.1002/oby.20901
http://doi.org/10.1038/s41598-017-05765-4
http://doi.org/10.1079/PNS2002207
http://doi.org/10.1080/19490976.2015.1134082
http://www.ncbi.nlm.nih.gov/pubmed/26963409
http://doi.org/10.1111/j.1462-2920.2009.02066.x
http://doi.org/10.1371/journal.pone.0013953
http://doi.org/10.1016/j.metabol.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20423748
http://doi.org/10.1038/nutd.2014.23
http://www.ncbi.nlm.nih.gov/pubmed/24979150
http://doi.org/10.1210/jc.2016-1797
http://www.ncbi.nlm.nih.gov/pubmed/27648960
http://doi.org/10.1038/ijo.2014.46
http://doi.org/10.3390/nu11010051

	Introduction 
	Method 
	Study Design and Population 
	Medical History 
	IVF Procedures 
	Biochemical Analysis 
	Metabolomic Analysis 
	Sample Preparation 
	Data Analysis and Processing 

	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Biochemical Profile 
	Metabolomic Profile 

	Discussion 
	Glycolipid Metabolism 
	Amino Acid Metabolism 
	Bile Acids (BAs) and Short-Chain Fatty Acids (SFACs) Metabolism 

	Conclusions 
	References

