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BACKGROUND: DNA methylation is a major epigenetic modification of genomes in
mammals, involving the regulation of many cellular processes. Increasing study focus on
the correlation between DNA methylation and reproductive medicine. Thus, it is
meaningful to systematically review the latest knowledge domain and provide a hallmark
of DNA methylation in reproductive medicine. This study aimed to quantitatively analyze
the intellectual structure, hot topics and emerging trends of DNA methylation-related
studies in reproductive medicine using visualization software.

METHODS: In the present study, we perform a qualitatively and quantitatively evaluation
on publications about DNA methylation in reproductive medicine, using a visual
exploration tool CiteSpace, to identify emerging trends and transient patterns in scientific
literature.

RESCULTS: A total of 660 records relating DNA methylation in reproductive medicine were
retrieved the Web of Science core collection from 1993 to 2020. The number of the annual
publications gradually increased. CiteSpace 5.3 was used to comprehensively analyze the
publication information. Fertility and Sterility published the highest number of studies on
DNA methylation. Nature and New England Journal of Medicine ranked the first in the
frequency and centrality of cited journal. Among countries, the United States was the
publication leader, and the top institute was Chinese Academy of Sciences with the most
productions. Haaf T was the most representative author. Gene expression, epigenetics, in
vitro fertilization, assisted reproductive technology, fertilization, and beckwith wiedemann
syndrome were the hot spots, and endocrine disruptor, genome-wide analysis, and the
safety of assisted reproductive technology represented research frontiers.

CONCLUSION: Scientometric analysis identifies that DNA methylation is still a hot topic in
reproductive medicine, and provides valuable information for researchers to identify new
perspectives on potential collaborators and cooperative institutions and shape the future
research directions.
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Core tip: DNA methylation is the main epigenetic modification of mammalian genome, which involves the regulation of many
cellular processes. More and more attention has been paid to the relationship between DNA methylation and reproductive
medicine. It is of great significance to systematically study the latest knowledge of DNA methylation in germ cells and provide
markers of DNA methylation in germ cells. This study shows that DNA methylation is still a hot issue in the field of reproductive
medicine, which provides valuable information for researchers to find new perspectives of potential collaborators and cooperative
institutions and determine the future research direction.

DNA methylation is a major epigenetic  transcription without changing DNA sequence’. In
modification of genomes that usually represses ~ mammals, DNA methylation primarily occurs on
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cytosine residues of CpG dinucleotides?, and the
process is mediated by a conserved group of DNA
methyltransferases. Genomic patterns of DNA
methylation are closely related to the gene regulation
and chromatin organization during embryogenesis
and gametogenesis’. Moreover, it plays a critical role
in many cellular processes, such as tissue specific
gene expression, transcriptional regulation, X
chromosome inactivation, mammalian imprinting,
and embryonic development*®. Growing evidence
has pointed towards the association of changes in
DNA methylation with the pathogenesis of several
diseases, such as type 2 diabetes, neurodegenerative
disease, cardiovascular disease, and cancer®”’.
Systematic interrogation of DNA methylation may
substantially improve our understanding of
underlying etiology.

Reproductive medicine is a medical discipline
physiology,

biochemistry, and pathology of human reproductive

concerning the morphology,
systems. It involves a variety of reproductive
conditions, including ovulation induction, infertility,
endocrine disorders, recurrent spontaneous abortion,
as well as assisted reproductive techniques. Evidence
has identified epigenetic reprogramming as a crucial
event in embryonic development, maintenance of
pluripotency, X-chromosome inactivation and
genomic imprinting'®. DNA methylation, as the
best understood epigenetic reprogramming cycle, is
considered as a component of epigenetic memory
with a critical role during embryo development.
Evidence suggests that assisted reproduction
techniques can cause epigenetic disruption that is

some and gene

11,12

responsible  for phenotypic
expression abnormalities in their offspring
There is increasing studies that focus on the
between DNA  methylation and

reproductive medicine. Thus, it is meaningful to

correlation

systematically review the latest knowledge domain
and provide a hallmark of DNA methylation in
reproductive medicine.

Scientometrics focuses on quantitative research
assessment of academic outputs in a specific field,
and has been considered as a possible auxiliary tool
in research process'. With advance in technology,
current scientometric study has realized the

visualization of the knowledge domain with reduced
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complexity and costs. In the present study, we
perform a qualitatively and quantitatively evaluation
on publications about DNA methylation in
reproductive medicine, using a visual exploration
tool CiteSpace, to identify emerging trends and
transient patterns in scientific literature. This work
will  contribute to understanding historical
perspective and potential prospects in the field of

epigenetic reproductive medicine.

MATERIALS AND METHODS
Data collection

The Web of Science Core Collection (WoSCC)
is a widely used database in academia, which
provides a comprehensive and standardized set of
data for export. Here, the WoSCC was used to
compile the literature dataset for the scientometric
analysis. The first article on DNA methylation in
reproductive medicine was published in 1993, thus
the timespan for the retrieval in this study was from
1993 to 2020. The topic search consists of index
words as follows: “DNA methylation OR DNA
methylations” AND “reproductive medicine OR
reproduction”. The topic retrieval resulted in 666
records published between 1993 and 2020.

Scientometric analysis

CiteSpace is a freely available tool based on Java
platform for visualizing and analyzing trends and
patterns in scientific literature'®, and is considered as
an optimal means for collaboration network analysis,
including co-authors, co-citation references, and co-
occurring keywords. It can connect all kinds of
publication characteristics to facilitate the delivery of
knowledge domain, and identify critical points by
recognizing the nodes with high centrality. In the
map, different nodes represent elements, such as an
author, country, institution, and cited reference, and

links

collaboration or co-citations. Critical points are

between nodes are relationships  of
highlighted with a purple ring in the visualized
network'®. Based on Kleinberg’s burst-detection
algorithm'’, the current research front is identified
according to burst terms from titles, abstracts,
descriptors, and identifiers of scientometric records.
In this study, CiteSpace 5.3.R8 was employed to

perform the scientometric analysis based on records
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retrieved from the WoSCC. From 1993 to 2020, we
set the “years per slice” to 2.

RESULTS AND DISCUSSION
Analysis of publication outputs

The first article on DNA methylation in
reproductive medicine was published in 1993. The
publications on DNA methylation in reproductive
medicine show an accelerating growth trend from
2006 to 2011. Thereafter, the number of published
articles showed increasing tendency in fluctuation,
indicating that DNA methylation is still a hot spot
in the field of reproduction and is still in the
development stage. Figure 1 shows the distribution
of annual publications from 1993 to 2020. Among
660 publications, almost all the retrieved articles
were in English (99%), the other 1% were mainly in
French, German, and Spanish.

Journal analysis

All the article records on DNA methylation in
reproductive medicine were distributed in 277
journals. Fertility and Sterility (IFyos 5.411)
published the highest number of studies on DNA
methylation (88 articles, 13.33%), followed by
Reproduction (IF.ns 3.125, 25 articles, 3.79%),
Human Reproduction (IF2s 5.506, 22 articles,
3.33%) and PLoS One (IF,s 2.776, 22 articles,
3.33%). DNA methylation-related studies in
reproductive medicine are more likely to be accepted
by these active journals, which can provide reference
information for new researchers.

The impact factor (IF) of a journal is an
important factor in evaluating its academic value. In
this article, we explored the relationship between the
journal’s IF21s and the quantity of articles. Among
the top 15 most productive journals, 4 journals had
an IF>5, including Human Reproduction Update
(IF.0s 12.878), PNAS (IFus 9.58), Human
Reproduction (IFais 5.506), and Fertility and
Sterility (IF201s 5.411); 5 journals had 3<IF<5; and 6
showed an IF<3. The publications of relevant
rescarch were mainly published in journals with
IF>3 (60%, 9/15). However, only one journal
Human Reproduction Update had an IF>10, which
means that publishing relevant papers in high-
scoring journals remains a challenge.
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Figure 2 shows the network organized by the
cited journal, with 160 nodes and 364 edges. It is
apparent that the journal with the largest explosion
of citations was “Nature”, followed by “Proceedings
of the National Academy of Sciences of United
States”, “Science”, “Cell”, and “PLoS One”. Table 1
shows the top 5 most-cited journals and top 5
journals with the highest centrality in this study.
These journals represent high quality of research and
great impact in the field of DNA methylation in
reproductive medicine. The best-classified journal
by citation count was Nature, with 471 records, thus
being considered the best source for scientists to
develop and disseminate papers on the subject. The
most outstanding journal by centrality was New
England Journal of Medicine, with a centrality of
0.57.

Country and institution analysis

The origin analysis of the authors of the
publications  contributes to understand the
geographic distribution of the countries and
institutions with the highest publication indices on
methylation-related ~ studies in  reproductive
medicine. Figure 3 summarizes the information on
the number of citations and cooperation network
between countries. The thickness of the connecting
lines between countries demonstrates the intensity of
cooperation. Research teams from 37 countries
published 660 articles. The top ten countries (5
European countries, 2 Asian countries, 2 American
countries, and Australia) published 650 articles,
accounting for 98% of the total publications. China
is the only developing country in the group,
indicating significant progress in the life sciences
over the past few years. The publication leader was
the United States, followed by China, Germany,
England, and France. The United States (199) and
China (139) were the two countries with the most
publications, accounting for 51% of the total
publications. The United States, Japan and France
valued cooperation. The top 5 countries in terms of
volume and centrality are shown in Table 2.

These 660 articles were generated by many
institutions from different countries worldwide.
CtieSpace software visually presented the most

productive institutions as well as their connection
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among each other (Figures 4). Chinese Academy of
Sciences was the most productive institution with 21
recorded, followed by Northwest A&F University
and Zhejiang University. Among these prolific
institutions, Chinese Academy of Sciences, China
Agricultural University and SciUniv Missouri had
close cooperation with each other. It's worth noting
that, Chinese Academy of Sciences not only
generated high publication number, but also showed
the highest centrality, suggesting that Chinese
Academy of Sciences is an authoritative institution
in this field. It mainly focused on the DNA
methylation patterns in oocytes and liver of female
mice and their offspring'®, with emphasis on
cooperation with other institutions. Table 3 presents
the top 5 most productive and influential
institutions in DNA methylation-related studies in

field, based on the

reproductive  medicine

publication and centrality.

Author analysis
The 660 publications DNA

methylation in reproductive medicine were involved

related to

in 163 authors. The most productive authors were
Haaf T with 8 articles, followed by Chen X with 7
articles, Li L with 8 articles, Carrell DT with 6
articles, and Zhang Y with 6 articles. In Haaf T’s
studies'?, the epigenetic changes in reproductive
medicine were reported. Chen X and colleagues
DNA

methylation abnormity and the risk of human

focused on the association between
spontaneous abortion after assisted reproduction
techniques?*. Li’s team identified the impairments
of di-(2-ethylhexyl) phthalate and bisphenol A
exposures to primordial follicle assembly by
preventing or delaying DNA demethylation®. The
collaboration network for the productive authors is
shown in Figure 5. However, the annual citation
frequency of these productive authors was not
included in the top 15, suggesting that these
productive authors should consider not only the
quantity of articles, but also the quality of their
articles.
Furthermore, we analyzed the co-citation
relationship of authors in DNA methylation studies.
Figure 6 shows the network map of co-citated

authors. Reik W (127 co-citations) ranked first in
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the co-cited authors, followed by Kobayashi H (112
co-citations), Marques CJ (84 co-citations), and
Maher ER (68 co-citations), demonstrating their
critical roles in DNA methylation-related studies in
reproductive medicine.

Publication co-citation analysis

Figure 7 shows the co-citation network of
references, in which each node represents an article,
and the line between two nodes represents the co-
reference. Through the ranking analysis of citation
frequency and centrality, 5 “classic literatures” were
identified. These literatures laid a theoretical and
practical foundation for the related research of DNA
methylation in reproductive medicine, which might
be landmark research.

The work of Marques CJ et a** published in 2008
was the most cited reference. They investigated the
methylation patterns of H19 and MEST imprinted
genes in sperm of control and oligozoospermic
patients by bisulphite genomic sequencing, and
found an explanation of the cause of Silver-Russell
children with  H19

after reproductive

syndrome  in born

hypomethylation assisted
technologies. Additionally, unmethylation of the
CTCF-binding site could lead to inactivation of the
paternal IGF2 gene, and be linked to decreased
embryo quality and birth weight, often associated
with ART. The second most cited reference was the
article published in 2007 by Sato et al’, which
focused on the aberrant DNA methylation of
imprinted loci in superovulated oocytes. This work
suggested that superovulation can lead to the
production of oocytes without their correct primary
imprint and highlight the need for more research
into ARTs.

When ranked by centrality, the first was the
article published by Heijmans BT et aP® in 2008,
which investigated the epigenetic changes in
individuals  prenatally exposed to  adverse
environments relative to those unexposed, and
revealed that early-life environmental conditions can
cause epigenetic changes in humans that persist
throughout life. Feil R et al’” performed a systematic
review on epigenetics and the environment, and
indicated  that

components,

chemical  pollutants, dietary

temperature changes and other
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external stresses had long-lasting effects on
phenotypic and epigenetic regulation, sometimes
even in subsequent generations. Meanwhile, genetic
heterogeneity of individuals can influence epigenetic
regulation and genetic susceptibility to environment
stresses. These results provide critical implications

for the

environmentally triggered phenotypes and diseases.

involvement  of  epigenetics  in

Keyword co-occurrence analysis

Keyword is considered as one of the most
important points of a publication, providing a
reasonable description of research hotspots. The
knowledge map of keyword co-occurrence analysis
can be used to identify emerging trends and
transient patterns in a certain knowledge domain.

Utilizing Citespace software, the keyword co-
occurrence map (containing 199 items and 278 links)
was recognized from the publications related to
DNA methylation in reproductive medicine, as
shown in Figure 8. The top keywords were as follows:
gene expression (136 counts), epigenetics (128
counts), in vitro fertilization (103 counts), assisted
reproductive technology (50 counts), beckwith
wiedemann syndrome (69 counts), embryo (33
counts). Moreover, the keywords generated 7
clusters based on the log-likelihood ratio test. The
major clusters showed in Figure 9 presented the
most representative keywords in the field of DNA
methylation in reproductive medicine, with the
of 0.679-0.895. The
silhouette is an indicator to evaluate the clusters of
the network, and the silhouette >0.5 means that the

mean silhouette mean

clustering result of the network is rational’®. The
detailed

summarized in Table 4.

information of the 5 clusters are

DNA methylation is one of the most important
epigenetic mechanisms during the mammalian life
cycle. In the preimplantation embryo, DNA
methylation forms the basic epigenetic barrier that
guides and limits cell differentiation and prevents
the regression to an undifferentiated state. DNA
methylation plays a critical role in the maintenance
of genomic stability and the coordinated expression
of imprinting genes®.

During embryonic development, adverse prenatal
environmental effects may result in persistent

Tob Regul Sci™ 2021;7(6): 6484-6498

epigenomic changes, such as loss of imprinting of
(IGF2), and

hypermethylation or hypomethylation on CpG sites,

leading to an increased risk of adult onset diseases™.

insulin-like  growth factor 2

Epigenetics focuses on the study of epigenetic

modification in gene expression. Epigenetic
variations can be replicated during somatic cell
mitosis and present transgenerational inheritance
stability, without changing the DNA sequence®.
Accumulating evidence indicates that inappropriate
epigenetic reprogramming during early embryonic
development may contribute to common diseases of
fetal origin, such as type 2 diabetes and prostate
cancer’!2,

Preliminary  evidence indicates that the

manipulation to embryo can alter the cell lineage

cells  be

preferentially to the trophoectoderm®. As a result, a

differentiation,  making allocated
placenta larger than the normal placenta is formed,
leading to the abnormal growth and development of
the fetus. Presumably, this interference is caused by
environmental-induced changes in early gene
expression regulation, which is related to the
disruptions to nucleocytoplasmic interaction and
maternal-embryonic signaling®.

Epigenetic changes are also related to assisted
reproduction. Evidence suggests that in vitro
conception is associated with the DNA methylation
differences that are implicated to expression
differences of imprinted and non-imprinted genes*.
Several of the genes with significant differences
between children conceived by assisted reproduction
and children conceived in vivo have been linked to
chronic metabolic disorders, such as obesity and type
2 diabetes*. It is admonished that even minimal
manipulation in assisted reproduction technologies,
such as embryo transfer, can adversely affect
genomic imprinting during post-implantation
development®. Assisted reproduction technology
may influence epigenetics in global patterns of DNA
and gene carly

methylation expression in

embryogenesis®’.  Superovulated  oocytes  can
influence the sex-specific epigenetic modifications
that are imposed during gametogenesis®. With the
development of epigenetics, the safety of assisted
reproductive technology has been paid increasing

attention’®%.
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A citation burst detection is an indicator of the
most active field, which provides the items with a
sharply increased frequency change in a short time?.
The keywords were analyzed in a timespan from
2001 to 2019, and the top 30 keywords with the
strongest bursts were chosen (Figure 10). Meanwhile,
CiteSpace also provides a time-zone visualization of
the keyword co-occurrence map (Figure 11), which
shows keywords occurred for the first time in
Notably, the

metabolism,

chronological  order. keywords

endocrine  disruptor, epigenetic
inheritance, genome wide, and pregnancy with
strongest burst were identified, which represented
the emerging trends in DNA methylation.
Endocrine disruptors, as environment chemicals,
can cause adverse effects in homeostasis,
reproduction and development by interfering with
hormone system®. Endocrine disruptors can cause
effects in germ line reprograming and epigenetic
transgenerational actions®, which has significant
implications for evolutionary biology and disease
etiology. Current effort focuses on the exploration of
underlying mechanisms of endocrine disruptor
actions in epigenetic reproductive medicine.
Exposure to endocrine disruptors is also
associated with dysfunctions of metabolism and
reproduction. One-carbon metabolism function is a
key biochemical conduit between prenatal
environment and epigenetic regulation of early
development®. It is indicated that maternal obesity
has adverse effects on reproduction and the health of
DNA methylation

patterns of several metabolism-related genes have

the offspring®. Moreover,

been identified to be altered in oocytes of obese mice
and their offspring®.

Despite of the advance in assisted reproduction,
its adverse outcomes has resulted in increasing
attention of epigenetic risk of assisted reproduction®.
Assisted

variation that might be transmitted to the offspring.

reproduction can induce epigenetic
Thus, the field of epigenetic inheritance of an
individual and between generations is growing.

Next
development of genome-wide DNA methylation

generation sequencing promotes the

analysis to identify imprinted genes*, which
provides significant insights into the molecular
processes in the mammalian embryo for normal

Tob Regul Sci™ 2021;7(6): 6484-6498

development. Genome-wide methylation data and
insights into epigenetic reprogramming of embryos
allows us to view epigenetic modification from a new
angle.

CONLUSION

This study performs a comprehensive review of
the various aspects of DNA methylation in
reproductive medicine using a scientometric method
and results in information on the structure and
subjects of this field. In total, 666 articles related to
DNA methylation in reproductive medicine
between 1993 and 2020 have been analyzed. The
number of published articles showed increasing
tendency. The United States and China are the
leading countries for research. Cooperation between
to be
strengthened in the future. Keyword occurrence and

showed the

(including the effects of superovulation and adverse

countries and institutions still needs

co-occurrence  analyses hotspot
prenatal environmental on DNA methylation and

gene  expression, and assisted reproductive
technology and its safety) and the frontiers
(endocrine disruptors and metabolism, epigenetic
risk of assisted reproduction, and genome-wide
methylation analysis technology).

In conclusion, this scientometric analysis shows
that DNA methylation is still a hot topic in the field
of reproduction, especially assisted reproductive

DNA

endocrinology and metabolism. As a burgeoning

technology-related methylation,
discipline, reproductive medicine needs deeper
research and more collaboration. The findings from
the scientometric analysis are expected to provide
valuable information for researchers in this field to
discover new ideas and shape the future research
directions.
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FIGURES
Figure 1.
Time distribution of annual publications in WoSCC.
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Figure 2.
The network organized by the cited journal.
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Figure 3.
Network map of productive countries.
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Network map of productive institutions.
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Figure 5.
Cooperation network of productive authors.
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Network map of co-cited authors.
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Figure 7.

Co-citation network of references.

LUCIFERO D (2004) sMALLwoogUs?x:'zsoﬁTd) . MESSERSCHMIDT DM (2014)
GHAIKOVA P (2002)

CZEMACH A (2010)

REIK W (2001)

o < FENG SH (2010) SMITH ZD (2013)
KRUEGER F (2011)
- — o
A D (E00T) LAZARAVICIUTE G (2014) LAW JA (2010) HAMMOUD SS (2009)
SONG S (2015)
- NAVARRO-COSTA P (2010)
GARONE BR (2010)
(<5 KATARI'S’(2009) MONES\PA (2012)

(=] CHEARD E (2014)

VARPMONTFOORT A(2012) JAENISCH R (2003)
MARKET-VELKER BA (2010) BOISSONNAS CC (2010)
MARQUES CJ (2010)
KOBAYASHI H (2009)
SANTOS F (2002) ,‘ HEIJMANS BT (2008) <
O MARQUES CJ (2008) POPLINSKI A (2010)
HATA K (2002) >
» KANEDA M (2004) RIVERA RM (2008) MANIPALVIRATN S (2009)
TURAN N (2010)
PRELAJSEDJ215) FORTIER AL (2008)
CHANG AS (2005) HAMMOUD SS (2010)
KAGAMI M (2007) MARQUES CJ (2004)
MARKET-VELKER BA (2010) KOBAYASHI H (2007)
BEBAUN MR (2003)( A A
? LUCIFERO D (2004) HOUSHDARAN S (2007)
AMOR DJ (2008)
LUDWIG.M (2005) ¥OUNG LE (2001) WU Y (2014)
()7 (2005) COX GF|(2002) FAUQUE P (2007)
@CQUEL € (2003) GOOHERTY AS (2000)
MANN MRW.(2004) SATO A (2007)

MAHER ER (2003)
ORSTAVIK KH (2003) PN
TIERLING S (2010) DOORNBOS ME (2007)
SUTCLIFFE AG (2006)
BOWDIN S (2007)

Figure 8.
Network map of co-occurring keywords.
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Figure 9.
Clusters of keyword co-ocaurrence.
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Figure 10.
Top 30 keywords with thestrongest citation bursts.
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Figure 11.
Time-zone visual zation of keywords.
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Table 1.
Top 5 journals in terms of frequency and centrality
JRank Journal FrequencyRank Journal Centrality
1 Nature 471 1  New England Journal of Medicine 0.57
9 Proceedings of the Nauona!sg;:::emy of Sciences of United 460 9 Biology of Reproduction 0.3
3 Science 411 3 Molecular Human Reproduction 0.31
4 Cell 374 4 Molecular a_nd Cellular 0.25
Endocrinology
5 PL0S One 354 5 Lancet 0.22
Table 2.
The top 5 most productive and influential countries in the field of DNA methylation in reproductive
medicine
Rank Country Frequency Rank Country Centrality
1 United States 199 1 Norway 0.57
2 China 139 2 Turkey 0.43
3 Germany 56 3 Sweden 0.37
4 England 54 4 Japan 0.35
5 France 50 5 Canada 0.32
Table 3.

The top 5 most productive and influential institutions in the field of DNA methylation in
reproductive medicine.

Rank Institution Frequency Rank Institution Centrality
1 Chinese Acad Sci 21 1 Chinese Acad Sci 0.09
2 Northwest A&F Univ 12 2 Qingdao Agr Univ 0.07
3 Zhejiang Univ 11 3 Northeast Agr Univ 0.07
4 Univ Utah 9 4 Northwest A&F Univ 0.06
5 Univ Penn 9 5 Huazhong Agr Univ 0.06
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Table 4.
The top 5 most representative keywords in the field of DNA methylation in reproductive medicine
Cluster _.
ID Silhouette keyword Label
Imprinting, protein, gene expression, maternal and paternal effects, ransgenerational effects,
0 0.887 early development, epigenetic reprogramming, epigenetic resetting, offspring, sex determination, Imprinting
gene regulation
1 0.563 assisted reproductive technology, human embryos, embryonic development, blastocysts, assisted reproductive
' superovulation, embryo culture, art laboratory, ovarian stimulation, fertility treatment, in vitro technology
Oocyte, intracytoplasmic sperm injection (icsi), human embryo, preimplantation embryo,
2 0.857 tripronuclear zygote, gonadotropin, mitochondria, in vitro maturation (ivm), postovulatory Oocyte
oocyte aging, blastocysts
h19, Igf2r, peg3, snrpn gene, dnmt3 family, pem homeobox gene, gene expression, transcription
3 0.803 h19
factor
4 0.748 Infertility, human sperm, recurrent spontaneous _mlscgrnage, fertilization, spermatogenesis, Infertility
pegl/mest, endocrine disruptors
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