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Abstract

Background
In vitro fertilization and embryo transfer (IVF-ET) is now widely used as a routine assisted reproductive
technology (ART) procedure, and the long-term health outcomes of IVF-ET offspring are of great concern.
A growing body of research suggests that children conceived through IVF-ET may be at increased risk for
metabolic syndrome, type 2 diabetes, and cardiovascular disease.

Methods
An IVF-ET mouse model was established. Body weights and the principal organs were weighed, and
organ/body weight indexes were calculated. The glucose metabolism levels were assessed by glucose
tolerance test (GTT), insulin tolerance test (ITT), and pyruvate tolerance test (PTT). The quantitative real-
time PCR (RT-qPCR) technique was performed to determine the gene expression pro�ling in livers; HepG2
cells were transfected with either interfering RNA or overexpression plasmids to investigate the gene
functions. mRNA and protein expression of relevant genes was veri�ed by RT-qPCR and protein
immunoblotting.

Results
Compared with the natural mating control group, male IVF-ET offspring showed: Higher body, liver, and
epididymal white adipose tissue (eWAT) weight; Disrupted glucolipid metabolism with abnormal GTT, ITT,
and PTT; Signi�cantly decreased GDF15 expression along with increased expression of RGS16.
Furthermore, phosphorylation of ERK1/2 and AKT were signi�cantly reduced in the IVF-ET group. In vitro
HepG2 cell experiment showed that knockdown of GDF15 caused an abnormal increase in RGS16
expression and decreased phosphorylation of ERK1/2 and AKT, accompanied by increased lipid
deposition; In contrast, overexpression of GDF15 reduced expression of RGS16. Simultaneous
knockdown of both GDF15 and RGS16 reversed lipid deposition in HepG2 cells.

Conclusion
Down-regulation of GDF15 expression in liver tissues of IVF-ET male offspring results in elevated
expression of RGS16, which causes the weakening of the downstream ERK1/2 and AKT phosphorylation
pathways, leading to increased activity lipid deposition and abnormal lipid metabolism in the liver of IVF-
ET male offspring. It is suggested that GDF15-RGS16-p-ERK1/2/p-AKT pathway plays a crucial role in
liver lipid deposition in IVF-ET male offspring and could be a potential therapeutic target.

1. Background
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Assisted reproductive technology (ART) refers to medical aids that enable infertile couples to conceive. It
includes arti�cial insemination (AI), in vitro fertilization and embryo transfer (IVF-ET) and their derivatives
[1]. In recent years, the incidences of infertility keep growing, and approximately 17% of couples suffer
from infertility conditions worldwide [2]. In China, about 200 thousand IVF babies are born each year.
Especially with the unveiled "three-child" policies, in order to resolve fertility problems, the demands for
ART have increased dramatically. Consequently, the proportion of children born after IVF keeps rising.

Theories of “gamete and embryo-fetal origins of adult diseases” suggest that adverse environmental
exposures during gametogenesis, embryo implantation, and critical developmental stages from fetus to
the infant will have an “imprint” impact on the growth and development of offspring, leading to an
increased risk of chronic diseases such as hypertension, insulin resistance, type 2 diabetes and
centripetal obesity in adulthood [3]. As one of the environmental exposures at early developmental
stages, ARTs involve ovarian stimulation, in vitro fertilization or intracytoplasmic single sperm injection,
embryo culture, freezing, and transfer, all of which mean that the environment experienced by gametes
and embryos is signi�cantly altered compared to natural pregnancy [4, 5].

Whether ARTs affect children’s health in the long term has been a topic of great interest since the birth of
the �rst in vitro fertilization (IVF) child in 1978 [6]. A long-term follow-up study shows IVF-ET-born children
may be at increased risk of metabolic and cardiovascular disease [7]. It has been reported to increase
fasting blood glucose levels [8], blood pressure [8, 9], adiposity, triglyceride levels [10], and vascular
dysfunction [9, 11, 12] in IVF children. In our recent studies, we found that umbilical veins of IVF-ET
offspring showed abnormal sensitivity to acetylcholine (ACh) or angiotensin II (AII)-mediated contraction,
which could be caused by hypo/hypermethylation of the speci�c receptors [13, 14]. Our �ndings strongly
supported the idea that IVF-ET could directly lead to changes in fetal vessel functions, which might result
in cardiovascular disorders in the long term.

However, various causes of infertility and complicated genetic backgrounds in humans make the studies
exploring the in�uence of ART itself on offspring health become too tricky. To eliminate these
complicating factors, animal models have been gradually used for studying the potential effects of IVF-
ET on its offspring. Recent studies using the IVF-ET mouse model found impaired metabolism in IVF-ET
offspring, such as altered fasting blood glucose levels, impaired glucose tolerance and pyruvate [15–19];
increased body weight, body fat, and higher triglyceride, cholesterol, and insulin levels [20]; reduced
lipolysis and increased lipid accumulation in adipose tissue and liver tissue [19, 21]. These studies
suggest that the IVF-ET technique itself is signi�cantly associated with abnormal metabolic function in
the offspring.

Most studies on the effects of assisted reproductive technologies on offspring metabolism have focused
on glucose metabolism, while the speci�c mechanisms of altered lipid metabolism in IVF-ET offspring
are seldom studied. Therefore, we generated a C57BL/6N mouse model by IVF-ET technology to learn the
liver function and lipid metabolism of IVF-ET offspring and then explored the correlation between IVF-ET
technology and the alteration of metabolic function of offspring and the speci�c mechanism.
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2. Materials And Methods

2.1. Animals
All experimental procedures with mice were approved by the Jiangsu Model Organisms Center’s Ethical
Committee. C57BL/6N mice and ICR mice were purchased from the Beijing Vital River Laboratory Animal
Technology and housed in a 12-h alternating light-dark, temperature-controlled, speci�c pathogen-free
barrier facility prior to and throughout experimentation. Pregnant mice were housed in a single cage, and
pups were sorted into separate cages four weeks after birth. Mice that need to be measured for food
intake are housed in a single cage.

C57BL/6N females and males were used to create 2-cell embryos transferred into the oviducts of
pseudopregnancy ICR mice, referred to as the IVF-ET group. In addition, we created a naturally pregnant
group as a control group (CON). On the day of birth, the pups were weighed. Weighing continued after
weaning (4–28 weeks). Daily food weighing was performed with both groups.

2.2. In vitro fertilization
Superovulation in 6-10-week-old female C57BL/6N mice by intraperitoneal injection of 5IU of pregnant
horse serum gonadotropin (PMSG, Ningbo Second Hormone Factory, Ningbo, China) followed by 5IU of
human chorionic gonadotropin (HCG, Ningbo Second Hormone Factory, Ningbo, China) 48 h. Oocytes
were collected from the oviductal pots 13–15 h after HCG administration and fertilized in vitro with
caudal epididymal sperm from 6-10-week-old male C57BL/6N mice. Gametes were co-cultured in human
oviductal �uid medium (HTF, Sigma, USA) in a 5% CO2 and 5% O2 incubator (Heal Force, Shanghai,
China) at 37°C for 15–16 h. After co-culture, 2-cell embryos were washed with Potassium simplex
optimized medium (KSOM, Sigma, USA) three times, followed by embryo transfer.

2.3. Embryo transfer
The 6-8-week-old female ICR mice are used as pseudopregnant recipients for embryo transfer. Recipients
were produced by mating with vasectomized male ICR mice. The day on which a plug was observed was
considered embryonic day 0.5 (E0.5) of pseudopregnancy. Fresh 2-cell embryos were surgically
transferred to the fallopian tubes of pseudopregnant ICR females at E0.5. Mice were anesthetized with
tribromoethanol. All-female mice that received embryos were fed standard chow.

2.4. Glucose, Insulin, and Pyruvate tolerance test
Glucose tolerance test (GTT) and pyruvate tolerance test (PTT) were performed at 8 am after 14–16
hours of fasting, and insulin tolerance test (ITT) was performed at 1 pm after 2 hours of fasting. Glucose
(2g/kg), pyruvate (2g/kg), or insulin (1IU/kg) were administered intraperitoneally to the mice. Glucose
levels were measured using a glucometer (Johnson, America) at 0, 15, 30, 60, 90, and 120 min after
injection. GTT, ITT, and PTT were performed at 20–24 weeks of age.

2.5. Lipid parameters
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After 4 hours of fasting, blood samples were collected from the posterior orbits of anesthetized mice to
extract serum and stored at -80°C. Liver lipids were extracted from approximately 50 mg of liver tissue
and homogenized in anhydrous ethanol. Triglycerides (TG), high-density lipoprotein cholesterol (HDL-C),
and low-density lipoprotein cholesterol (LDL-C) were measured using a biochemical analyzer (BMG,
Germany).

2.6. Histological analysis
Liver tissue was removed from 20-week-old mice after a 4-hour fast. Tissue �xed in 4% paraformaldehyde
for histological analysis or frozen in liquid nitrogen for storage. The para�n sections were depara�nized,
rehydrated, and then stained with hematoxylin/eosin (Yuanye Bio-Technology, Shanghai, China) to
visualize the morphology. Oil red O (ORO) staining (Solarbio, Beijing, China) was used to stain neutral TG
and lipids in frozen sections. All sections were imaged with a light microscope (Olympus, Japan).

2.7. RNA-Sequencing (RNA-Seq)
Total RNA was isolated from livers using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and used as the
template to construct cDNA libraries. RNA sequencing was performed with the liver sample from 20-week-
old offspring. Sequencing was run on an Illumina system performed by Azenta Biotechnology (Soochow,
China). Differentially expressed genes (DEGs) were determined by |foldchange| >1 and P values < 0.05.
Volcano map, heat map and GSEA pathway enrichment analysis were performed. Images are plotted on
the omicstudio Biology (website: https://www.omicstudio.cn/index ). The genes enriched in GSEA were
considered statistically signi�cant when the nominal P-value was < 0.05 and |NES|>1.

2.8. Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcribed
using the RevertAid First Strand cDNA Synthesis Kit (K1622, Thermo Scienti�c, USA). The TB green
Premix EX Taq kit (RR820A, TaKaRa, USA) was used for RT-qPCR. Real-time PCR reactions were
performed on Bio-Rad iCycler iQ RT-qPCR machine. RNA concentration and quality were analyzed using
NanoDrop2000. Gene expression was calculated using the 2−ΔΔCT method, and data were normalized to
18S or β-Actin. The primer sequences were provided in Additional �le 1: Table S2.

2.9. Western blotting
Total protein was harvested from liver tissue, and cell line lysates using RIPA buffer (P0013B, Beyotime,
China) supplemented with protease and phosphatase inhibitors (P001, NCM Beyotime, China). Protein
concentrations were determined by the Bradford method (P0006, Beyotime, China). Samples were
separated by SDS-PAGE and then transferred to polyvinyl di�uoride (PVDF) membranes. Antibodies are
listed in Additional �le 1: Table S3. Primary antibodies were incubated overnight at 4°C, and secondary
antibodies were incubated for 1 hour at room temperature. Visualization of signals using the enhanced
chemiluminescence system (GE Healthcare, Piscataway, NJ, USA). Protein abundance was assessed by
normalization to β-actin or α-Actinin.

2.10. Cell culture and transfection
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HepG2 cells were obtained from ATCC in a medium supplemented with 10% FBS (Hyclone, Logan, UT,
USA) and 1% penicillin-streptomycin (Hyclone, Logan, UT, USA), and all cell lines were maintained in an
incubator containing 5% CO2 at 37°C. Transfection was performed using 150 pmol of si-NC, si-GDF15, si-
RGS16 (Gene Pharma, Shanghai, China) or 2µg pcDNA-empty, pcDNA-GDF15. GT-Transfect-Mate reagent
(Gene Pharma, Shanghai, China) in Opti-MEM (Thermo Fisher Scienti�c, USA) was used, and the medium
was exchanged after 8 hours of transfection. See Additional �le 1: Table S4 for siRNA information. The
pcDNA-GDF15 vector was constructed according to the sequence of GDF15 and the characteristics of the
vector.

The sequence of the forward oligonucleotide is
TAATACGACTCACTATAGGGCCACCATGCCCGGGCAAGAACTCAG; and the reverse oligonucleotide is
TCTGAGATGAGTTTTTGTTCTATGCAGTGGCAGTCTTTGGCT.

2.11. Oil red staining of HepG2 cells
Lipid droplets were initially visualized and subsequently quanti�ed by ORO staining (Solarbio, Beijing,
China). After transfection for 24 h, the cells were �xed in 10% formalin for 30 min. The �xed cells were
then stained in a pre-warmed ORO solution at 60°C for 30 min, and the red-stained lipid droplets were
subsequently visualized using a light microscope. To quantify lipid accumulation, ORO was eluted with
100% isopropanol, and the OD of the eluate was measured using a biochemical analyzer (BMG,
Germany). According to the manufacturer's instructions, TG levels in HepG2 cells were measured using
the Triglyceride Quanti�cation Kit (Jiancheng, Nanjing, China).

2.12. Statistical analysis
All data are shown as mean ± SEM. Statistical analysis was performed using t-test or two-way analysis of
variance (ANOVA). The area under the curve (AUC) of glucose levels in GTT, ITT, and PTT was calculated
using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA). P-value < 0.05 was considered
statistically signi�cant.

3. Results

3.1. Distinct body weight trajectories in offspring
The number of litters was similar in both groups (CON: 161, IVF-ET: 133), and the sex ratio (female/male)
was 1.1 (84:77) in the CON group and 1.0 (67:66) in the IVF group (Additional �le 1: Table S2). The birth
weights of both male and female offspring in the IVF-ET group were higher than those in the CON group
at postnatal day 1 (Fig. 1a,1d); There was no signi�cant difference in body weight at four weeks; however,
the weights of male IVF-ET offspring showed an upward trend at eight weeks. At ten weeks, the male
mice had signi�cantly increased body weight compared to CON, while female offspring did not gain
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weight rapidly until 18 weeks (Fig. 1b, 1e). To exclude nutritional effects, the daily intakes of the two
groups were calculated, and no signi�cant differences were found between the experimental and control
groups (Fig. 1c, 1f). These results suggested that the IVF-ET procedure affects the normal development of
offspring in mice.

3.2. Abnormal glucose metabolism in IVF-ET offspring
To further investigate the effects of IVF-ET on glucose homeostasis in the offspring, we performed the
glucose tolerance test (GTT), insulin tolerance test (ITT), and pyruvate tolerance test (PTT) in male and
female offspring of the IVF-ET and CON groups. For the male offspring, the area under the curve (AUC) of
GTT, ITT, and PTT was increased in the IVF-ET group (Fig. 2a, 2c); Glucose homeostasis was disturbed in
the IVF-ET group at 15, 30, and 90 minutes after glucose injection compared to the CON group (Fig. 2a);
ITT results showed higher blood glucose in the IVF-ET group at 0, 15, 30, and 60 minutes, indicating
decreased insulin sensitivity (Fig. 2b); Despite slight differences in fasting blood glucose, there was no
signi�cant difference in blood glucose levels between the two groups after pyruvate injection (Fig. 2c).
However, for the female offspring, there were no signi�cant differences in fasting glucose, GTT and PTT
tests between the two groups, as was the area under their curves (Fig. 2d, 2f), and the ITT test showed
differences in blood glucose at 0 and 15 minutes after insulin injection and a higher AUC in the IVF-ET
group than in the CON group (Fig. 2e), suggesting slight insulin resistance.

3.3. Abnormal lipid metabolism in IVF-ET male offspring
The above results indicate that IVF-ET male offspring exhibit more severely impaired glucose metabolism
than females. Compared to the CON group, IVF-ET male offspring showed signi�cant weight gain at eight
weeks of age that persisted until 28 weeks, whereas IVF-ET female offspring showed insigni�cant weight
changes by 18 weeks of age compared to the CON group. Therefore, in combination with bodyweight
data and glucose metabolism phenotypes, male offspring were chosen as the main subjects in this study.
At 20 weeks, we measured the weight of organs associated with metabolisms, such as the liver, brain,
spleen, heart, kidney, subcutaneous white adipose tissue (sWAT), epididymal white adipose tissue
(eWAT), and interscapular brown adipose tissue (iBAT), and calculated the relative organ weight/body
weight ratio of male offspring. Both liver and eWAT weight were found to be increased, while only the
ratio of epididymal fat weight/body weight, but not liver, was signi�cantly increased (Fig. 3b, 3c). Liver
tissue is not only the most critical organ in which glucose metabolism occurs but also the most critical
organ in regulating lipid metabolism in the organism [22, 23]. Then we performed a histological analysis
of the liver. HE staining showed that hepatocytes in the IVF-ET male offspring had extensive steatosis,
ballooning degeneration, and a scattered in�ltration of a small number of in�ammatory cells compared
to controls (Fig. 3a). Oil red O staining showed signi�cant lipid deposition in IVF-ET male offspring liver
tissue (Fig. 3a). Lipid metabolism analysis using plasma and liver tissue showed signi�cantly increased
plasma triglycerides and LDL-C and decreased HDL-C in the IVF-ET male offspring (Fig. 3d-3f); consistent
results were also found in liver tissues (Fig. 3g-3i). It can be inferred that the offspring of IVF-ET males
have abnormal lipid metabolism.

3.4. Altered liver transcriptome in IVF-ET male offspring
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To explore the underlying mechanisms of the lipid metabolism in male offspring conceived by IVF-ET, we
performed the RNA-sequencing of livers from both groups. Fifty-nine genes were upregulated, and
seventy-six genes were downregulated in the IVF-ET group compared to the CON group (Fig. 4a). A heat
map of metabolism-related genes was generated (Fig. 4b). After a pairwise comparison of GSEA, it was
revealed that many genes involved in the initial fatty acid synthesis process were signi�cantly
upregulated in the GO and KEGG enrichment pathways in the IVF-ET group compared to the CON group
(Fig. 4c, 4d).

We veri�ed the sequencing results by RT-qPCR and con�rmed the upregulation of many genes related to
lipid synthesis, such as Pparg, Srebf1, Dgat2, Cebpb, and Fabp2 (Fig. 4e). No signi�cant changes were
observed for several genes related to fatty acid oxidation, such as Ppara, Pgc1a, and Acox1 (Fig. 4f). All
data suggest that abnormal liver lipid metabolism in IVF-ET male offspring mice may be primarily related
to the lipid synthesis pathway.

3.5. Decreased GDF15 and increased RGS16 were found in
the liver of IVF-ET offspring
Gdf15 plays a vital role in obesity and related metabolic diseases [24, 25]. Rgs16 provides a signaling
mechanism for glucose production to inhibit G protein-coupled receptors (GPCR) -stimulated fatty acid
oxidation in hepatocytes [26]. Both of which are implicated in hepatic lipid metabolism. In RNA-
sequencing results, we found that the expression of Gdf15 and Rgs16 in liver tissues in the IVF-ET group
was signi�cantly different by more than 2-fold compared to the CON group (Fig. 4a, 4b). Validation of the
expression of these two genes in mouse liver tissue by q-PCR revealed reduced Gdf15 (Fig. 5a) and
increased Rgs16 (Fig. 5b), which is consistent with the results of the RNA-Seq data. Western blotting
results con�rmed that protein changes of both GDF15 and RGS16 were consistent with mRNA expression
studies (Fig. 5c).

3.6 Increased phosphorylation of AKT and ERK1/2 in the
liver of IVF-ET offspring
It is known that GDF15 can activate the downstream AKT and ERK1/2 pathways, which contribute to the
regulation of hepatic mitochondrial function and energy metabolism. Therefore, we continued to check if
the downstream of GDF15 had been affected. We veri�ed the expression of ERK1/2, AKT, p-ERK1/2, and
p-AKT levels in the liver of IVF-ET male offspring by Western blot and found that the expression of p-
ERK1/2 and p-AKT was reduced in the liver of IVF-ET male offspring mice (Fig. 5c). It is suggested that
the impaired lipid metabolism in the IVF-ET group may be due to abnormalities in the ERK1/2 and AKT
pathways.
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3.7. GDF15 negatively regulated RGS16 in lipid deposition in
hepatocytes
To investigate the relationship between GDF15, RGS16, and liver lipid metabolism, we performed RNA
interference to knock down GDF15 expression in HepG2 cells in vitro. Interestingly, we found that
knockdown of GDF15 was followed by an increase in the expression of RGS16 (Fig. 6a, 6b). De novo lipid
synthesis genes such as PPARG, SREBF1, FABP2, CEBPB, and FABP2 were increased, while no signi�cant
changes were found in fatty acid oxidation genes (Fig. 6c); Phosphorylation of ERK1/2 and AKT levels
were signi�cantly decreased (Fig. 6b). Furthermore, we overexpressed GDF15 by transfecting HepG2 cells
with GDF15 containing pcDNA3.1-myc-His plasmids. Interestingly, we found that overexpression of
GDF15 was followed by a signi�cant decrease in RGS16 mRNA and protein expression (Fig. 6d, 6e). The
expression of lipogenic genes SREBF1 and FABP2 was decreased, while the expression of fatty acid
oxidation genes PPARA and ACOX1 was increased (Fig. 6f). Phosphorylation of ERK1/2 and AKT were
signi�cantly increased (Fig. 6e). Our �ndings indicated that a negative regulatory relationship between
GDF15 and RGS16 may cause changes in mRNA levels of lipogenic and fatty acid oxidation genes by
affecting the phosphorylation of ERK1/2 and AKT, leading to increased lipid deposition.

3.8. Knockdown of RGS16 reverses GDF15 downregulatin-
induced lipid deposition
Since decreased GDF15 results in abnormal lipid metabolism and increased expression of RGS16, we
wondered if reducing RGS16 could rescue the phenotypes caused by GDF15 down-regulation.

By RGS16 RNAi in HepG2 cells, we found that reduced RGS16 mRNA expression was followed by reduced
levels of lipogenic genes PPARG, SREBF1, and FABP2 mRNA, increased expression of fatty acid oxidation
gene PGC1A (Supplementary Fig. S1b) and increased phosphorylation of ERK1/2 and AKT
(Supplementary Fig. S1a), suggesting that a reduction in RGS16 may increase fatty acid oxidation and
inhibit initial lipid synthesis, resulting in reduced lipid deposition in hepatocytes.

We then knockdown of GDF15 and RGS16 expression simultaneously to see if it could reverse the
abnormal lipid deposition caused by GDF15 downregulation in hepatocytes. The cell oil red O staining
showed that knockdown of RGS16 reversed the increased lipid deposition (Fig. 7a), altered mRNA
expression of lipogenic and fatty acid oxidation genes (Fig. 7b), and phosphorylation of ERK1/2 and AKT
caused by GDF15 knockdown (Fig. 7c). These results suggested that the knockdown of RGS16 in HepG2
cells reversed the abnormal lipid deposition induced by GDF15 knockdown.

4. Discussion
The embryonic and fetal developments are susceptible to environmental factors, and any sub-optimal
conditions during the development stages of gametes, embryos, and the fetus could affect the health of
the offspring after birth, which is known as the “embryo-fetal origin of disease” theory [27]. A vast body of
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evidence suggests that children conceived by IVF-ET may be at increased risk of chronic diseases [8, 10].
In this study, increased body weight, abnormal glucose metabolism and lipid metabolism, particularly
abnormal liver lipid deposition, were observed in IVF-ET male mice offspring. Sex-speci�c phenotypes,
such as male offspring exhibiting more severely impaired glucose metabolism, insulin resistance,
abnormal pyruvate tolerance, and earlier weight gain than females, were found in our study. It was
evident that there may be gender differences in the effects of IVF-ET on offspring. To date, various
metabolic phenotypes of IVF-ET offspring have been reported. Lower birth weight [28] and catch-up
growth [15, 29], normal birth weight [17], and higher body weight as found in our study, were observed.
IVF-ET offspring could present with impaired glucose metabolism, insulin resistance, and abnormal
pyruvate tolerance after receiving a high-fat diet [20]; Severe glucose metabolism dysfunction sometimes
occurs only in female offspring and sometimes only in male offspring [15, 16, 18, 29]. We presumed that
the sex-speci�c phenotypes might be caused by different mouse strains, culture media, breeding
conditions [17], as well as female estrogenic protection and epigenetic modi�cations of imprinted genes
[30].

Moreover, we found increased body fat and liver weight, abnormal liver steatosis and lipid deposition,
higher TG/LDL-C, and lower HDL-C in the male IVF-ET offspring at 22 weeks. These �ndings suggest
abnormal lipid metabolism in IVF-ET male mice. It is well known that hepatic lipid metabolism plays a
key role with essential functions in the de novo synthesis of fatty acids and ketogenesis [31]. Therefore,
we have sequenced the liver transcriptome and carried out an in-depth study of the possible mechanisms
underlying the abnormalities in lipid metabolism. GO, and KEGG enrichment analysis results revealed an
upregulated transcriptional status of genes involved in the primary synthesis of hepatic lipids in the livers
of IVF-ET mice compared to CON mice. It suggests that the mechanism of increased hepatic lipid
deposition in IVF-ET male offspring may be related to abnormalities in pathways related to lipid
synthesis. It is well known that hyperglycemia, insulin resistance, hypertriglyceridemia, and abnormal
fatty deposits in the liver are the main features of Non-alcoholic fatty liver disease (NAFLD) and other
metabolic syndromes. Therefore, we speculate that IVF-ET conceived male mice might be susceptible to
metabolic disorders relative to NAFLD.

Previous studies have shown that increased phosphorylation of insulin receptors AKT and ERK1/2
contributes to the regulation of hepatic mitochondrial function and energy metabolism [32–35]. Growth
differentiation factor 15 (GDF15), a member of the transforming growth factor-β superfamily, is
abundantly expressed in placental trophoblast cells during gestation and is synthesized and secreted
mainly in the liver, where it is involved in various biological processes, including energy balance, body
weight regulation and cachexia due to cancer and chronic diseases [36, 37]. It can promote fatty acid
oxidation and inhibit lipid de novo synthesis in hepatocytes by binding to the GFRAL-RET receptor on the
surface of target cells, leading to activation of the downstream AKT and ERK1/2 pathways [38]. G protein
signaling regulator 16 (RGS16) was initially cloned from the retina [39], which expressions in the heart,
liver, hematopoietic cells, and brain [40, 41]. RGS16 is involved in adaptive immunity, platelet migration,
and glucose or fat metabolism. High expression of RGS16 leads to hepatic steatosis, reduced blood
glucose and β-ketone levels, and decreased gene expression for fatty acid oxidation in the liver; In
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contrast, Rgs16 KO mice exhibited the opposite phenotype as elevated expression of fatty acid oxidation
genes in the liver, higher rates of fatty acid oxidation in liver extracts, and higher plasma β-ketone levels
[26, 42]. In IVF-ET mice, we found increased expression of RGS16, downregulation of GDF15, p-ERK1/2,
and p-AKT, and increased expression of lipogenic genes in the livers of IVF-ET male offspring. We,
therefore, deduced that abnormal lipid metabolism in IVF-ET male offspring might be associated with
abnormal GDF15-RGS16-p-ERK1/2/p-AKT pathway. Combining the known opposite functions reported
with GDF15/RGS16 and the opposite expression found in our studies, we presumed that there might be a
negative relationship between these two genes. However, no studies have shown an association between
GDF15 and RGS16.

In vitro in HepG2 cells, knockdown of GDF15 resulted in abnormal upregulated expression of RGS16,
inhibition of the phosphorylation of ERK1/2 and AKT, elevated expression of lipogenic genes, decreased
expression of fatty acid oxidation genes, and increased cellular lipid deposition. Overexpression of
GDF15 reduced the expression of RGS16, and subsequently increased the phosphorylation of ERK1/2
and AKT, reduced the expression of lipogenic genes, and increased the expression of fatty acid oxidation
genes. These �ndings suggest that there may be a negative regulation between GDF15 and RGS16.
Therefore, we speculate that RGS16 negatively regulated by GDF15 could be a possible mechanism for
the abnormal lipid metabolism phenotype in IVF-ET male mice and may be an effective way to improve
the metabolic abnormalities in IVF-ET offspring. Nevertheless, this is an in vitro cell experiment and might
not fully explain the lipid metabolism pathway of IVF-ET offspring.

However, the factors affecting the reduced hepatic GDF15 expression in their offspring remain to be
investigated, and epigenetic changes or intergenerational inheritance may be a potential and valid
explanation [43, 44]. When genome-wide epigenetic reprogramming occurs, the fertilization and pre-
implantation stages are critical periods of development. Manipulations during in vitro fertilization and in
vitro culture of fertilized eggs may lead to oxidative stress in fertilized egg cells, affecting cell division,
among other things [45]. ROS (reactive oxygen species, superoxide, and hydrogen peroxide) produced by
oxidative stress have been shown to regulate major epigenetic processes, DNA methylation, and histone
acetylation [46]. The abnormal epigenetic modi�cations may also be associated with direct,
intergenerational, and transgenerational effects in offspring [47].

In summary, the IVF-ET model in this study eliminates the genetic diversity and complex environmental
background of humans and is used to demonstrate that in vitro fertilization-embryo transfer can have
long-term effects on the growth and glucolipid metabolism in offspring. Inhibiting RGS16 expression
could reverse the abnormal lipid metabolism caused by GDF15 under-expression, which may be an
effective way to alleviate abnormal lipid metabolism in the offspring of IVF-ET males. However, our
�ndings may not be directly applicable to humans due to the complex human genetic background,
hormonal environment, and application of various ovulation drugs in humans. Still, it provides valuable
information for prevention and clinical decision-making.

5. Conclusion
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Male mice born via IVF-ET exhibit a higher risk of glucolipid metabolism manifested as increased body
weight, abnormal GTT, ITT, PTT, and abnormal liver lipid deposition. GDF15-RGS16-p-ERK1/2/p-AKT may
be the underlying mechanism for lipid metabolism. Realizing the health problems of ART offspring in the
long term will help improve the IVF-ET technique to be more optimized to reduce unnecessary adverse
effects. This study is only a step in that direction, and more work is needed.
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CON Control group

AI Arti�cial insemination

IVF-ET In vitro fertilization and embryo transfer

ACh Acetylcholine

GTT Glucose tolerance test

ITT Insulin tolerance test

PTT Pyruvate tolerance test

TG Triglycerides

LDL-C Low-density lipoprotein cholesterol

HDL-C High-density lipoprotein cholesterol

sWAT Subcutaneous white adipose tissue

eWAT Epididymal white adipose tissue

iBAT Interscapular brown adipose tissue

FBS Fetal bovine serum

CO2 Carbon dioxide

ORO Oil red O

RT-qPCR Reverse transcription polymerase chain reaction

RNA-Seq RNA sequencing

RNAi RNA interference

PVDF PolyVinylideneFluoride

Gdf15 Growth differentiation factor 15

Rgs16 Regulator of G protein signaling 16

PMSG Pregnant mare serum gonadotropin

HCG Human chorionic gonadotropin

HTF Human tubal �uid medium

KSOM Potassium simplex optimized medium

DEG Differentially expressed gene

GSEA Gene set enrichment analysis
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KEGG Kyoto encyclopedia of genes and genomes

NES Enrichment score

ERK Extracellular-signal-regulated kinase 

AKT (PKB) Protein kinase B

GPCR G protein-coupled receptors

Pparg Peroxisome proliferator-activated receptor gamma

Srebf1 Sterol regulatory element binding protein 1 

Dgat2 Diacylglycerol acyltransferase 2

Cebpb CCAAT/enhancer-binding protein beta

Fabp2 Fatty acid-binding protein 2

Ppara Peroxisome proliferator-activated receptor alpha

Pgc1a Peroxisome proliferator activated receptor coactivator-1 alpha

Acox1 Acyl-CoA oxidase 1

NAFLD Non-alcoholic fatty liver disease

SEM Standard error of the means

ns Not signi�cant
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Figures
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Figure 1

Birth weights, growth charts, and food intake of offspring. a. Birthweights of male offspring (CON: n=44;
IVF-ET: n=42). b. Growth curves of male offspring after weaning (CON: n=10; IVF-ET: n=10). c. Food
intake in male offspring (CON: n=10; IVF-ET: n=10). d. Birthweights of female offspring (CON: n=43; IVF-
ET: n=43). e. Growth curves of female offspring after weaning (CON: n=10; IVF-ET: n=10). f. Food intake
in female offspring (CON: n=10; IVF-ET: n=10). For bar graphs, data represent mean+SEM. Symbols under
curves: , male; , female; *, p<0.05; **, p<0.01; ****, p<0.001; ns, not signi�cant. Signi�cance was
determined by 2-tailed unpaired t-test in a, c, d, and f, and 2-way ANOVA in b and c.

Figure 2

GTT, ITT and PTT in offspring. a. Glucose tolerance test and AUC in male offspring (CON: n=10; VF-ET:
n=7). b. Insulin tolerance test and AUC in male offspring (CON: n=9; IVF-ET: n=7). c. Pyruvate tolerance
test and AUC in male offspring (CON: n=9; IVF-ET: n=7). d. Glucose tolerance test and AUC in female
offspring (CON: n=7; VF-ET: n=7). e. Insulin tolerance test and AUC in female offspring (CON: n=8; IVF-ET:
n=8). f. Pyruvate tolerance test and AUC in female offspring (CON: n=8; IVF-ET: n=8). For bar graphs, data



Page 21/24

represent mean+SEM. , male; , female; *, p<0.05; **, p<0.01; ***, p<0.001; ns, not signi�cant. Relative to
control, by ANOVA.

Figure 3

Analysis of liver and lipid metabolism factors in male offspring. a. HE staining and oil-red O staining of
liver tissue (scale bar=100μm). b. Weight of multiple organs of male offspring (CON: n=12; IVF-ET: n=11).
c. The proportion of each organ to body weight (CON: n=12; IVF-ET: n=11). d-f. Plasma levels of
Triglycerides, LDL-C, HDL-C (CON: n=10; IVF-ET: n=11). g-i. Triglycerides, LDL-C, HDL-C levels in liver
tissue (CON: n=8; IVF-ET: n=10). TG, triacylglycerol; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol. For bar graphs, data represent mean+SEM. *, p<0.05; ** p<0.01; ***,
p<0.001; ****, p<0.001; ns, not signi�cant. Relative to control, by two-tailed Student’s t-test.
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Figure 4

Transcriptome analysis in livers of IVF-ET male offspring. a. Volcano plot demonstrating signi�cantly
altered genes by expression level and P-value. Rgs16 and Gdf15 are highlighted as highly regulated
genes identi�ed within the dataset; b. Heat map of differential genes associated with lipid metabolism; c.
Enrichment map of genes involved in processes related to fatty acid metabolism; d. Enrichment map of
genes involved in pathways related to unsaturated fatty acid metabolism. e. mRNA levels of genes
related to the fatty acid synthesis pathway in liver tissue; f. mRNA levels of genes related to the fatty acid
oxidation pathway in liver tissue. NES, Normalized enrichment score; GO, Gene Ontology; BP, Biological
process; KEGG, Kyoto encyclopedia of genes and genomes (n=5 mice per group). For bar graphs, data
represent mean+SEM. *, p<0.05; **, p<0.01; ***, p<0.001; ns, not signi�cant. Relative to control, by two-
tailed Student’s t-test.



Page 23/24

Figure 5

Expression of GDF15, RGS16, ERK1/2, AKT, and p-AKT    a. Expression levels of Gdf15 mRNA in liver
tissues of two groups of mice (CON: n=6; IVF-ET: n=6); b. Expression levels of Rgs16 mRNA in liver
tissues of mice in both groups (CON: n=6; IVF-ET: n=6); c. Protein expression of AKT, ERK1/2, p-ERK, p-
AKT, GDF15, and RGS16 in liver tissues of both groups (CON: n=5-6; IVF-ET: n=5-6). For bar graphs, data
represent mean+SEM. *, p<0.05; **, p<0.01. Relative to control, by two-tailed Student’s t-test.

Figure 6

Relationship of GDF15 with lipid metabolism and RGS16. a. GDF15 and RGS16 mRNA expression levels
after GDF15 knockout (si-NC: n=3; si-GDF15: n=3); b. Protein levels of AKT, ERK1/2, p-ERK1/2, p-AKT,
GDF15 and RGS16 after GDF15 knockdown (si-NC: n=3-6; si-GDF15: n=3-6); c. mRNA expression levels of
lipogenic and fatty acid oxidation genes after GDF15 knockdown (si-NC: n=3; si-GDF15: n=3); d. mRNA
expression levels of GDF15, RGS16 after overexpression of GDF15 (pcDNA-empty: n=3; pcDNA-GDF15:
n=3); e. Protein levels of AKT, ERK1/2, p-ERK1/2, p-AKT, GDF15 and RGS16 after overexpression of
GDF15 (pcDNA-empty: n=3; pcDNA-GDF15: n=3); f. mRNA expression levels of lipogenic genes and fatty
acid oxidation genes after overexpression of GDF15(pcDNA-empty: n=3-6; pcDNA-GDF15: n=3-6). HepG2:
Human hepatocellular carcinoma cell line; si-GDF15: interfering RNA; si-NC: negative control for
interfering RNA; pcDNA-GDF15: GDF15 overexpression plasmid; pcDNA-empty: empty plasmid (negative
control). For bar graphs, data represent mean+SEM. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.001;
ns, not signi�cant. Relative to negative control, by two-tailed Student’s t-test.

Figure 7

Effects of simultaneous knockdown of GDF15 and RGS16 on lipid metabolism. a. Oil Red O staining of
HepG2 cells with si-NC, si-GDF15, si-RGS16 and si-GDF15+si-RGS16 (scale bar=50μm). b. Protein levels
of ERK1/2, AKT, p-ERK1/2, p-AKT, GDF15 and RGS16 in si-NC, si-GDF15 and si-GDF15+si-RGS16 (si-NC:
n=3; si-GDF15: n=3; si-GDF15+si-RGS16: n=3). c. mRNA expression levels of lipogenic and fatty acid
oxidation genes of si-NC, si-GDF15 and si-GDF15+si-RGS16 (si-NC: n=3; si-GDF15: n=3; si-GDF15+si-
RGS16: n=3). For bar graphs, data represent mean+SEM. si-NC vs si-GDF15: *, p<0.05; **, p<0.01; ****,
p<0.001; ns, not signi�cant. Relative to si-NC, by two-tailed Student’s t-test. si-GDF15 vs si-GDF15+si-
RGS16: #, p<0.05; ##, p<0.01; ####, p<0.001; ns, not signi�cant. Relative to si-GDF15, by two-tailed
Student’s t-test.
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