EXPERIMENTAL AND THERAPEUTIC MEDICINE 25: 140, 2023

IncRNA-miRNA-mRNA network in female offspring
born from obese dams
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Abstract. Maternal obesity is associated with disturbance
of lipid metabolism and obesity in offspring; however, the
pathogenesis is still unclear. The present study elucidated the
role of potential lipid metabolism-associated long non-coding
RNA (IncRNA) and identified the pathways involved in mice
born to obese dams. In the present study, maternal obesity
was induced by feeding a high-fat diet for 10 weeks in female
C57/BL6 mice, whereas control mice were fed a standard
diet. All female mice mated with healthy male mice and were
allowed to deliver spontaneously. The results demonstrated
that female offspring from obese dams presented a tendency
to become overweight in the first 8 weeks after birth; however,
maternal obesity did not significantly alter the body weight
of male offspring. RNA-sequencing analysis was performed
on female offspring liver at 3 weeks old. Significantly
dysregulated IncRNAs and downstream targets in female
offspring liver were identified using bioinformatics analysis.
IncRNA, microRNA (miRNA or miR) and mRNA expression
levels in liver and AMLI12 cells were assessed using reverse
transcription-quantitative PCR. A total of 8 upregulated and
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17 downregulated IncRNAs were demonstrated in offspring
from obese dams and IncRNA Lockd was indicated to be a key
dysregulated IncRNA. Competing endogenous RNA (ceRNA)
models suggested that the IncRNA Lockd/miR-582-5p/Elovl5
pathway was key for lipid metabolism in the liver of offspring
from obese dams. Finally, small interfering RNA and miRNA
inhibitor transfection was used to evaluate the ceRNA models
in AMLI2 cells. Taken together, the results of the present study
indicated that IncRNA Lockd-miR-582-5p-Elovl5 network
may be disrupted in lipid metabolism and lead to obesity in
the offspring of obese dams. This research will provide new
insights into the molecular mechanism of obesity and lipid
metabolism disorder.

Introduction

The prevalence of female obesity around the world has roughly
doubled in the past four decades (from 6.4 to 14.9%) (1).
Maternal obesity not only affects mothers' health, but also
exerts both short-term and long-term adverse effects on future
generations. The risks of preterm birth, neonatal malformation,
macrosomia, fetal distress and perinatal death are signifi-
cantly increased in obese mothers in the perinatal period (2).
Furthermore, the risk of being overweight is significantly
increased in their children (3). It has been recognized that
genetic background and changes in diet and lifestyle contribute
to the epidemic of obesity, but this view cannot fully explain
the rapid increase in incidence (4). It is currently hypothesized
that the acquired metabolic model of an individual might be
determined by the intrauterine nutritional environment during
the fetal or embryonic period. The uterine environment of
obese pregnant women may affect development and matura-
tion of important organs of the fetus, which thereby increases
the risk of obesity, diabetes and other chronic disease for the
offspring in adulthood (5,6). It has been reported that fetal
adaptations to undernutrition are associated with changes in
the concentrations of fetal and placental hormones. Persistent
changes in levels of hormone secretion and the sensitivity
of tissue may link fetal undernutrition with abnormal struc-
ture, function and disease in adult life (7). The concept of
‘nutrition programming’ proposed by Lucas (8) demonstrates
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the aforementioned phenomenon; in the early stage of life, the
body changes at both cellular and molecular levels to adapt
to stimuli of the nutrient environment, which leads to adap-
tive clonal selection or proliferation of differentiated cells.
However, these changes persist despite the disappearance of
stimuli, which results in alterations in the number or propor-
tion of tissue cells. The aforementioned studies suggest that
risk factors for certain chronic diseases in adulthood may start
from the period of embryonic or infant development and that
‘switches’ to initiate these risk factors are maternal uterine
environmental factors, especially changes in nutritional status.

Coding genes form <2% of the total human genome.
However, ~70% of the human genome is transcribed into RNA,
which generates thousands of non-coding (nc)RNAs (9). Long
ncRNA (IncRNA) has been reported to be closely associated
with chronic metabolic disease (10-14). IncRNA is a type of
single-stranded RNA molecule with transcript length >200 nt.
Due to lack of an open reading frame and the inability to
code for protein, IncRNA was previously considered to be a
‘junk gene’ (15). However, studies have reported that IncRNA
regulates protein-coding genes and it has been reported to
be involved in the occurrence of numerous diseases (16,17).
IncRNA structures are similar to those of mRNA, with a 5'-end
cap and 3'-end poly A-tail structure, which can regulate genes
by cis or trans-action on protein-coding genes. Thousands of
IncRNAs have been reported to be involved in mammalian
gene activities (15). However, the physiological function and
mechanisms of many IncRNAs are still unclear.

A previous study has focused on the metabolic char-
acteristics of offspring obesity or specific genes (18). In
the present study, expression of IncRNA in offspring liver
was assessed using whole transcriptome sequencing tech-
nology. Transcriptome sequencing research is the basis for
gene function and structure research. The new-generation
high-throughput sequencing methods enable comprehensive
and rapid capture of almost all transcript sequence information
for a certain tissue or organ of a species under a certain state
and this approach has been widely applied in basic research,
clinical diagnosis and drug research and development (19,20).

It is unclear whether IncRNA regulation is involved in
metabolic abnormalities of offspring caused by overfeeding
in early life. The present study assessed the potential lipid
metabolism-associated IncRNA and pathways in mice born
from obese dams using RNA-sequencing and bioinformatic
analyses. The findings of the present study may contribute to
understanding of the effects of maternal obesity on offspring
liver lipid metabolism and suggest novel therapeutic possibili-
ties for obesity-associated disease.

Materials and methods

Animals and treatment. A total of 14 C57/BL6 female
mice (age, 4 weeks; weight, 12+1 g; Hubei Experimental
Animal Research Center) were housed individually in wood-
chip-bedded plastic cages at a constant temperature (25+2°C)
and humidity (60+5%) with a 12/12-h light/dark cycle and
free access to water. Maternal obesity (n=10) was induced by
feeding a high-fat diet (45% of energy from fat; Research Diets,
Inc.) for 10 weeks while the control mice (n=4) were fed using
a standard diet (15% of energy from fat; Research Diets, Inc.),

7 female mice became obese in maternal obesity group. All
female mice mated with 6 healthy male mice (age, 14 weeks;
weight, 36+2 g; Hubei Experimental Animal Research Center)
in a 2:1 ratio, randomly as previously described, the housing
conditions of male mice are the same as the female mice (21).
All pups were weighed <12 h after birth. On the first day, litters
were adjusted to 8 pups/dam randomly and redundant pups
were euthanized using cervical dislocation. The body weight
of the dam and offspring were recorded weekly. Two separate
offspring groups were studied as follows: CON, offspring
from control dams and OB, offspring from obese dams. As
the offspring were breastfed for the first 3 weeks after birth,
all nutrients for offspring during the fetal period and within
3 weeks after birth came from the mother. After weaning, all
offspring freely ate a standard diet. Blood glucose levels of the
offspring were assessed by using a glucose meter (Johnson &
Johnson) at 3 and 8 weeks of age, after 12 h fasting, the tip of
the tail was scored using a pair of sterilized surgical scissors
and a small drop of blood (<5 ul) was placed on the test strip
of the blood glucose meter (21). A subset of female offspring
(CON, n=3; OB, n=3) were sacrificed randomly by cervical
dislocation at 3 weeks of age and liver samples were used for
RNA-sequencing analysis. The other offspring were sacrificed
by cervical dislocation at 8 weeks of age. All experimental
procedures were approved by Ethics Committee of Wuhan
University School of Medicine (approval no. 2018 YF0165).

Library construction. The library construction and sequencing
were performed by Annoroad Gene Technology Co. Ltd. A total
of three liver samples each were retrieved from female offspring
of the CON and OB groups. Total RNA was extracted from
the tissues using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). A total of 3 ug total RNA of each sample was used
to construct the IncRNA library. A Kaiao K5500 spectrophotom-
eter (Beijing Kaiao Technology Development Co., Ltd.) was used
to assess purity of samples and the Agilent 2100 RNA Nano 6000
Assay kit (Agilent Technologies, Inc.) was used to assess integrity
and concentration of RNA samples. The ribosomal RNA was
removed using Ribo-Zero™ Gold kit (Guangzhou RiboBio Co.,
Ltd.). Different index tags were selected using NEB Next Ultra
Directional RNA Library Prep kit for Illumina (New England
BioLabs, Inc.) according to the manufacturer's protocol. The
constructed library was used for IncRNA and mRNA sequencing
on the Illumina sequencing platform.

Sequencing data analysis. The raw reads obtained using
Illumina sequencing were processed by Annoroad Gene
Technology Co. Ltd. to remove low-quality sequences, adapter
contamination and rRNA to obtain clean reads. All subsequent
analyses were based on clean reads. IncRNA and mRNA
sequencing analysis process was as follows: Quality control
of sequencing data, data comparison analysis, expression
quantification, novel IncRNA recognition, differential expres-
sion analysis, feature analysis and target prediction of novel
IncRNA, and functional enrichment (22,23).

Bioinformatics analysis. Dysregulated gene analysis was
performed using the DEseq package in R 4.0.3 (r-project.
org/) and Mann-Whitney test was performed to evaluate
significantly dysregulated IncRNAs between offspring from
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CON and OB groups. The significantly dysregulated IncRNAs
were defined as llog,(FC)I=1 and false discovery rate <0.05.
Prediction of downstream targets of IncRNAs and microRNAs
(miRNAs or miRs). Query of the sequence and species infor-
mation for IncRNAs were performed using the online Starbase
tool (version 2.0; starbase.sysu.edu.cn/). The online STRING
tool (version 11.0; string-db.org/) was used to perform Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes
analysis of differentially expressed genes (24). The subcellular
localization of IncRNA was queried using the online Incatlas
tool (Incatlas.crg.eu/).

Reverse transcription-quantitative PCR (RT-gPCR). The
liver tissue of 3-week-old female offspring was collected and
IncRNA, miRNA and mRNA expression levels were assessed
using RT-qPCR. Total RNA was extracted from liver tissue
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.).
RNA was reverse-transcribed into complementary (c)DNA
using the PrimeScript™ Ist Strand cDNA Synthesis kit
(Takara Bio, Inc.) and miRcute Plus miRNA First-Strand
cDNA kit with poly(A) tailing reaction (Tiangen Biotech Co.,
Ltd.) according to the manufacturer's protocols. The expres-
sion levels of IncRNA and mRNA were quantified using TB
Green® Premix Ex Taq™ II kit (Takara Bio, Inc.) according to
the manufacturer's protocol. Expression levels of IncRNA and
mRNA relative to 3-actin and expression of miRNA relative to
U6 were quantified using the 2224 method (25). The expres-
sion levels of miRNAs were quantified using miRcute Plus
miRNA gPCR kit (Tiangen Biotech Co., Ltd.) according to
the manufacturer's protocol. B-actin was used as the reference
gene. The primer sequences are presented in Table SI.

Cells. The mouse hepatocyte AMLI12 cell line (Shenzhen
Haodi Huatuo Biotechnology Co., Ltd.) was plated in 6-well
plates (1.2x10%/well) for RT-qPCR using Dulbecco's Modified
Eagle Medium/Nutrient Mixture F-12 supplemented with
10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.), 5 insulin, 5 transferrin, 5 selenium and 40 mg/l dexa-
methasone, 100,000 U/1 penicillin and 100 mg/I streptomycin.
Cultures were maintained at 37°C in a humidified atmosphere
containing 5% CO, for experiments. RT-qPCR was performed
according to the aforementioned method.

Plasmids and transfection. siRNA of IncRNA Lockd and
miR-582-5p inhibitor were used to inhibit the expression of
IncRNA Lockd and miR-582-5p in AMLI12 cells, respectively.
siRNA of IncRNA Lockd and miR-582-5p inhibitor were
obtained from Guangzhou RiboBio Co., Ltd. The siRNA was
19 nt + dTdT 3' overhanging structure. The transfection of these
plasmids was performed using ribo FECT™ CP Transfection
kit (Guangzhou RiboBio Co., Ltd.) in AMLI12 cells according
to the manufacturer's protocol. RT-qPCR was performed to
determine the expression of IncRNA Lockd, miR-582-5p,
ElovlS according to the aforementioned method. The siRNA
primer sequences of IncRNA Lockd and miR-582-5p inhibitor
are presented in Table SI.

Statistical analysis. All data were presented as mean + SD and
analyzed using SPSS 25.0 (IBM Corp.) or R 4.0.3 (r-project.
org/). Results were the average of 3 independent repeats. Two

groups were compared using unpaired Student's t test. Three
groups were compared using one-way ANOVA and post hoc
least significant difference test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Metabolic characteristics of mother and offspring. From
the 8th to 10th week of feeding, the weight of maternal mice
in the OB group was significantly increased compared with
CON (Fig. 1A). Compared with CON, birth weight of OB
was significantly lower (Fig. 1B). Furthermore, the survival
rate of CON offspring within the first week postpartum was
100%; survival rate of OB offspring was significantly lower
compared with that of CON (Fig. 1C). There was no significant
difference in sex ratio and litter size between the groups (data
not shown). Furthermore, the gestational period of both groups
was 21 days and no visible malformation was demonstrated in
the offspring of either group. After birth, OB female offspring
demonstrated significantly increased body weight at the 3rd,
6th and 8th week compared with CON female offspring
(Fig. 1D). However, maternal obesity did not significantly alter
the body weight of male offspring (Fig. 1E). Furthermore,
fasting blood glucose were performed at 3 and 8 weeks of age
in offspring from both groups and no significant differences
in glucose metabolism were observed between offspring of
different sexes or between offspring from CON and OB dams
(data not shown).

Expression profiles of IncRNA in offspring. A total of 4,393
IncRNAs was identified from the total RNA libraries. The
classification of IncRNA in different samples was based on the
genomic origin (Fig. 2A). Among these IncRNAs, 3,226 were
mapped to known genes while 1,167 were not mapped to any
genes, which suggested they may be composed of intergenic
sequences. Furthermore, an overview of genomic loci of global
IncRNA on different chromosomes was generated based on
expression count and it was demonstrated that genomic loci
from which IncRNAs were derived were widely distributed
across chromosomes except the Y chromosome (Fig. 2B).
Violin plots demonstrated that all IncRNA distributions were
at nearly the same level after normalization (Fig. 2C).

Analysis of differently expressed IncRNAs. Compared with
CON offspring, 81 differentially expressed IncRNAs, including
37 up- and 44 downregulated genes, were demonstrated in OB
offspring (Fig. 3A). The volcano (Fig. 3B) and scatter (Fig. 3C)
plots demonstrated that IncRNA expression varied between
OB and CON offspring. Furthermore, classification of the
differentially expressed IncRNAs (Fig. 3D) demonstrated
that lincRNA was the major type of IncRNA that was up-
and downregulated. Most of the upregulated IncRNAs were
located on chromosome 2, whereas most of the downregulated
IncRNAs were located on chromosome 8 (Fig. 3E).

IncRNA-miRNA-mRNA network. A total of 81 differentially
expressed IncRNAs were identified, of which 56 were unknown
and 25 were known. The known IncRNAs included 17 down-
and 8 upregulated genes (Table I). Among the 25 known
IncRNAs, IncRNA Lockd is a IncRNA that is homologous in
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Table I. Up- and downregulated genes in differentially expressed known IncRNAs.

Expression, n

Long non-coding RNA

Downregulated, 17

AC122326.1, Gm44787, AC091458.3, Gm14097, Gm6135, Tbx30s1,

Gm15611, Lockd, Gm45792, Gm44963, 1810008118Rik, Gm32540,
Gm45836, Gm4316, Gm42031, AC159886.3, AC159895.1

Upregulated, 8

AC079680.3, Hnf4aos, Gm10804, Gm15860, Gm3054,

9530026P05Rik, 2010007HO6Rik, Xist

Lnc, long non-coding.

human and mouse. The online Incatlas tool (Incatlas.crg.eu/)
was used to assess subcellular localization of IncRNA Lockd,
which was located in the cytoplasm. The downstream targets
of IncRNA Lockd were predicted using the online Starbase
2.0 tool and target miRNAs miR-201-5p and miR-582-5p were
indicated (Fig. 4A). Gene enrichment analysis demonstrated
that the downstream target genes of mir-201-5p were not
enriched in the lipid metabolism pathway (data not shown).
The downstream targets of miR-582-5p were predicted using
the online Starbase 2.0 tool and 1,208 downstream targets
were indicated. The intersection of 1,208 predicted target and
differentially expressed genes was assessed and 28 differential
target genes were indicated (Fig. 4B). STRING website and
Cytoscape software were used to assess the network of these
28 target genes. According to matching score, miR-582-5p and
Elovl5 had the highest matching score and the closest combi-
nation (Fig. 4C). Elovl5 was demonstrated to be significantly
enriched in the GO and KEGG lipid metabolism pathways,
such as ‘biosynthesis of unsaturated fatty acid’, ‘fatty acid
metabolism’, ‘fatty acid biosynthetic process’ and ‘lipid
biosynthetic process’ (Fig. 4D). The binding sites of IncRNA
Lockd, miR-582-5p and Elovl5 are presented (Fig. 4E).

Expression of IncRNA Lockd, miR-582-5p and Elovl5. In the
liver of 3-week-old female offspring, it was demonstrated that
compared with the offspring from CON group, the expres-
sion of LncRNA Lockd (P=0.013) and Elovl5 (P=0.024)
was significantly lower in OB offspring and expression of
miR-582-5p (P=0.022) was significantly higher (Fig. 5A).
The results were similar in female offspring mice at 8 weeks
of age (all P<0.001; Fig. 5B). In AMLI12 cells, following
siRNA interference, mRNA expression levels of LncRNA
Lockd (P=0.004) and Elovl5 (P=0.006) both significantly
decreased and mRNA expression levels of miR-582-5p
significantly increased (P=0.008) compared with the Control
group (Fig. 5C). Following interference with miR-582-5p
inhibitor, mRNA expression levels of LncRNA Lockd did
not change significantly (P=0.544), mRNA expression levels
of miR-582-5p decreased significantly (P=0.028) and mRNA
expression levels of Elovl5 significantly increased (P=0.008)
compared with Control group (Fig. 5D).

Discussion

In the present study, an animal model of maternal obesity
was constructed to assess expression of IncRNA in offspring

liver using whole transcriptome sequencing technology and
bioinformatics analysis. Illumina sequencing platform-based
next-generation IncRNA sequencing technology accurately
and quickly determines the number and structure of tran-
scripts (such as mRNA, known and novel IncRNA) using
high-performance computing clusters and powerful bioin-
formatics analysis techniques (26). Functional annotation
and enrichment analysis were performed on differentially
expressed mRNAs to obtain an information map of mRNA
involvement in in vivo activity. Furthermore, target and
functional enrichment analysis of the target on differentially
expressed mRNA was used to produce an overview of the
transcriptional regulatory network of IncRNA. The results
of the present study provide novel insights into the mecha-
nisms by which maternal obesity influences offspring liver
metabolism.

To the best of our knowledge, previous studies on the
mechanism of maternal obesity on metabolic disease of
offspring are limited (27,28). It has been reported that a high
glucose intrauterine environment caused by hyperglycemia
in pregnant Sprague-Dawley rats increases risk of insulin
resistance in offspring and fatty liver in adulthood (21).
Overfeeding of new-born C57/BL6 mice during lactation
exacerbates risk of insulin resistance and release of inflam-
matory factors in adulthood (29). Similar to previous studies,
the present study demonstrated that body weight after birth in
offspring of OB dams was significantly increased compared
with the CON group (30,31). However, this was only observed
in female offspring and not in male offspring. Baker et al (31)
reported a causal pathway in which maternal obesity persis-
tently decreases female offspring physical activity, which
leads to adult obesity.

At present, the literature reports that IncRNA liver-
specific triglyceride regulator, maternally expressed
gene 3 and metastasis-associated lung adenocarcinoma
transcript 1 regulate liver lipid metabolism signaling path-
ways (32-35). Previous studies have reported that IncRNAs
serve an important role in liver lipid metabolism (34,35).
In the present study, gene sequencing of 3-week-old female
offspring liver from CON and OB groups demonstrated
that IncRNA Lockd served an important role in liver lipid
metabolism. IncRNA Lockd (ENSMUSG00000098318,
also known as 1190002F15Rik) is a downstream IncRNA of
cyclin-dependent kinase inhibitor 1B (CDKNI1B), located on
mouse chromosome 6 (134929092-134956798 bp, + strand),
which contains two exon sequences with a transcript length
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Figure 5. mRNA expression levels of IncRNA Lockd, mi-582-5p and Elovl5. mRNA expression levels of IncRNA Lockd, mi-582-5p and Elovl5 in (A) 3- and
(B) 8-week-old female offspring mice from CON and OB dams. "P<0.05 vs. CON. The mRNA expression levels of IncRNA Lockd, miR-582-5p and Elovl5
following treatment using (C) siRNA of IncRNA Lockd and (D) miR-582-5p inhibitor in AMLI2 cells. "P<0.05 vs. Control. IncRNA, long non-coding RNA;

IncRNA lockd

CON, control; OB, obese; miR, microRNA; NC, negative control; si, small interfering.
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of 5,662 bps (36,37). IncRNA Lockd is expressed in many
cell types and its locus exhibits open chromatin in multiple
types of tissue. The IncRNA Lockd enhancer likely regulates
CDKNIB transcription in multiple tissues (37). The human
genomic region orthologous to the mouse Lockd promoter
demonstrates DNase hypersensitivity and binds a similar set
of TFs in human K562 erythroleukemia cells, which indicates
the presence of a functional cis element (36). Transcriptome
sequencing indicated that IncRNA Lockd was enriched in the
mouse liver.

Competing endogenous RNAs (ceRNAs) are transcripts
that regulate each other at a post-transcription level by
competing for shared miRNAs. ceRNA networks link the
function of mRNAs with that of ncRNAs (such as, IncRNA,
circular RNA and miRNA) (38). In the present study, following
interference with IncRNA Lockd, mRNA expression levels
of miR-582-5p were significantly upregulated and mRNA
expression levels of Elovl5 were significantly downregulated;
following miR-582-5p inhibition, mRNA expression levels
of Elovl5 were significantly upregulated. The results of the
present study suggested that IncRNA Lockd was an endog-
enous RNA that competitively bound to mi-582-5p, acted as a
sponge and indirectly downregulated Elovl5 and affected liver
lipid metabolism.

Elovl5 is a key PPARa regulatory enzyme involved in
synthesis of mono- and polyunsaturated fatty acids (PUFAs)
and it is downregulated in the liver of diet-induced obese
mice (39,40). Increased Elovl5 activity in the liver of obese
mice has been reported to decrease triglyceride content (41).
However, liver cholesterol and fasting plasma triglyceride
levels are not affected by changes in Elovl5 activity. Elovl5
is one of seven Elovl5 subtypes expressed in humans and
rodents. Elovl5 serves a key role in the synthesis of C20 n-6
PUFA (41). The expression of Elovl5 in the liver has been
reported to be negatively correlated with triglyceride content,
blood glucose levels and expression of enzymes involved in
gluconeogenesis (33,34), but the mechanism by which Elovl5
control triglyceride levels is still unclear and needs to be
further elucidated.

There are potential limitations in the present study. First,
only three offspring from CON and OB dams were used for
RNA-sequencing. As such, validation in larger cohorts needs
to be performed in the future. Moreover, additional experi-
ments such as dual-luciferase reporter and fluorescence in situ
hybridization should be performed to elucidate the regulatory
mechanism of the IncRNA-miRNA-mRNA network.

To summarize, the present study indicated that maternal
obesity is an important risk factor for obesity and adult liver
lipid metabolism disorder in offspring. Excessive nutrient
intake in the early life disrupts liver metabolism in offspring
and increases risk of liver lipid metabolism disorder in adult-
hood. In this process, the expression of miR-582-5p and Elovl5
is regulated by IncRNA Lockd, which affects key components
in the lipid metabolism pathway; this may provide novel
approaches for effective prevention and treatment of obesity
and associated metabolic disease.
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