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Abstract: Objectives: We generated an in vitro fertilization and embryo transfer (IVF-ET) mouse model to investigate
the molecular mechanism underlying the abnormal lipid metabolism found in IVF-ET offspring. Methods: The glu-
cose metabolism levels of offspring were assessed by glucose tolerance test (GTT), insulin tolerance test (ITT), and
pyruvate tolerance test (PTT). The lipid metabolism levels were assessed by triglycerides (TG), low-density lipoprotein
cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C). RNA-seq was performed on liver tissues. mMRNA
and protein expression of relevant genes was verified by the quantitative real-time PCR and protein immunoblot-
ting. HepG2 cells were transfected with either interfering RNA or overexpression plasmids to investigate the gene
functions. Results: Compared to the control, male IVF-ET offspring showed: 1) higher body, liver, and epididymal
white adipose tissue weight; 2) disrupted glucolipid metabolism with abnormal GTT, ITT, and PTT; 3) significantly de-
creased GDF15 along with increased RGS16. Furthermore, phosphorylation of ERK1/2 and AKT was significantly re-
duced. In HepG2 cells, knockdown of GDF15 caused an abnormally increased RGS16 and decreased phosphoryla-
tion 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. Conclusions:
Down-regulation of GDF15 results in elevated RGS16, which causes the weakening of the downstream ERK1/2 and
AKT phosphorylation, leading to abnormal lipid metabolism in the livers of IVF-ET male offspring. This suggests that
the 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 therapeutic target.
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Introduction

Assisted reproductive technology (ART) refers
to medical aids that enable infertile couples to
conceive. It includes in vitro fertilization and
embryo transfer (IVF-ET) and their derivatives
[1]. In recent years, the incidence of infertility
has increased, and about 17% of couples
worldwide suffer from infertility [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 dramati-
cally. Consequently, the proportion of children
born after IVF keeps rising.

Theories of “gamete and embryo-fetal origins
of adult diseases” suggest that adverse envi-
ronmental exposures during gametogenesis,
embryo implantation, and critical developmen-
tal stages from fetus to the infant will have an
“imprinting” impact on the offspring’s growth
and development, leading to greater risk of dis-
eases such as hypertension, diabetes, kidney
disease, and centripetal obesity in adulthood
[3]. As one of the environmental exposures at
early developmental stages, ARTs involve ovari-
an stimulation, in vitro fertilization or intracyto-
plasmic single sperm injection, and embryo cul-
ture, freezing, and transfer, all of which mean
that the environment experienced by gametes
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and embryos is significantly 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 first IVF baby was born in 1978 [6]. A
follow-up study shows that IVF-ET-born children
may have a higher risk of cardiometabolic dis-
ease [7]. Increased fasting blood glucose levels
[8], blood pressure [8, 9], adiposity, triglyceride
levels [10], and vascular dysfunction [9, 11, 12]
were found in IVF children. Our recent studies
reported that umbilical veins of IVF-ET offspring
showed abnormal sensitivity to acetylcholine
(ACh) or angiotensin Il (All)-mediated contrac-
tion, which could be caused by hypo/hyper-
methylation of the specific receptors [13, 14].
Our findings strongly supported the idea that
IVF-ET could directly affect fetal vessel func-
tions, which might result in cardiovascular dis-
orders in the long term.

However, various causes of infertility and com-
plicated genetic backgrounds in humans make
the studies exploring the influence of ART itself
on offspring health quite tricky. To eliminate
those complicating factors, animal models
were used to study the potential effects of IVF-
ET on their offspring. Recent research with IVF-
ET mouse models found impaired metabolism
in IVF-ET offspring, such as altered fasting
blood glucose levels, impaired glucose toler-
ance and pyruvate [15-19]; increased body
weight, body fat, and higher triglyceride, cho-
lesterol, and insulin levels [20]; decreased lipol-
ysis and increased accumulation of lipids in
adipose and liver tissues [19, 21]. These stud-
ies suggest that the IVF-ET technique is signifi-
cantly associated with abnormal metabolic
function in the offspring.

Abnormal glucose metabolism and its underly-
ing mechanism have been widely investigated
with ART offspring, while the altered lipid
metabolism in IVF-ET offspring is seldom stud-
ied. Therefore, we generated a C57BL/6N
mouse model by IVF-ET technology to study the
liver function and lipid metabolism of IVF-ET-2
cell offspring and then explored the correlation
between IVF-ET technology and the alteration
of metabolic function of offspring and the spe-
cific mechanism.
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Materials and methods
Animals

Procedures for the experiments on mice were
approved by the lJiangsu Model Organisms
Center’s Ethical Committee. C57BL/6N mice
and ICR mice were kept in a chamber with al-
ternating light and dark, constant temperature
and humidity, and no specific pathogens th-
roughout the experiment. 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.

The design of the main experiment for this
study was shown in Figure 1A. Mice from the
IVF-ET group were obtained by transferring
2-cell stage embryos (C57BL/6N background)
that developed in vitro into the oviducts of
pseudopregnant ICR mice. Control group (CON)
refers to animals conceived naturally. Newborn
pups were weighed. Offspring were individually
weighed from 4 to 28 weeks after weaning.
Daily food intake was assessed with both
groups.

In vitro fertilization

Superovulation was performed in 6-10-week-
old female C57BL/6N mice by injection of 5 [U
of pregnant horse serum gonadotropin (PMSG)
and 5 IU of human chorionic gonadotropin
(HCG, Ningbo Second Hormone Factory, China).
Oocytes and capacitated sperm were co-cul-
tured in human oviductal fluid medium (HTF,
Sigma, USA) in a 5% CO, and 5% O, incubator
(Heal Force, Shanghai, China) at 37°C. After 15
h, 2-cell embryos were washed with Potassium
simplex optimized medium (KSOM, Sigma, USA)
three times, followed by embryo transfer.

Embryo transfer

6-8-week-old female ICR mice were used as
recipient mice which were mated with male ICR
mice with vasectomized vas deferens. The day
when the plugs were observed was considered
to be embryonic day 0.5 (EQ.5) of the pseudo-
pregnancy. Mice were anesthetized with tribro-
moethanol and fresh 2-cell embryos were
transferred by surgery into the oviducts of
pseudopregnant ICR females. All female mice
that received embryos were fed standard chow
and water.
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Figure 1. Experimental design, birth weights, growth charts, and food intake of offspring. (A) Experimental design
(Created with Biorender.com). (B) Birthweights of male offspring (CON: n=44; IVF-ET: n=42). (C) Male offspring
growth curve after weaning (CON: n=10; IVF-ET: n=10). (D) Food intake in male offspring (CON: n=10; IVF-ET: n=10).
(E) Birthweights of female offspring (CON: n=43; IVF-ET: n=43). (F) Female offspring growth curve after weaning
(CON: n=10; IVF-ET: n=10). (G) Food intake in female offspring (CON: n=10; IVF-ET: n=10). Data are expressed as
mean + SEM. Symbols under curves: 8, male; ¢, female; **, P < 0.01; **** P < 0.0001; ns, not significant. Sig-
nificance was determined by 2-tailed unpaired t-test in (B, D, E, and G), and 2-way ANOVA in (C and F).

Glucose, insulin, and pyruvate tolerance test vate solution (2 g/kg) after 14-16 hours of fast-

ing and challenged with intraperitoneal injec-
At 20-24 weeks, mice were treated with intra- tion of insulin (1 IU/kg) after 2 hours of fasting.
peritoneal injection of glucose (2 g/kg) or pyru- Blood was taken from the tail tip. Glucose lev-
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els were assessed by glucometer (Johnson,
America) measurements at O, 15, 30, 60, 90,
and 120 min after injection.

Lipid values

After 4 hours of fasting, blood was collected
from the posterior orbits of anesthetized mice
to extract serum and stored at -80°C. Liver lip-
ids were isolated from liver tissue. Triglycerides
(TG), low-density lipoprotein cholesterol (LDL-C)
and high-density lipoprotein cholesterol (HDL-
C) were measured all measured with a bio-
chemical analyzer (BMG, Germany).

Histologic analysisLiver tissues were obtained
from mice at 20 weeks old after a 4-hour fast.
Tissues were either fixed in 4% paraformalde-
hyde for hematoxylin-eosin (H&E) staining and
oil red staining or frozen in liquid nitrogen for
future use. All sections were visualized by
microscopy (Olympus, Japan).

RNA-sequencing (RNA-seq)

Total RNA was isolated from livers using TRIzol
(Invitrogen, USA). RNA sequencing was per-
formed with the liver samples from 20-week-
old male offspring. Sequencing was performed
on Azenta Biotechnology’'s lllumina system
(Soochow, China). Differentially expressed
genes (DEGs) were identified by |foldchange| >
1 and P values < 0.05. Volcano map, heat map
and Gene set enrichment analysis (GSEA) were
performed. Images are plotted on the omicstu-
dio Biology (website: https://www.omicstudio.
cn/index). The genes enriched in GSEA were
considered significant when P < 0.05 and
INES| > 1.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using TRIzol (Invitro-
gen, USA) and synthesized cDNA with a reverse
transcription kit (Thermo Scientific, USA). The
TB green (TaKaRa, USA) was used for RT-qPCR.
Real-time PCR was performed on Bio-Rad
CFX96 RT-gPCR machine. RNA concentration
and quality were analyzed using NanoDrop-
2000. Gene expression was normalized to
18S or B-Actin. See Supplementary Table 1 for
primers.

Western blotting

Total proteins from cells and liver tissue were
extracted in RIPA buffer (POO13B, Beyotime,
China). After separation by gel electrophoresis,
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the proteins were transferred to a nitro-
cellulose filter membrane. See Supplementary
Table 2 for antibodies. The signals were visual-
ized with an enhanced Chemiluminescent
(NCM Biotech, China) and quantified with
Imagel.

Cell culture and transfection

HepG2 cells were purchased from ATCC and
were cultured in medium containing 10% fetal
bovine serum (Hyclone, Logan, USA) and 1%
antibiotics (Hyclone, Logan, USA). Transfection
was performed using 150 pmol of si-NC, si-
GDF15, si-RGS16 (Gene Pharma, Shanghai,
China) or 2 pg pcDNA-empty, pcDNA-GDF15.
GT-Transfect-Mate reagent (Gene Pharma,
Shanghai, China) in Opti-MEM (Thermo Fisher
Scientific, USA) was used. See Supplementary
Table 3 for siRNA information. The forward oli-
gonucleotide sequence of the pcDNA-GDF15
vector is TAATACGACTCACTATAGGGCCACCATG-
CCCGGGCAAGAACTCAG; and the reverse oligo-
nucleotide is TCTGAGATGAGTTTTTGTTCTATG-
CAGTGGCAGTCTTTGGCT.

Oil red staining of HepG2 cells

Lipid droplets were quantified by oil red O (ORO)
staining (Solarbio, Beijing, China). After trans-
fection for 48 h, the cells were fixed in 4% para-
formaldehyde and then were stained with ORO
solution, the red stained lipid droplets were
visualized by microscopy. TG content in HepG2
cells was measured with the Triglyceride
Quantification Kit (Jiancheng, Nanjing, China).

Statistical analysis

All data are shown as mean + SEM. Statistical
analyses were performed using GraphPad
Prism 9.0 with a t-test or two-way analysis of
variance (ANOVA). P-values < 0.05 were consid-
ered significant.

Results
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 gro-
up and 1.0 (67:66) in the IVF group (Table 1).
The birth weights of both male and female off-
spring in the IVF-ET group were higher than
those in the CON group on postnatal day 1
(Figure 1B, 1E). There was no significant differ-
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Table 1. Litter characteristics of offspring

Pregnancy rate Litter Size  Sex Ratio

H 0 H H 0,
Group %) Implantation rate (%) Litter (n) Pups (n) ") %, F/M) Survival Rate (%)
CON / / 25 161 6.4+0.4 1.1(84/77) 100 (161/161)
IVF-ET 80 (20/25) 32.2 (133/412) 20 133 6.6+0.7 1.0(67/66) 100 (133/133)

Data are presented as mean + SEM; Pregnancy rate: the number of pregnant recipient mice/the number of all recipient mice;
Implantation rate: the number of live pups/the number of transferred embryos; F/M: female/male. Survival Rate: the number
of survival mice after weaning/the number of all born mice.

ence 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
body weight of male mice significantly increas-
ed as compared with CON, while female off-
spring did not gain weight rapidly until 18 weeks
(Figure 1C, 1F). To exclude nutritional effects,
the daily intakes of the two groups were calcu-
lated, and no significant differences were
observed between the IVF-ET and CON groups
(Figure 1D, 1G). These findings showed that the
IVF-ET procedure affects the development of
offspring in mice.

Abnormal glucose metabolism in IVF-ET off-
spring

We then performed the GTT, ITT, and 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 (Figure 2A, 2C).
Glucose homeostasis was disturbed in the IVF-
ET group at 15, 30, and 90 minutes after glu-
cose injection compared to the CON group
(Figure 2A). ITT results showed higher blood
glucose in the IVF-ET group at O, 15, 30, and
60 minutes, indicating decreased insulin sensi-
tivity (Figure 2B). Despite slight differences in
fasting blood glucose, no remarkable differ-
ence in blood glucose levels in the two groups
after pyruvate injection (Figure 2C). However,
for the female offspring, there were no signifi-
cant differences in fasting glucose, GTT and
PTT tests between the two groups, as was the
area under their curves (Figure 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 (Figure 2E), suggesting slight insulin
resistance.

Abnormal lipid metabolism in IVF-ET male off-
spring

In combination with body weight data and
metabolism phenotypes, IVF-ET male offspring
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had more severe glucose metabolism impair-
ment than female offspring. Therefore, male
offspring were chosen as the main subjects in
this study. We measured the weight of organs
relevant to metabolism, such as the liver, brain,
spleen, heart, kidney, subcutaneous white adi-
pose tissue (sWAT), epididymal white adipose
tissue (€WAT), and interscapular brown adipose
tissue (iBAT) and calculated organ weight/body
weight ratios. Both liver and eWAT weight were
found to be increased, while only the ratio of
epididymal fat weight/body weight, but not
liver, was significantly increased (Figure 3B,
3C). The liver is a crucial organ in the regulation
of glucose and lipid metabolism [22, 23]. H&E
staining of the liver showed that the IVF-ET
male offspring had extensive steatosis, bal-
looning degeneration, and a scattered infiltra-
tion of a small number of inflammatory cells in
the hepatocytes compared to controls (Figure
3A). ORO staining showed significant lipid depo-
sition in IVF-ET male offspring liver tissue
(Figure 3A). Lipid metabolism analysis using
plasma and liver tissue showed significantly
increased plasma triglycerides and LDL-C and
decreased HDL-C in the IVF-ET male offspring
(Figure 3D-F). Similarly, significant increases in
triglycerides and LDL-C, and decreases in
HDL-C were found in the liver tissue of IVF-ET
male offspring (Figure 3G-I). However, in the
liver tissue and serum of female mice offspring,
a slight increase in TG (Supplementary Figure
1A, 1D) and no significant differences in LDL-C
and HDL-C (Supplementary Figure 1B, 1C, 1E,
1F) were found in the IVF-ET group compared to
CON. It can be inferred that the offspring of IVF-
ET males have abnormal lipid metabolism.

Altered liver transcriptome in IVF-ET male off-
spring

RNA sequencing of livers from both groups was
performed to explore potential mechanisms of
lipid metabolism in male offspring conceived
through IVF-ET. 59 genes were upregulated,
and 76 genes were downregulated in the IVF-

Am J Transl Res 2022;14(10):7535-7551
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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 represent mean + SEM. & , male; ¢, female;
* P <0.05; **, P <0.01; ***, P <0.001; ns, not significant. Relative to controls, by ANOVA.
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Figure 3. Analysis of liver and lipid metabolism factors in male offspring. A. H&E staining and oil-red O staining of
liver tissue (scale bar =100 um). 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, Triac-
ylglycerol; HDL-C, High-Density Lipoprotein Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol. Data represent
mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001; ns, not significant.

ET group compared to the CON group (Figure
4A). A heat map of metabolism-related genes

was generated (Figure 4B). By analyzing the
GSEA it was found that many genes involved in
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the initial fatty acid synthesis process were sig-
nificantly upregulated in the GO and KEGG
enrichment pathways in the IVF-ET group com-
pared to the CON group (Figure 4C, 4D). We
verified the sequencing results by RT-qPCR and
confirmed the upregulation of many genes
related to lipid synthesis, such as Pparg,
Srebfl, Dgat2, Cebpb, and Fabp2 (Figure 4E).
No significant changes were observed for sev-
eral genes related to fatty acid oxidation, such
as Ppara, Pgcla, and Acox1 (Figure 4F). Liver
transcriptome data has suggested that abnor-
mal liver lipid metabolism in IVF-ET male off-
spring mice may be primarily related to the lipid
synthesis pathway.

Decreased GDF15 and increased RGS16 were
found in the liver of IVF-ET offspring

Gdf15 performs a vital role in obesity and met-
abolic diseases [24, 25]. Rgs16 was known to
regulate fatty acid oxidation in hepatocytes
[26]. Both of which are implicated in hepatic
lipid metabolism. In RNA-sequencing results,
more than 2-fold changes were found with both
Gdf15 and Rgs16 in the IVF-ET group as com-
pared to the CON group (Figure 4A, 4B). Va-
lidation of the expression of these two genes in
mouse liver tissue by g-PCR revealed reduced
Gdf15 (Figure 5A) and increased Rgs16 (Figure
5B), which is consistent with the results of the
RNA-Seq data. Western blotting results con-
firmed decreased GDF15 and increased RGS16
protein expression in the livers of IVF-ET off-
spring (Figure 5C).

Increased phosphorylation of AKT and ERK1/2
in the livers of IVF-ET offspring

It is known that GDF15 can activate the down-
stream AKT and ERK1/2 pathways, which con-
tribute to the regulation of hepatic mitochon-
drial function and energy metabolism. Th-
erefore, we continued to check if the down-
stream of GDF15 had been affected. We veri-
fied the expression of ERK1/2, AKT, p-ERK1/2,
and p-AKT levels in the liver of IVF-ET male off-
spring 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 (Figure 5D). This suggests that the
impaired lipid metabolism in the IVF-ET group
may be due to abnormalities in the ERK1/2 and
AKT pathways.

7542

GDF15 negatively regulated RGS16 in lipid de-
position in hepatocytes

To investigate the relationship between GDF15,
RGS16, and liver lipid metabolism, we per-
formed RNA interference to knock down GDF15
expression in HepG2 cells in vitro. Interestingly,
we found that knockdown of GDF15 was fol-
lowed by an increase in the expression of
RGS16 (Figure 6A, 6B). De novo lipid synthesis
genes such as PPARG, SREBF1, FABP2, CEBPB,
and FABP2 were increased (Figure 6D), while
fatty acid oxidation genes such as Ppara,
Pgcla, Acox1 showed no significance (Figure
6E). Phosphorylation of ERK1/2 and AKT levels
were significantly decreased (Figure 6C). Fur-
thermore, we overexpressed GDF15 by trans-
fecting HepG2 cells with GDF15 containing
pcDNA3.1-myc-His plasmids. Interestingly, we
found that overexpression of GDF15 was
followed by a significant decrease in RGS16
MRNA and protein expression (Figure 7A, 7B).
The expression of lipogenic genes SREBF1
and FABP2 was decreased (Figure 7D), while
the expression of fatty acid oxidation genes
PPARA and ACOX1 was increased (Figure 7E).
Phosphorylation of ERK1/2 and AKT were sig-
nificantly increased (Figure 7C). Our findings
indicated that a negative regulatory relation-
ship between GDF15 and RGS16 may cause
changes in lipogenic and fatty acid oxidation
genes by affecting the phosphorylation of
ERK1/2 and AKT, leading to increased lipid
deposition.

Knockdown of RGS16 reverses GDF15 down-
regulation-induced lipid deposition

Since decreased GDF15 results in abnormal
lipid metabolism and increased expression of
RGS16, we asked whether reducing RGS16
could rescue the phenotypes caused by GDF15
down-regulation.

By RGS16 RNAi in HepG2 cells (Supplementary
Figure 2A, 2B), we found that RGS16 knock-
down in HepG2 cells reduced expression of lip-
ogenic genes PPARG, SREBF1, and FABP2

MmRNA (Supplementary Figure 2D), increased
expression of fatty acid oxidation gene PGC1A

(Supplementary Figure 2E) and increased phos-
phorylation of ERK1/2 and AKT (Supplementary
Figure 2C), suggesting that a reduction in
RGS16 may increase fatty acid oxidation and

Am J Transl Res 2022;14(10):7535-7551
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Rgs16 and Gdf15 are highlighted; B. Heat map of differential genes associated with lipid metabolism; C. Enrich-
ment map of genes involved in pathways 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
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Kyoto Encyclopedia Of Genes And Genomes. For bar graphs, data represent mean + SEM. *, P < 0.05; ***, P <
0.001; **** P < 0.0001; ns, not significant.

inhibit initial lipid synthesis, resulting in reduced We then knocked down of GDF15 and RGS16
lipid deposition in hepatocytes. expression simultaneously to see if this could
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reverse the abnormal lipid deposition caused
by GDF15 downregulation in hepatocytes. Oil
Red O staining showed that knockdown of
RGS16 reversed the abnormal lipid deposition
(Figure 8A), mRNA expression of lipogenic and
fatty acid oxidation genes (Figure 8C, 8D), and
phosphorylation of ERK1/2 and AKT caused by
GDF15 knockdown in HepG2 cell line (Figure
8B). These results suggested that the knock-
down of RGS16 in HepG2 cells reversed the
abnormal lipid deposition induced by GDF15
knockdown.
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Discussion

The development of the embryo and fetus are
susceptible to environmental factors, and any
sub-optimal conditions during the development
stages of the gametes, embryos, and fetus can
affect the health of the offspring after birth,
which is known as the “Gamete and embryo-
fetal origin of disease” theory [27]. A vast body
of evidence suggests that children conceived
by IVF-ET may be at increased risk of chronic
diseases [8, 10]. In this study, increased body
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weight, abnormal glucose metabolism and lipid
metabolism, particularly abnormal liver lipid
deposition, were observed in IVF-ET male mice
offspring.

Sex-specific phenotypes, such as male off-
spring exhibiting more severely impaired glu-
cose metabolism, insulin resistance, abnormal
pyruvate tolerance, and earlier weight gain
than females, were found in our study. This find-
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ing indicates that there may be metabolic gen-
der differences in offspring caused by IVF-ET
techniques. To date, various metabolic pheno-
types 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 were observed with IVF-ET off-
spring. IVF-ET offspring could be more suscep-
tible to impaired glucose metabolism, insulin
resistance, and abnormal pyruvate tolerance
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after receiving a high-fat diet [20]. Severe glu-
cose metabolism dysfunction sometimes
occurs only in female offspring and sometimes
only in male offspring [15, 16, 18, 29]. The
underlying mechanisms of sex-related differ-
ences in IVF-ET offspring remain to be fully
determined. We presumed that the sex-specific
phenotypes might be caused by different
mouse strains, culture media, and breeding
conditions [17]. In addition, estrogen has a pro-
tective effect on glucose metabolism and lipid
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metabolism [30]. In vitro manipulation may
also affect susceptibility to long-term metabolic
disease by affecting genomic imprinting [31],
and whether it has gender-specific effects
remains to be determined in future studies.

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 20 weeks. These
findings suggest abnormal lipid metabolism in

Am J Transl Res 2022;14(10):7535-7551
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IVF-ET male mice. It is well-known that hepatic acids and ketogenesis [32]. Therefore, we
lipid metabolism plays a key role with essen- sequenced the liver transcriptome and carried
tial functions in the de novo synthesis of fatty out an in-depth study of the possible mecha-
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nisms underlying the abnormalities in lipid
metabolism. GO, and KEGG enrichment analy-
sis results revealed an upregulated transcrip-
tional status of genes involved in the primary
synthesis of hepatic lipids in the livers of IVF-ET
mice compared to CON mice. This suggests
that the mechanism of increased hepatic lipid
deposition in IVF-ET male offspring may be
related to abnormal lipid synthesis. Insulin
resistance, hyperglycemia, hypertriglyceride-
mia, and abnormal fatty deposits in the liver
are the main features of Non-alcoholic fatty
liver disease (NAFLD). Therefore, we speculate
that male mice born via IVF-ET might be sus-
ceptible to metabolic disorders relative to
NAFLD.

It has been shown that increased phosphoryla-
tion of the insulin receptors AKT and ERK1/2
contributes to the regulation of hepatic energy
metabolism [33-36]. Growth differentiation
factor 15 (GDF15), a member of the transform-
ing growth factor-B 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 [37, 38]. 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 [39]. Some studies
showed that decreased GDF15 in the physio-
logical range can cause increased body weight
and fat levels in mice [40]. G protein signaling
regulator 16 (RGS16) is expressed in tissues
such as the heart, liver, blood-forming cells and
brain [41, 42]. High expression of RGS16 leads
to hepatic steatosis, reduced blood glucose
and B-ketone levels, and decreased gene
expression for fatty acid oxidation in the liver; In
contrast, Rgs16 KO mice exhibited the oppo-
site phenotype as increased expression of fa-
tty acid oxidation genes in the liver and
increased hepatic fatty acid oxidation rates
[26, 43]. In IVF-ET mice, we found downregula-
tion of GDF15, p-ERK1/2, p-AKT, and increased
RGS16 and other lipogenic genes in the livers
of IVF-ET male offspring. We, therefore, de-
duced that abnormal lipid metabolism in IVF-ET
male offspring might be associated with an
abnormal GDF15-RGS16-p-ERK1/2/p-AKT pa-
thway. Combining the known opposite func-
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tions reported with GDF15/RGS16 and the
opposite expression found in our studies, we
presumed that there might be a negative rela-
tionship between these two genes. However, no
studies have shown an association between
GDF15 and RGS16 to date.

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 lipo-
genic 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 findings suggest that
there may be a negative regulation between
GDF15 and RGS16. Therefore, we speculate
that RGS16 downregulated 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 meta-
bolic abnormalities in IVF-ET offspring. Never-
theless, this is an in vitro cell experiment and
might not fully explain the lipid metabolism
pathway of IVF-ET offspring.

However, the factors resulting in reduced
hepatic GDF15 expression in IVF-ET offspring
remain to be investigated, and epigenetic
changes or intergenerational inheritance may
be a valid explanation [44, 45]. When genome-
wide epigenetic reprogramming occurs, the fer-
tilization and pre-implantation stages are criti-
cal periods of development. Manipulations dur-
ing in vitro culture of fertilized eggs may lead to
oxidative stress in fertilized egg cells, affecting
cell division [46]. ROS produced by oxidative
stress has been shown to regulate epigenetic
processes, such as DNA methylation and his-
tone acetylation [47]. The abnormal epigenetic
modifications may also be associated with
direct, intergenerational, and transgenerational
effects in offspring [48].

In summary, the IVF-ET model in this study elim-
inates the genetic diversity and complex envi-
ronmental factors in humans and can be used
to demonstrate that IVF-ET could have long-
term effects on growth and glucolipid metabo-
lism in offspring. Inhibiting RGS16 expression
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can reverse the abnormal lipid metabolism
caused by GDF15 down-regulation, which may
be an effective way to alleviate abnormal lipid
metabolism in male IVF-ET offspring. How-
ever, our findings could not directly represent
humans owing to the complex genetic back-
ground, the hormonal environment in the body
and the use of various drugs in humans. Still, it
would provide valuable information for preven-
tion and clinical decision-making.

Conclusion

Male mice born by IVF-ET exhibit a higher risk of
glucolipid metabolism manifested as increased
body weight, abnormal GTT, ITT, PTT, and abnor-
mal liver lipid deposition. GDF15-RGS16-p-
ERK1/2/p-AKT may be the underlying mecha-
nism for lipid metabolism. Realizing the health
problems of ART offspring in the long term will
help improve the IVF-ET technique to reduce
unnecessary adverse effects. This is only one
step in that direction and further work is still
required.
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Supplementary Table 1. Primers used for RT-gPCR

Primer Forward primer (5’-3’) Reverse primer (5’-3’)
Mouse Gdf15 CTGGCAATGCCTGAACAACG GGTCGGGACTTGGTTCTGAG
NM_011819

Mouse Rgs16 GACGCGGCTGGGAATCTTT GGCCCACTCGAATTTGCTAAT
NM_011267

Mouse Pparg GGAAGACCACTCGCATTCCTT GTAATCAGCAACCATTGGGTC
NM_011146

Mouse Srebfl TGACCCGGCTATTCCGTGA CTGGGCTGAGCAATACAGTTC
NM_011480

Mouse Dgat2 GCGCTACTTCCGAGACTACTT GGGCCTTATGCCAGGAAACT
NM_026384

Mouse Cebpb ACACGTGTAACTGTCAGCCG GCTCGAAACGGAAAAGGTTC
NM_001287738

Mouse Fabp2 GTGGAAAGTAGACCGGAACGA CCATCCTGTGTGATTGTCAGTT
NM_007980

Mouse Ppara AACATCGAGTGTCGAATATGTGG CCGAATAGTTCGCCGAAAGAA
NM_011144

Mouse Pgcla TATGGAGTGACATAGAGTGTGCT GTCGCTACACCACTTCAATCC
NM_008904

Mouse Acox1 TAACTTCCTCACTCGAAGCCA AGTTCCATGACCCATCTCTGTC
NM_015729

Mouse 18S CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG
NM_003278

Human GDF15 GACCCTCAGAGTTGCACTCC GCCTGGTTAGCAGGTCCTC
NM_004864

Human RGS16 AAGAAGATCCGATCAGCTACCA GTTGACCTCTTTAGGGGCCTC
NM_002928

Human PPARG AGCCTGCGAAAGCCTTTTGGTG GGCTTCACATTCAGCAAACCTG
NM_001330615

Human SREBF1 ACAGTGACTTCCCTGGCCTAT GCATGGACGGGTACATCTTCA
NM_004176

Human DGAT2 ATTGCTGGCTCATCGCTGT GGGAAAGTAGTCTCGAAAGTA
NM_032564

Human CEBPB GACTTCAGCCCGTACCTGGAG CCCGTAGTCGTCGGAGAAGAG
NM_005194

Human FABP2 ATGGCGTTTGACAGCACTTG TCAGTTCCGTCTGCTAGATTGT
NM_000134

Human PPARA ATGGTGGACACGGAAAGCC CGATGGATTGCGAAATCTCTT
NM_005036

Human PGC1la TCTGAGTCTGTATGGAGTGACAT CCAAGTCGTTCACATCTAGTTC
NM_013261

Human ACOX1 ACTCGCAGCCAGCGTTATG AGGGTCAGCGATGCCAAAC
NM_004035

Human B-Actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGA

Sequences are shown in the 5’ to 3’direction.
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Supplementary Table 2. Antibodies for western blotting

Primary antibody

1% Ab

Company Cat. No. Dilution
B-actin Proteintech 2D4H5 1:10000
o-Actinin Cell Signaling Technology #6487 1:10000
p-ERK1/2 Cell Signaling Technology #4370 1:1000
ERK1/2 Cell Signaling Technology #4695 1:1000
p-AKT (Ser473) Cell Signaling Technology #4060 1:1000
AKT Cell Signaling Technology #4691 1:1000
GDF15 Proteintech 27455-1-AP  1:1000
GDF15 Cell Signaling Technology #8479 1:1000
RGS16 Abcam ab119424 1:1000
Secondary antibody
2" Ab Company Cat. No. Dilution
HRP-conjugated Affinipure Goat Anti-Mouse IgG (H+L) Multi Sciences GAMOO072 1:10000
HRP-conjugated Affinipure Goat Anti-Rabbit IgG (H+L) Multi Sciences GAROOQ72 1:10000

Supplementary Table 3. Primers used for siRNA

Primer

Forward oligonucleotide (5’-3’)

Reverse oligonucleotide (5’-3’)

GDF15 GCUCCAGACCUAUGAUGACTT GUCAUCAUAGGUCUGGAGCTT
RGS16 GGGCAGUAAACACAGCAAATT UUUGCUGUGUUUACUGCCCTT
Negative control UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
GAPDH Positive control UGACCUCAACUACAUGGUUTT AACCAUGUAGUUGAGGUCATT
Sequences are shown in the 5’ to 3’direction.
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Supplementary Figure 1. Analysis of lipid metabolism factors in female offspring. A-C. Plasma levels of Triglycerides,
LDL-C, HDL-C (CON: n=10; IVF-ET: n=11). D-F. 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.
Data represent mean + SEM. *, P < 0.05; ns, not significant.
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Supplementary Figure 2. Role of RGS16 in lipid metabolism. RGS16 knockdown (KD) in HepG2 cells evaluated by
(A) mRNA or (B) protein levels; (C) Protein expression of ERK1/2, AKT, p-ERK1/2, or p-AKT after RGS16 knockdown
(si-NC: n=3-4; si-RGS16: n=3-4). (D) mRNA expression levels of lipogenic genes after RGS16 knockdown (si-NC:
n=3; si-RGS16: n=3); (E) mRNA expression levels of fatty acid oxidation genes after RGS16 knockdown (si-NC: n=3;
si-RGS16: n=3). All data are expressed as mean + SEM. *, P < 0.05; **, P < 0.01; ns, not significant. Relative to
negative control, by two-tailed Student’s t-test.



