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Ionising radiation- (IR-) induced DNA double-strand breaks (DSBs) are considered to be the deleterious DNA lesions that pose a
serious threat to genomic stability. The major DNA repair pathways, including classical nonhomologous end joining, homologous
recombination, single-strand annealing, and alternative end joining, play critical roles in countering and eliciting IR-induced DSBs
to ensure genome integrity. If the IR-induced DNA DSBs are not repaired correctly, the residual or incorrectly repaired DSBs can
result in genomic instability that is associated with certain human diseases. Although many efforts have been made in investigating
the major mechanisms of IR-induced DNA DSB repair, it is still unclear what determines the choices of IR-induced DNA DSB
repair pathways. In this review, we discuss how the mechanisms of IR-induced DSB repair pathway choices can operate in
irradiated cells. We first briefly describe the main mechanisms of the major DNA DSB repair pathways and the related key
repair proteins. Based on our understanding of the characteristics of IR-induced DNA DSBs and the regulatory mechanisms of
DSB repair pathways in irradiated cells and recent advances in this field, We then highlight the main factors and associated
challenges to determine the IR-induced DSB repair pathway choices. We conclude that the type and distribution of IR-induced
DSBs, chromatin state, DNA-end structure, and DNA-end resection are the main determinants of the choice of the IR-induced
DNA DSB repair pathway.

1. Introduction

Ionising radiation (IR), such as X- or γ-rays from medical
radiation treatments, high-energy charged (HZE) particles
from cosmic radiation, is an unavoidable risk factor to
endanger human health [1–4]. IR can attack DNA and pro-
duce a variety of DNA lesions, mainly including DNA
double-strand breaks (DSBs), DNA single-strand breaks
(SSBs), mismatches, modified bases, and abasic sites, which
are associated with various kinds of human diseases [5].
Among these DNA lesions, DSBs are considered to be the
most deleterious DNA lesions, which are the major threats
to genome integrity and stability, and the main factors to
determine cellular fate (to survive, to carcinogenesis, or to

die) after IR exposures [6, 7]. The evolutionarily conserved
DNA repair pathways play critical roles in countering and
eliciting IR-induced DSBs to ensure genome integrity and
maintain genome stability [8, 9]. If these DNA lesions are
not correctly repaired, residual or unrepaired DSBs can lead
to the loss of genetic material and cell death, and especially
incorrectly repaired DSBs can cause inappropriate end-
joining and rearrangement events that may result in gene
mutations, chromosome aberrations, cell transformation,
carcinogenesis, etc. Therefore, the precise DSB repair is
essential to reduce the IR-induced health risks. In contrast,
genetic disruptions in the DNA repair pathways can cause
genomic instability and enhance IR-induced health risks,
especially carcinogenesis risks [10, 11].
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Given the importance of DNA repair pathways in pro-
cessing IR-induced DNA DSBs and reducing IR-induced
health risks, many studies have been conducted to identify
the critical proteins that recognise, transduce, and repair
IR-induced DNA DSBs and to understand the complicated
DNA DSB repair mechanisms in irradiated cells [12]. Some
other studies have attempted to find the crucial gene tran-
scriptions [13], noncoding RNAs [14], and posttranslational
modifications (e.g., methylation, acetylation, and neddyla-
tion) [15] that probably implicated in the regulation of the
DNA DSB repair pathways. Also, recent evidence shows that
DNA repair pathways are expected to be highly evolution-
arily conserved between different species [8, 9]. The con-
served features of DNA repair pathways may facilitate
interdisciplinary studies to expand the identification of
undiscovered human DNA repair molecules for improving
the new insights of the DNA repair mechanisms. Based on
the conserved feature of DNA repair mechanisms, Nikitaki
et al. [16] proposed an in silico approach to identify and res-
cue the candidate genes for the DNA repair pathways in
plants and animals. We recently have also proposed a simpli-
fied in silico method of homologous comparison to investi-
gate novel human genes implicated in DNA repair
pathways. The results showed that many novel assembly pro-
teins, transcription factors, and molecular chaperones were
found to be involved in the IR-induced DNA repair pathways
[17]. The innovative methods in silicomodelling can be used
to identify key DNA repair molecules and reveal IR-induced
DNA DSB repair mechanisms.

There are four possible DNA repair pathways that have
been employed concertedly by mammalian cells to repair
DNA DSBs, such as classical nonhomologous end joining
(c-NHEJ), homologous recombination (HR), single-strand
annealing (SSA), and alternative end joining (alt-EJ) [18].
Accumulating evidence suggests that these repair pathways
are not equal or alternative ways to handle DNA DSBs [19].
The disorder of the selections of DNA repair pathways can
also cause the increases in DNA lesions, radiosensitivities,
chromosomal translocations, carcinogenesis, and even other
health risks [20, 21]. Indeed, a series of regulatory factors,
such as the type and distribution of DNA lesions, local chro-
matin environment, and cell cycle phase, are employed to
ensure that cells choose the suited DNA repair pathways
[22–24]. Iliakis et al. [19] have proposed the hypothesis that
the key factors in determining the engagements of DNA
repair pathways are the degree of chromatin destabilisation
generated by the DSBs. According to their opinions, indeed,
different physical and biological factors have been found to
determine the choices of DNA repair pathways mainly
through the degree of chromatin destabilisation. However,
despite all these, the understanding of the determinant of
the IR-induced DNA DSB repair pathway choices is limited
to date, and it is still unclear what determines the choices of
major DNA repair pathways in response to IR-induced
DNA DSBs.

In this review, we discuss how the mechanisms of IR-
induced DSB repair pathway choices can operate in irradi-
ated cells. We first begin with a description of the main char-
acteristics of the major DNA repair pathways and the critical

DNA repair proteins that dominate the repair of IR-induced
DNA DSBs. We then mainly discuss the emerging under-
standing of the critical regulatory mechanisms of IR-
induced DSB repair pathway choices. The overarching goal
in this review is to summarize and highlight the main factors
that probably determine the choices of IR-induced DSB
repair pathways from different perspectives, which is of great
significance for the mechanistic investigations of DNA repair
pathways and consequential choices, the assessments of
health risks, and even the developments of radioprotective
or radiomitigative drugs after IR exposures.

2. Overview of IR-Induced DNA DSB
Repair Pathways

As mentioned above, mammalian cells have probably
employed four different DNA repair pathways to repair IR-
induced DNA DSBs, each of which can repair DSBs using
different mechanisms (Figure 1(a)). Among these pathways,
c-NHEJ and HR are the two major pathways to repair IR-
induced DSBs, while SSA and alt-EJ can repair the residual
DSBs that are unable to be repaired by the c-NHEJ and HR
[22]. Although many studies have been conducted for these
pathways, the detailed molecular mechanisms of SSA and
alt-EJ for repairing IR-induced DSBs are still not completely
understood.

IR-induced DNA DSBs have blunt double-strand DNA
ends or contain short single-strand DNA ends [18]. These
kinds of IR-induced DNA DSBs can be repaired by c-NHEJ
through joining two DNA ends in proximity to each other
(Figure 1(a)). In contrast, IR-induced DSBs with long single-
stranded DNA (ssDNA) tails and/or DNA-end resection that
can be not repaired by c-NHEJ since long ssDNA tails can
greatly reduce the affinity of Ku70/80, while which can be
processed by the remaining pathways, HR, SSA, and alt-EJ
(Figure 1(a)). The ssDNA tails in IR-induced DSBs can be sta-
bilized by the invasions of replication protein A (RPA) [25].
The DNA-end resection can be carried out by the structure-
specific nuclease (i.e., the MRE11/RAD50/NBS1 (MRN) com-
plex) to generate “short-range resection”. And, the DNA-end
resection can be implemented by the helicases and exonucle-
ases, CtBP-interacting protein (CtIP), RPA, exonuclease 1
(EXO1), DNA replication helicase/nuclease 2 (DNA2),
Bloom’s syndrome (BLM) helicase, etc., to generate “long-
range resection”.

In order to clarify the determinant factors of IR-induced
DNA DSB repair pathway choices next, this section will
briefly introduce the main characteristics of the four possible
DNA repair pathways and the critical DNA repair proteins
involved in these pathways as follow.

2.1. Classical Nonhomologous End Joining. The c-NHEJ is ini-
tiated by the binding of the heterodimer Ku70/80 to the blunt
or short DSB ends induced by IR. The Ku70/80 binding at
DSB ends may play roles in protecting the sequence of
DNA ends from unnecessary resection. And then, the
Ku70/80 mediates the recruitment of the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs), DNA ligase
IV (LIG4), and the associated scaffolding factors XRCC4,
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Figure 1: (a) Major repair pathways for DNA double-strand breaks (DSBs) generated by ionising radiation (IR). When IR-induced DNA
DSBs have blunt double-strand DNA ends or contain short single-strand DNA ends, the classical nonhomologous end joining (c-NHEJ)
is initiated by the binding of the Ku70/80 heterodimer followed by the recruitment of DNA-PKcs and polymerase. When DNA resection
occurs, the pathways of homologous recombination (HR), alternative end joining (alt-EJ), and single-strand annealing (SSA) can be
activated to repair the IR-induced DNA DSBs by the recruitments of different proteins. (b–e) The major repair pathways ((b) c-NHEJ, (c)
HR, (d) SSA, and (e) alt-EJ) for processing IR-induced DNA DSBs have a distinct cell-cycle dependence.
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XRCC4-like factor (XLF), and paralog of XRCC4, to ligate
the broken DNA ends (Figure 1(a)) [26]. According to
whether the ends can be ligated, additional end processing
is needed to facilitate the c-NHEJ by several accessory factors,
such as the nuclease Artemis and the specialized DNA poly-
merases λ and μ [27]. Also, other accessory factors, such as
the Aprataxin and Aprataxin and PNK-like factor (APLF),
can be involved in regulating the process of c-NHEJ. After
IR exposures, histone H2AX can be phosphorylated at serine
139 through the recruitment of the above factors, resulting in
forming of the discrete foci at DSB sites, which is the so-
called ionising radiation-induced foci (IRIF) [28]. The γ-
H2AX foci are one of the most sensitive biomarkers that
can be used to reflect IR-induced DNA DSBs and plays a
major role in the pathway of c-NHEJ.

In general, c-NHEJ represents the leading repair pathway
to eliminate IR-induced DNADSBs over all phases of the cell
cycle except for M phase in irradiated mammalian cells
(Figure 1(b)) [29]. Moreover, c-NHEJ is a simple, rapid,
and highly efficient pathway to repair DSBs, which does not
require a homologous sequence but depends on the blunt
DNA-end structures[30]. Also, it should be noted that c-
NHEJ frequently scavenges DNA ends by arbitrarily joining
two ends that are very close in space. As a consequence, the
c-NHEJ can result in some insertions or deletions in the
genome, also known as translocations [31]. Due to the rapid
speed for the repair of c-NHEJ and the fact that IR-induced
DNA DSBs are usually very close to each other in space, c-
NHEJ normally joins together the correct DNA ends, thus
leading to low levels of translocations.

2.2. Homologous Recombination. The second major pathway
of IR-induced DNA DSB repair is HR, which requires
homologous sequences between sister chromatids. Also,
HR is dependent on the DNA-end resection. When the
range of DNA-end resection is a few thousand base pairs,
the HR can be implemented for repairing through the inva-
sion of DNA strand transferase RAD51 to achieve the RPA
displacement (Figure 1(a)), which can promote sequence
alignment between the homologous regions in sister chro-
matids to form the structure of Holliday junction (HJ).
The RAD51 foci, as one kind of IRIF, can also be used as
the biomarker for IR-induced DSBs and plays a central
activity in the pathway of HR. During the process of HR,
some DNA-end resection regulators, such as breast cancer
type 2 susceptibility protein (BRCA2) and RAD51 paralogs
(such as RAD51B, RAD51C, RAD51D, XRCC2, and
XRCC3), can also be involved in facilitating the RPA dis-
placement [32].

In general, HR is in most cases the error-free repair pro-
cess that can faithfully restore the original DNA structure
since it carries out recombination by using the homologous
sister chromatid as a template even though HR also requires
error-prone polymerases and can modify the forms of
sequences through gene conversion and crossover [33]. Thus,
under most conditions, HR can hardly cause chromosomal
translocations or sequence modifications in the genome
[34]. The complex processes involved in HR suggests that
this pathway is relatively slower than c-NHEJ [35]. More-

over, HR is strongly dependent on the cyclin-dependent
kinase (CDK) activity and therefore is largely restricted to
the S and G2 phases of the cell cycle (Figure 1(c)) [36].

2.3. Single-Strand Annealing. SSA is also a DNA-end resec-
tion dependent pathway for DSB repair, which also requires
the above-mentioned DNA-end resection proteins [37].
When the range of resection reaches a few hundred thousand
base pairs, the SSA can be utilized to repair IR-induced DNA
DSBs. Moreover, the repetitive sequence in the genome pro-
vides homologous regions for the engagement of SSA. How-
ever, few studies have analyzed the response of SSA in
repairing IR-induced DNA DSBs.

Unlike the HR that relies on the invasion of RAD51,
SSA requires the invasion of the strand accessory protein
RAD52 to facilitate the displacement of RPA and to mediate
the homology search between repeat regions (Figure 1(a))
[23]. Thus, RAD52 has an important role in the pathway
of SSA. SSA mediates DSB end joining using the intervening
sequences between the repeats in two single strands of DNA
molecule. Although SSA is homology-dependent repair, SSA
is still considered an error-prone repair, because the inter-
vening sequence between the repeats can be deleted, thus
resulting in the large deletions of sequences and the formation
of many chromosomal translocations [38]. Similar to the HR,
the SSA is also cell cycle dependent and has the potential
activity during the S and G2 phases (Figure 1(d)) [19].

2.4. Alternative End Joining. Alt-EJ, also known as
microhomology-mediated end joining (MMEJ), can join
two IR-induced DNA ends together, which has similar prin-
ciples as c-NHEJ [39]. Unlike the c-NHEJ, alt-EJ relies on the
presence of microhomologous sequences within two limited
DNA-end resections, which are typically ≥2 base pairs (bp)
or 2~6 bp [40, 41].

In addition to the proteins mentioned above involved in
the DNA-end resection, there are also some specific proteins
implicated in the alt-EJ (Figure 1(a)). For example, poly(-
ADP-ribose) polymerase 1 (PARP-1) has been demonstrated
to implement the displacement of Ku 70/80 or RPA, thus
facilitating the pathway of alt-EJ [42]. Also, it should be
emphasized that polθ has both a C-terminal polymerase
domain and an N-terminal helicase like domain and can fur-
ther disclose the microhomologous DNA ends and promote
the joint of the DNA ends [43]. That is to say that polθ is
essential for alt-EJ [41]. Furthermore, DNA ligases I and III
can also be used in this pathway to promote the ligation of
the DNA ends [18]. Although alt-EJ is active throughout
the cell cycle, it also shows cell cycle dependence and has
the maximum activity in the G2 phase (Figure 1(e)) [19].

Due to the relatively slow speed for the repair of alt-EJ
and the fact that IR-induced DNA DSBs can diffuse away
from the original position, alt-EJ subsequently increases the
deletions and other sequence alterations and results in high
levels of chromosomal translocations in the genome, which
is much more extensive than those generated by c-NHEJ
[23]. This mutagenic effect is generally considered to be less
than those generated by the SSA.
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3. The Determinant of IR-Induced DNA DSB
Repair Pathway Choices

As described in the above discussion, the repair pathway
choices are fundamental and essential to process IR-
induced DNA DSBs, which are unique and not alternative
ways to decide the cell fates [22]. According to the current
advances of the regulation of the repair pathway choices in
mammalian cells, in this section, we will systematically sum-
marize and discuss the main possible factors and associated
challenges to determine the IR-induced DSB repair pathway
choices.

3.1. The Type and Distribution of IR-Induced DSBs
Contribute to Repair Pathway Choices. IR-induced DNA
DSBs can occur in irradiated cells due to the direct effects
through the energy deposition of IR [44–46], or the indirect
effects through the generation of oxygen and nitrogen species
(ROS and RNS) from the interaction of IR with water and
molecules, and the leakage of mitochondrial dysfunctions

[47] (Figure 2). Recently, studies in the field indicate that
IR-induced DNA DSBs are mainly determined by radiation
quality [48, 49]. One important parameter for depicting the
radiation quality is linear energy transfer (LET), which
describes the amount of energy deposition (or ionisations)
generated by IR per unit of particle-track length [50]. When
doses are the same, low- and high-LET radiation can gener-
ate different types and distributions of DNADSBs. For exam-
ple, low-LET radiation (such as X-rays and γ-rays) deposits
its energy uniformly within cells. It generates primary simple
DNA DSB lesions (e.g., isolated DSBs (iDSBs)), which are
randomly distributed in the cell nucleus (Figure 2(a)). The
simple DNA DSB lesions refer to a single and individual
DNA DSB induced within a chromatin loop. In contrast,
high-LET radiation (such as alpha ions and heavy ions) pro-
duces high ionisation densities and deposits lots of energy in
a small distance along the track of each particle and produces
high levels of ROS and RNS. Through this mechanism, high-
LET radiation increases the yield of DSBs and induces more
complex or clustered DNA DSB lesions (e.g., clustered DSBs
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Figure 2: The direct and indirect effects of ionising radiation (IR) in cells. The schematic shows IR can lead to the DNA double-strand breaks
(DSBs) directly by the induction of radiation energy deposition, or indirectly by the generation of reactive oxygen and nitrogen species (ROS
and RNS). The direct effects are mainly determined by the radiation quality, i.e., low and high linear energy transfer (LET) can generate
distinctive patterns of ionisation events on the structures of DNA molecules. When doses are the same, low-LET (a) and high-LET (b)
radiation can generate different types and distributions of DNA DSBs. The IR-induced ROS and RNS are not only from the interaction of
IR with water and molecules but also as a result of leakage of mitochondrial dysfunctions.
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(cDSBs)), which have significant track structure characteris-
tics (Figure 2(b)) [51, 52]. The clustered DSB lesions refer
to two or more close DSBs within a chromatin loop, which
can also be composed of both DSB and non-DSB lesions
[53]. Also, low-LET radiation with a high dose can also lead
to complex or clustered DNA DSBs damage [54].

According to the review of Sridharan et al. [54], the
choices of IR-induced DNA DSB repair pathways may pri-
marily depend on radiation quality. This is mainly due to
the fact that different radiation qualities can result in differ-
ent complexity of DNA lesions, such as simple DNA DSB
lesions and clustered DNA DSB lesions, and thereby may
trigger different repair pathways. That is to say that the types
and distributions of IR-induced DNA DSBs can determine
the DSB repair pathway choices (Figure 3).

In general, the iDSBs induced by low-LET radiation can
be mainly repaired by the pathways of c-NHEJ and HR, while
the cDSBs generated by high-LET radiation are difficult to
repair [55]. For example, a recent study provides the evidence
that there are distinct spatial structures of key DSB repair fac-
tors, such as γ-H2AX, tumor suppressor p53-binding protein
1 (53BP1), and RAD51, in the IRIF in Hela cells after high- or
low-LET radiation exposures [56], which suggest that differ-
ent types and distributions of IR-induced DSBs may elicit
distinct repair pathways. The study of Okayasu et al. shows
that the cDSBs induced by high-LET radiation may markedly
depend on c-NHEJ [57]. Also, the experimental investigation
of Sridharan et al. showed that Artemis, as a key assembled-
protein in the c-NHEJ, is involved the repair of the clustered
DSBs induced by high-LET radiation, which supports that
the c-NHEJ has important roles in the repair of cDSBs gener-
ated by high-LET radiation [58]. However, Wang et al. have
also found that the complex DSBs containing short DNA
fragments induced by high-LET radiation can also inhibit
the c-NHEJ, which is possible due to this kind of DNA DSB
lesions making it difficult for the heterodimer Ku70/80 to
load onto the DNA ends and results in less efficient c-
NHEJ-mediated DSB repair [59]. Also, Zafar et al. [60] inves-
tigated the contribution of DSB repair pathways in repairing
DSBs induced by high-energy iron ions. They found that
some key HR proteins in the process of DNA-end resection
and DNA strand invasion are also involved in repairing the
complex DSBs generated by high-LET radiation. In addition,
they found that the assembly factors in the HR-deficient
rodent cells are sensitive to high-LET radiation, resulting in
enhanced induction of mutation and chromosome aberra-
tion. Therefore, the above evidence indicates that the type
and distribution of IR-induced DSBs can be a leading factor
to contribute to repair pathway choices. However, to our
knowledge, the contributions of c-NHEJ and HR to repair
cDSBs generated by high-LET radiation are still not well
understood [54]. Moreover, the residual simple and clustered
DSBs induced by IR with different radiation qualities can be
repaired by the pathways of alt-EJ and SSA [19], while the
detailed processes of the two pathways in response to high-
and low-LET radiation is still unclear.

3.2. The Roles of Chromatin State in IR-Induced DSB Repair
Pathway Choices. The chromatin state can change the forms

of IR-induced DSBs and therefore affect the consequences of
repair processing, thus indicating that the chromatin state
may also have important roles in influencing the repair path-
way choices (Figure 3) [61]. In the euchromatin, the genome
is active for DNA replication and transcription. Therefore,
the DSBs generated by IR in this region are likely to be
handled by the extensive DNA-end resection [20]. Several
studies have also indicated that the IR-induced DSBs in the
euchromatin are mainly repaired by c-NHEJ and HR [62,
63]. Unlike the euchromatin, the IR-induced DSBs in the
region of heterochromatin disfavour the pathway of HR
and prefer the pathway of alt-EJ, while remaining the activity
of c-NHEJ unaltered [64]. Also, some studies found that to
allow the pathway of HR for repairing IR-induced DSBs in
the heterochromatin, it requires to increase the levels of the
poly(ADP-ribose) polymerase (PARP) and ataxia telangiec-
tasia mutated protein (ATM) and other assembly factors to
disassemble the chromatin [65, 66]. Moreover, the repair
kinetics of IR-induced DSBs in the heterochromatin is signif-
icantly slower than that of euchromatin [20], which is consis-
tent with the above conclusions.

Taken together, we infer that the IR-induced DSBs pro-
duced in different chromatin states may lead to different con-
sequences of DSB repair pathways. Additionally, the PARP
and ATM, which may promote chromatin decondensation
and remodelling, are part of early response signals to IR-
induced DSBs and have important roles in determining the
repair pathway choices (Figure 3). Indeed, in addition to
the above mechanism, transcriptions, noncoding RNAs,
and epigenetic modifications can also be implicated in deter-
mining the roles of chromatin state in pathway choices,
which need be considered in the further studies.

3.3. The Roles of DNA-End Structure in IR-Induced DSB
Repair Pathway Choices. The DNA-end structure is also an
important factor to determine the initial IR-induced DSB
repair pathway choices (Figure 3) [20, 22]. As mentioned
above, if the IR-induced DNA DSB ends are blunt, the het-
erodimer Ku70/80 will be prone to bind to the DNA ends
to protect the DNA-end structure and facilitate the c-
NHEJ. However, if the IR-induced DNA DSB ends contain
long ssDNA tails or single-stranded gaps close to DNA ends,
it can block the Ku70/80 binding to the DNA ends since
Ku70/80 binds weakly to this kind of DNA-end structure,
and directly lead to the RPA loading and PARP activation,
which can result in the choices of the DNA-end resection
dependent DSB repair pathways. According to the above
descriptions, the DNA-end resection dependent DSB repair
pathways include the HR, SSA, and alt-EJ [19]. However, if
the additional end processing occurs in this kind of DNA-
end structure, it may also evade end recognition by
Ku70/80, which can promote the c-NHEJ.

In general, IR can generate DNA DSBs with blunt ends,
or with some modified DNA ends, such as long ssDNA tails
or single-stranded gaps [67, 32, 53]. Also, high-LET radiation
can produce the clustered DSBs, especially the presence of
the non-DSB lesions around the DSB site [54]. Thus, the
IR-induced clustered DSBs with sharp DNA ends or single-
stranded gaps close to DNA ends can hinder the Ku70/80
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binding to the ends of DSBs, which limits the pathway of c-
NHEJ and favours the DNA-end resection-dependent DSB
repair pathways. It could probably explain why, sometimes,
the complex DSBs induced by high-LET radiation can inhibit
the c-NHEJ and promote the HR [59]. However, the study of
Povirk et al. also indicated that the Artemis nuclease can be
used to process this kind of DNA-end structure induced by
IR and can thereby promote the c-NHEJ [68].

Overall, the spatial structure of the IR-induced DNADSB
ends has important roles in determining the IR-induced DSB
repair pathway choices (Figure 3). The IR-induced DNA-end
structure primarily depends on radiation quality, while the
quantitative relationship between LET and DNA-end struc-
ture is unclear.

3.4. The Roles of DNA-End Resection in IR-Induced DSB
Repair Pathway Choices. IR-induced DSBs can also be further
processed through the DNA-end resection. The processes of
DNA-end resection can remove the heterodimer Ku70/80
from the DNADSB ends and activate the alternative pathways
(such as HR, SSA, and alt-EJ) for DSB processing. It indicates
that the DNA-end resection plays a critical and essential role
in determining the IR-induced DSB repair pathway choices.
And, according to recent advances, there are many factors that
can affect the process of DNA-end resection [22, 23]. We will
illustrate the roles of DNA-end resection in IR-induced DSB
repair pathway choices from two aspects.

3.4.1. The Roles of Chromatin Environment in IR-Induced
DSB Repair Pathway Choices through Regulating DNA-End
Resection. The key assembly factors in chromatin environ-
ments that block DNA-end resection can make Ku70/80
retention at DNA ends, which can promote the c-NHEJ. Con-
versely, the factors in chromatin environments that contribute
to DNA-end resection can make the displacement of Ku70/80
and facilitate the DNA-end resection-dependent DSB repair
pathways (Figure 3). For example, 53BP1 has one of the
important roles in determining the DSB repair pathway
choices through restricting the DSB-end resection [69].
53BP1 can be recruited to the IR-induced DSB ends and form
IRIF aroundDSBs, thereby promoting the chromatin compac-
tion, blocking the DNA nucleases access to the DSB ends [70],
and limiting the length of DSB end resection [71]. Therefore,
53BP1 can be considered to have an important role in promot-
ing the pathway of c-NHEJ. The number of 53BP1 foci can
also be used as another surrogate marker for DSBs and the
corresponding irradiation dose, and the formation and disap-
pearance of IR-induced 53BP1 foci are similar to those of γ-
H2AX foci [72]. Recent studies reported that the Shieldin
complex has similar repair functions as 53BP1, which can sup-
press the DNA-end resection, convert ssDNA tails into blunt
ends, and facilitate the c-NHEJ [73, 74]. Conversely, BRCA2
and RAD51 paralogs, as the antagonistic of the 53BP1 and
Shieldin complex, can overcome the barrier against DNA-
end resection after IR exposures and promote the RAD51
loading [75] and further lead to the activation of HR.

Furthermore, the length of the DNA-end resection is
most likely to be the main reason for influencing the IR-
induced DSB repair pathway choices (Figure 3) [22]. If the

range of resection is less than 20 bp, also known as “short-
range resection,” the pathway of alt-EJ will have the opportu-
nity to be activated by an important step of the PARP1 bind-
ing. If the range of resection is relative long (about a few
thousand bp), known as “long-range resection,” the pathway
of HR will be mainly required for repairing DSBs by the
recruitment of DNA strand transferase RAD51. In addition,
if the range of resection is a few hundred thousand bp, the
SSA pathway can also be chosen opportunistically for repair-
ing the residual DSBs through the invasion of RAD52
nucleofilament. Lastly, if DNA ends are the long-range resec-
tion and have the microhomologous repeat region, the alt-EJ
pathway will be possibly chosen for repairing through the
competitive binding of PARP1.

Indeed, many different kinds of accessory factors, such as
DNA repair proteins or complex and posttranslational mod-
ifications, can contribute to the regulation of the length of
DNA-end resection (Figure 3) [76, 77]. These factors can
be changed by IR exposures and thereby influence the deci-
sion of IR-induced DSB repair pathway choices [19, 23, 78].
For example, MRN, CtIP, BRCA1, DNA2, EXO1, and BLM,
as key DNA repair proteins or complex, are implicated in
regulating the length of the DNA-end resection [19], which
is very important in controlling the DSB repair pathway
choices. Most of these proteins acted as the key helicase and
nuclease to generate ssDNA with end resection, which is sta-
bilized by the invasion of RPA [19]. The inhibition of any
proteins mentioned above can inhibit the pathways of HR
and SSA for repairing the IR-induced DSBs but allows the
pathway of c-NHEJ [24].

Moreover, ATM or ATR, known as two major kinases
that are differentially activated after low- and high-LET radi-
ation [79], can recruit and phosphorylate the members of the
MRN complex (MRE11, RAD50, and NBS1) and subse-
quently cause the phosphorylation of other key DNA repair
proteins, such as CtIP, BRCA1, EXO1, and BLM. ATM or
ATR can significantly enhance the efficiency of DNA-end
resection and promote the related DSB repair pathways
[80]. Therefore, ATM or ATR can be also considered the cru-
cial regulators of the DNA-end resection and determine IR-
induced DSB repair pathway choices. In addition, some post-
translational modifications have also been implicated in the
DNA-end resection by regulating the activities of either
ATM or ATR [23].

In addition to the proteins that are directly or indirectly
involved in the DNA-end resection, there are other key pro-
teins that could influence the IR-induced DSB repair path-
way choices (Figure 3) [22, 23]. For example, some proteins
that implicated in the displacement of RPA are capable of
determining the choices of the IR-induced DSB repair path-
ways [22]. Specifically, the RAD51 binding to displace the
RPA on the ssDNA can promote the pathway of HR, the
RAD52 binding to displace the RPA can lead to the pathway
of SSA, and the PARP1 and polθ binding to displace the RPA
can facilitate the pathway of alt-EJ [43].

Therefore, according to the above discussions, we can
conclude that DNA-end resection is considered the main fac-
tor to control the IR-induced DSB repair pathway choices. A
series of critical proteins, such as 53BP1, BRCA2, RAD51
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paralogs, ATM, ATR, MRN, CtIP, BRCA1, DNA2, EXO1,
BLM, RPA, PARP1, and polθ, can affect IR-induced DSB
repair pathway choices through regulating the length of the
DNA-end resection. However, it is not very clear what the
difference between low- and high-LET radiation responses
of these proteins in the chromatin environment is. More
radiation biological experiments and biophysical models
should be used to clarify this issue.

3.4.2. The Roles of the Cell Cycle in IR-Induced DSB Repair
Pathway Choices through Regulating DNA-End Resection. In
addition to the above factors that can affect DNA-end resec-
tion, cell cycle is also an important factor to regulate the
process of DNA-end resection (Figure 3), which can also
determine the choices of IR-induced DNA DSB repair path-
ways. That is to say that the phase of cell cycle has an impor-
tant role in DSB repair pathway choices [36]. The supporting
evidence is that c-NHEJ is required for the repair of IR-
induced DSBs over all phases of cell cycle except for M phase
(Figure 1(b)); alt-EJ is active for repairing IR-induced DSBs
throughout the cell cycle and has the maximum activity in
the G2 phase (Figure 1(e)). At the same time, HR and SSA
are primarily utilized during S and G2 (Figures 1(c) and
1(d)). The main reason given for these dependencies is that
the CDK activity can be increased significantly when cells
enter the S and G2 phases. The CDK activity can activate the
DNA repair proteins through phosphorylation to perform
the DNA-end resection [81]. For example, the CDK-
dependent CtIP and EXO1 phosphorylations can facilitate
the DNA-end resection in the S/G2 phases, which significantly
promotes the pathway of HR [82, 83]. On the other hand, the
impairment of the CtIP and EXO1 phosphorylations can
decrease the DNA-end resection and further enhance the
pathway of c-NHEJ. That is, in the G1 phase, the CDK activity
can be significantly reduced to limit the DNA-end resection
and therefore favours c-NHEJ over DNA-end resection
dependent repair pathways [77].

Experimental evidence has shown that IR can lead to the
activation of DNA lesion-dependent cell cycle checkpoint
controls and result in the cell cycle arrest in G1/S or G2/M
[84]. The cell cycle arrest not only provides sufficient time
for DNA repair but also changes the CDK activity [85],
which can regulate the process of DNA-end resection. We
can, therefore, conclude that the cell cycle can also determine
the IR-induced DSB repair pathway choices through CDK
activity affecting the DNA-end resection. Moreover, the
effects of different LETs on cell cycle checkpoint controls
should be paid more attentions for further studies, which
may be a key factor that cannot be ignored in regulating the
IR-induced DSB repair pathway choices.

4. Conclusion

Based on the current research advances in the characteristics
of IR-induced DNA DSBs and the regulation of the repair
pathway choices in irradiated cells, we have systematically
summarized and discussed four key factors including the
type and distribution of IR-induced DSBs, chromatin state,
DNA-end structure, and DNA-end resection, to determine

IR-induced DSB repair pathway choices. Additionally, we
have also proposed some associated challenges for future
studies, including (1) the contributions of c-NHEJ and HR
in repairing cDSBs induced by high-LET radiation; (2) the
roles and mechanisms of alt-EJ and SSA in repairing IR-
induced DSBs; (3) the roles of transcriptions, noncoding
RNAs, and epigenetic modifications in regulatingthe chro-
matin state and thereby determining IR-induced DSB repair
pathway choices, and (4) the relationships between LET and
initial DNA-end structure, the critical proteins involved in
DNA-end resection, and cell cycle checkpoint controls.
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Planarians are bilaterally symmetric metazoans of the phylum Platyhelminthes. They have well-defined anteroposterior and
dorsoventral axes and have a highly structured true brain which consists of all neural cell types and neuropeptides found in a
vertebrate. Planarian flatworms are famous for their strong regenerative ability; they can easily regenerate any part of the body
including the complete neoformation of a functional brain within a few days and can survive a series of extreme environmental
stress. Nowadays, they are an emerging model system in the field of developmental, regenerative, and stem cell biology and have
offered lots of helpful information for these realms. In this review, we will summarize the response of planarians to some typical
environmental stress and hope to shed light on basic mechanisms of how organisms interact with extreme environmental stress
and survive it, such as altered gravity, temperature, and oxygen, and this information will help researchers improve the design in
future studies.

1. Introduction

Planarians are bilaterally symmetric metazoans of the phy-
lum Platyhelminthes. They have well-defined anteroposter-
ior and dorsoventral axes and have an anterior cephalic
region which contains the brain and a pair of eyespots, a
central region which includes the pharynx and the mouth,
and a posterior tail region. Despite their relatively simple
morphology, planarians have a highly structured central ner-
vous system (CNS) and feature a true brain which consists
of all neural cell types and neuropeptides found in verte-
brates [1–3]. They have roughly 30% adult stem cells [4, 5]
and possess an extensive potential of regeneration. Planar-
ians are one of the few animal species that can easily regen-
erate their head including the complete neoformation of a
functional brain within seven days after decapitation [6–9].
Moreover, planarians share more genes with vertebrates
compared with other popular model organisms such as Dro-
sophila melanogaster or Caenorhabditis elegans [10]. All of
these make planarians a reliable and popular model in the
field of developmental, regenerative, and stem cell biology.

Exploring and living somewhere beyond the Earth are
always two of the dreams of humans. It means that humans
had successfully walked the first step to explore the space
when Soviet cosmonaut Yuri Alekseyevich Gagarin had fin-
ished his journey of 89 minutes of orbiting the planet in his
space capsule, on April 12, 1961. Then, more and more astro-
nauts successfully finished their spaceflight, and their dwell
time in space also is longer and longer. But the bad news is
that astronauts on a long-term mission have problems upon
returning to Earth, such as bone density loss; muscle atrophy;
cardiovascular and hematic changes; metabolic, endocrine,
and sleep disturbances; and rapid senescence [11, 12]. These
actual and potential physical effects on the body mainly come
from extreme environmental stress outside the Earth, such as
altered gravity, temperature, and oxygen. Then, if we want to
provide a habitat that can keep organisms in it living, it is
necessary to understand what the biological responses of
extreme environmental stress induce. We ethically cannot
directly test the impact of environmental stress on humans.
We need to use appropriate animal models to learn the adap-
tation of mammals about environmental stress.
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Planarians not only can easily regenerate the lost parts
but also can survive a series of altered environment. These
make the planarian an ideal model organism, help us to
understand how extreme environmental stress impacted the
biological responses of organisms, and help us to find out
the conserved molecules and mechanisms that support
organisms to survive extreme environmental stress. There
are reports that environmental stress can impact the struc-
ture of cells, intercellular communication, regeneration,
embryonic development, and even immunological responses
[13–18]. In this review, we will summarize the impact of
some typical environmental stress for the planarian and hope
to shed light on basic mechanisms of how organisms interact
with extreme environmental stress and survive it, such as
altered gravity, temperature, and oxygen. And this informa-
tion will help researchers understand the basic mechanisms
and improve the design in future studies.

2. Physiological Effects of Altered Gravity and
Magnetic Field

Later missions showed that space travel could be tolerated by
humans, but microgravity will trigger lots of physiological
responses and even some pathological reactions. If we want
to keep organisms healthy and happy in altered gravity, we
need to use appropriate animal models to learn the effects
of altered gravity. Planarian flatworms possess remarkable
regeneration ability and share more genes with vertebrates
than other popular model organisms such as Drosophila mel-
anogaster or Caenorhabditis elegans [10], so it can minimize
background interference, and becomes an ideal model to
learn the effects of altered gravity. This part will summarize
the most relevant data from exposure of planarian to altered
gravity and magnetic levels obtained through ground-based
facilities or board spaceflights, sounding rockets, satellites,
or space stations. We will discuss the different effects of
altered gravity on planarian, including the impacts on regen-
eration ability, embryonic development, phototaxis response,
moving behavior, and transcriptomic information.

2.1. The Regeneration and Fission Ability. In the study of
Gorgiladze et al., they cut 60 freshwater planarian Girardia
tigrina 12 to 14 h before the spacecraft starts from the Baiko-
nur launching site. In their experiment, they cut off the pla-
narians before and after the pharynx and collected the
different fragments into 20ml polyethylene vials which are
filled with freshwater, respectively. The air temperature of
the RS ISS service module ranged from 19 to 21°C, as deter-
mined by telemetry. After 10 days of journey, they found
that all the amputated body parts regenerated the lost parts,
and the morphometric parameters of regenerated fragments
were not different from those of the control fragments. And
yet, the regenerated planarians were smaller than the origi-
nal “maternal” planarians until the 18th to 20th day after
dissection [19].

Whole-mount and amputated fragments of Dugesia
japonica planarian had been collected into sealed 50ml tubes
with 50%/50% air/water, then had been sent to the ISS for
one month. Results showed that only the whole worms are

divided spontaneously which had been sent into space; the
fission rate changed from 1.3 to 1.75. They did not find a
fission phenomenon in other samples. Yet, the authors cau-
tioned that the worms in space unavoidably experienced
somewhat higher temperatures at some time periods, so
we should keep admonishing for this result. After returned
two months later, the number of worms that had gone to
space was slightly less than the worms that were maintained
on Earth [20]. For the amputated worms, the size is similar
between the two groups after the space journey. And after
two months of culture, the worms exposed to space grew
more slowly than the Earth-only controls. The most striking
phenomenon is that they found that one of the 15 pharynx
fragments from space had regenerated two heads (see
Figure 1), and after amputating the two heads, the headless
middle fragment regenerated into a double-headed pheno-
type [20]. But we need to note that pharynx fragments left
on Earth did not survive the duration of the mission in this
work. Levin et al. thought that people should be cautious
about this result; maybe it is not really induced by micro-
gravity [21].

Teresa et al. performed their experiment in the European
Space Research and Technology Centre, Noordwijk, The
Netherlands. In their work, they researched the impact of
simulated microgravity on the regeneration of Schmidtea
mediterranea. They get simulated microgravity by means of
the random positioning machine (RPM) set at a speed of
60°/s and 10°/s, and their results demonstrate that RPM
60°/s led to the death of trunk planarians, whereas planarians
loaded into the 10°/s RPM machine appeared normally
regenerated (have the normal eyes and the normal CNS
and have similar mitotic activity). Moreover, they found that
all planarians live and correctly regenerated the correspond-
ing lost parts on day 5, which indicates that planarians do
not die soon when sensing the effects of the 60°/s RPM
but after having regenerated the main structures. They
hypothesized that there are rheoreceptors in the head of pla-
narians, and when they regenerated the whole head, they
can sense the water currents which are produced in the
60°/s RPM and induce death [16]. It is necessary to analyze
the effect of 60°/s RPM rotation for intact animals and defi-
nitely corroborate this hypothesis. These results demonstrate
that it is not the simulated microgravity but the specific
setting of rotation of the 60°/s RPM that induced the death
of planarians.

They also examined the impact of hypergravity on regen-
eration of Schmidtea mediterranea and simulated hypergrav-
ity 3g, 4g, and 8g by a large diameter centrifuge (LDC).
Under 3g and 4g hypergravity, planarians can regenerate
missing tissues, but the proliferation rate was decreased.
Under 8g hypergravity, only the larger trunk planarian frag-
ments can regenerate the lost part, and the small planarian
fragments cannot successfully regenerate the corresponding
part. Although the molecular reason for this effect has not
been found, the decreased proliferative rates suggest that
gravity could affect the actin cytoskeleton and the assembly
of microtubules, just as it happens in other organisms [22–
24]. Meanwhile, they found that changed gravity had affected
the fission rate of planarians, and the number of smaller
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fragments was significantly higher in LDC 4g planarians
compared with the rest of the groups.

The study about 3–6d old cocoons of Schmidtea polychroa
showed that all cocoons in RPM 60°/s or LDC 3g conditions
were taken out on the corresponding day. Immunohistochem-
ical results of α-tubulin showed that all juveniles had a proper
morphology and normal organization of the CNS and phar-
ynx. And all animals have a similar mitotic activity. These
results demonstrate that planarians can develop properly in
altered gravity conditions, at least in the specific settings used
in this experiment. And it called for further analysis for a
more complete understanding if juveniles can survive longer
times in the RPM 60°/s conditions [16].

In the research of Lu et al., they changed the gravity
conditions through a large gradient high magnetic field
(LG-HMF) and observed regeneration of planarians at three
gravity levels (ug, 1g, and 2g). Their results demonstrate that
all of the planarians normally regenerated their heads and the
regeneration rate of the four groups is similar. These results
indicate that planarians can correctly regenerate their heads
at different gravity environments [25].

Sousa et al. in the European Space Research and Technol-
ogy Centre (Noordwijk, The Netherlands) through the ran-
dom positioning machine (RPM) simulated microgravity
(the machine was set to a real random mode and random
direction with a maximum speed of 10°/s), and the large
diameter centrifuge (LDC) generated hypergravity (8g). They
put intact Schmidtea mediterranea planarians in the RPM

and LDC at day 0; after 1 day, the planarians were amputated
at pre- and postpharynx levels, and they collected trunk
fragments and reloaded in the same devices. They found
that all the planarian trunks exposed to s-ug or 8g correctly
regenerated the lost parts [26]. There are results showing
that microgravity can induce developmental retardation
and cell apoptosis of mouse embryos [27], and hypergravity
conditions do not affect the normal development and actin
filament structures of mouse embryos [28]. But micrograv-
ity can prevent terminal differentiation of embryonic stem
cells [29, 30].

There are researchers that treat decapitated planarians
with weak nonuniform magnetic fields (RMFs) and found
RMFs eliminated the formation of edema and blastema,
which through upregulating the expression of EGR4, Netrin
2, NSE, and NPY accelerates nerve cell proliferation and
function recovery [31–33]. The weak magnetic field stimu-
lates the fission frequency of the Planarian Dugesia (Girar-
dia) tigrina [32]. Alanna et al. recently found that weak
magnetic fields change the accumulation of reactive oxygen
species (ROS), ERK cascade, and the expression of heat
shock protein 70 (Hsp70) to regulate the proliferation and
differentiation of stem cells [34, 35]. The planarian will die
suddenly when the geomagnetic activity is over K6 [36].

2.2. Behavior. In the experiment of Gorgiladze, the regener-
ated planarians have normal food behavior and locomotor
activity; they can freely glide or alternate contraction and

Earth-only
Space-exposed

Earth-only

Earth-only

Space-exposed

Space-exposed

Higher temperature?

Oxygen content?

Microgravity?

The molecular
mechanisms ?

Figure 1: The effects of changed gravity on regenerated tissues in planarian. The left panel indicates that Earth-only planarian fragments
regenerated the lost part. The right panel indicates that space-exposed head and tail fragments regenerated the lost parts, but the truncated
middle planarian regenerated two heads. The immediate cause and molecular mechanisms are not well known for this phenomenon.
Brown marks the original tissue, and white marks the regenerated parts.
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straightening of the body on the bottom of the flask or on the
water surface [19]. Morokuma et al. had sent 5 tubes with dif-
ferent numbers of whole worms to the ISS and found that
only the sample which contains 10 whole worms that had
been launched into space showed immediate unusual behav-
ior. They curled up ventrally and are somewhat paralyzed and
immobile, when they had been introduced into fresh Poland
spring water. They all regained normal behavior after 2 hours.
And water shock was not seen in the other samples. These
results indicate that microgravity can yield different effects
according to different microenvironments of culture systems.
After 20 months of return to Earth, the two groups of worms
showed a comparable motion rate under the stimulation of
red and blue light, and the control worms spent more time
in the dark compared to the space-traveled worms [20].

Lu et al. found that the planarians which regenerated
heads in different gravity conditions showed similar photo-
negative response. During the photonegative test, most of
the regenerated planarians could reach the target quadrant
in 90 s, and the average times spent in the target quadrants
did not significantly differ. These results showed that LG-
HMF-generated microgravity and hypergravity did not affect
the reestablishment of photonegative ability. But the photo-
negative response time of the planarians which regenerated
under LG-HMF conditions was slightly suppressed, and the
authors thought it was mainly due to the difference of the
locomotor system instead of the reconstructed head [25].
They took the traditional planarian locomotor velocity
(pLMV) assay and automated center-of-mass (COM) track-
ing approach and image analysis to analyze the locomotor
behaviors, and the results showed that Group ug/12T has a
significantly decreased locomotor function compared to the
other three groups during the 8min test. And the righting
time of the simulated microgravity group also showed sig-
nificantly increased compared to the other groups, but the
planarians could eventually sense the reverse direction and
complete the correction of the body, indicating that the
function of the nervous system was normal. Histologic sec-
tion staining and immunohistochemistry results showed
that the circular muscle of planarians regenerated in simu-
lated microgravity was weakened compared with the other
planarian groups, and the fluorescence thickness of the epi-
thelial cilia are significantly decreased. The authors thought
that differences in locomotion velocity and righting behavior
come from frail muscle [25]. There is research showing that
planarian that has been exposed to 16G intensity static mag-
netic fields for one day significantly improved the velocity of
movement [37].

2.3. Transcriptomic. In the experiment of Sousa et al., they
put intact Schmidtea mediterranea planarians in the RPM
and LDC at day 0. After 1 day, the planarians were ampu-
tated at pre- and postpharynx levels, and they collected trunk
fragments and reloaded in the same devices. Five and 12 days
after amputation, they collected all kinds of samples, respec-
tively, and analyzed the transcriptome of each sample. The
principal component analysis (PCA) showed that the same
time samples were clustered together and the same gravity
condition samples were also clustered together. They found

that after 12 dR (13 days of s-ug or 8g exposure), several
genes were deferentially expressed in exposed animals com-
pared to their corresponding controls. The number of dif-
ferentially expressed genes was much higher in animals
regenerating in s-ug conditions than in animals regenerat-
ing at 8 g, and there is a much higher number of deregulated
genes (720 versus 77) [26].

Regarding the specific deregulated genes at s-ug, they
found the downregulation of cytoskeleton and matrix gen-
es—such as collagen-a-1, piwi genes, and the upregulation
of genes which are involved in ribosome biogenesis. What
makes them confused is that although supporting higher
mechanical forces require strengthening the cell cytoskeleton
to maintain the shape and function, they did not find signif-
icant alteration of cytoskeleton or matrix proteins in planar-
ians regenerating at 8g conditions. Their results indicate that
altered gravity conditions can severely affect genetic tran-
scription, and these alterations potentiate molecular disor-
ders which could promote the development of multiple
diseases such as cancer [26].

2.4. The Others. In the study of Morokuma et al., the micro-
biome profiles of those culture-based are significantly differ-
ent. In space-exposed worms, the number of colonies of
Variovorax, Herminiimonas, and the unknown Comamona-
daceae decreased and the number of Chryseobacterium colo-
nies significantly increased. Their results indicate that space
travel can change bacterial community composition of D.
japonica, and this difference can exist for a few years. And
they analyzed the samples of the water of the space-exposed
worms and the Earth-only with liquid chromatography-
mass spectrometry (LC-MS); the results revealed that both
samples contained a large number of small organic molecu-
les/metabolites. The total ion chromatograms of the two
samples in the positive ion mode were quite different, and
many of them correspond to long-chain fatty acids or mono-
hydroxylated/dihydroxylated long-chain fatty acids [20].

3. Physiological Effects of Temperature
and Oxygen

Temperature and oxygen are the other important factors of
the environment, which can affect, regulate, and control lots
of biological and pathological processes of organisms [6, 38–
40]. For organisms, sensing the temperature and oxygen of
the environment is very important for them to adjust behav-
ioral strategy and escape injury. There are researchers report-
ing that nutrition and temperature can impact the oxygen
consumption and metabolic status and impact the process
of development, regeneration, injury, and escape from nox-
ious stimulation, etc. [41–44]. And environmental stress
can, through a conserved pathway, impact the biological pro-
cess from planarian to human. In this session, we will discuss
the impact of temperature and oxygen on planarian.

3.1. The Regeneration and Fission Ability. People found that
the ROS production takes part in the regeneration in zebra-
fish and Xenopus [45, 46]. But the limited regeneration ability
of these organisms restricted researchers that deeply explore
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the function and impact of ROS in regeneration. Planarians
are famous for their amazing regeneration ability; they can
easily regenerate any parts of the body and include a func-
tional head, and the new head can even have the memory
of the former brain. These characters make these worms to
be an ideal model.

Every live organisms need energy to maintain the func-
tion of cells; hence, every living cell needs to consume oxygen
to keep the balance of metabolism. There are researches
reporting that small planarians have a higher oxygen con-
sumption rate, and injured planarians have a lower oxygen
consumption rate, but injured worms have increased glycol-
ysis during the process of regeneration [47]. Pirotte et al.
researched the impact of ROS on planarian regeneration with
Schmidtea mediterranea. They amputate the planarian into
three fragments at pre- and postpharynx levels and research
the impact of ROS to different part regeneration. They found
that ROS burst just in a few minutes after amputation, and
the production of ROS is independent of the orientation of
the wound site, but it induced signals to regulate the regener-
ation process which appears at least after 24 h from amputa-
tion. Inhibition of the production of ROS leads to failure to
regenerate the lost parts of all three fragments, and they
found that reduced ROS restricted the regeneration of
cephalic ganglia and the ectopic neuronal cells. And they
found that disturbing the production of ROS did not affect
the stem cell proliferation but restricted the neoblast differen-
tiation into the required cell types of regeneration [48]. In
addition, there are works that suggest that increased ROS
do not accelerate the aging of mice and some long life-span
mammals have a higher level of ROS and oxidative damage
[49, 50]. Literatures showed that human protein has Met
and Cyst residues, and these residues through trapping
oxygen atoms prevent ROS-induced neuronal cell death
[51, 52]. Tsushima et al. found that the protein of DJ-1 is con-
versed from human to planarian, especially the important
residues for function execution; they knock down the DJ-1
gene in vivo through RNAi, and the results showed that pla-
narian DJ-1 has antioxidant and neuroprotective functions; it
indicates that planarian can be a reliable model for study
oxidative stress-introduced disorders and offer the chance
to explore the mechanisms [53].

There is literature reporting intact planarian preference
to move to the cooler region, and even the amputated head
fragment moved to the cold field [54]. It means that the head
region can sense and responds to environment temperature
in planarian and showed that DjTRPMa-expressing neurons
sense the temperature and transduce signals to serotonergic
neurons of the brain; then, serotonergic neurons exhibit ther-
motactic behavior. Ding et al. reported that Dugesia japonica
planarian showed different regeneration speeds at different
temperatures (15°C, 20°C, and 25°C); lower temperature
decreased the regeneration speed [55]. The Schmidtea medi-
terranea trunk fragment can completely regenerate the head
and tail at five days after amputation when cultured at 26°C
and 28°C and shortened to two days compared with the pla-
narian cultured at 19°C. And the eyes appeared from three
days postamputation when cultured at 26°C and 28°C, but
the control worms regenerated eyes at five days [56].

According to literatures showing that the fission of pla-
narian flatworms correlates with the length and area size of
worms [57], the fission frequency increased with the body
size; when the body length is shorter than 4-5mm, they
cannot fission again [58]. Subsequent researchers reported
that environmental stress can impact the process, such as
increased temperature would decrease the fission length
and increase the frequency of fission [59]. Hammoudi
et al. showed that the spontaneous fission frequency multi-
plied significantly at 26°C and 28°C than at 19°C [56]. In
addition, there have been reports that before the fission
event, there was an increased proliferation of neoblast just
like after amputation [60], and activating the mitotic func-
tions through RNAi of DjP2X-A can induce higher fission
frequency [61].

3.2. Behavior. Planarians can normally live and behave from
15°C to 25°C, the locomotor activity has been strongly sup-
pressed below 10°C, the worms will lose their motility
between 5 and 10°C, and high temperature almost did not
affect the mobility of planarians, but they will die in 1 hour
when the temperature is above 30°C [54, 56]. Hammoudi
et al. reported that slowly increasing the temperature of water
can elongate the live times of planarians, but they cannot sur-
vive more than 20 days when the temperature is over 30°C
[56]. From 7°C to 12°C, the body of planarian has some con-
traction, movement is slow, and the velocity is not stable;
when the temperature is between 12°C and 21°C, the velocity
gradually increased to its maxim value and the body
stretched along the anterior-posterior axis which probably
extended 25 per cent compared with that at 10°C. Above
21°C, the locomotor rate becomes not constant again and
the speed is no more than that at 21°C. When the tempera-
ture increased to 30°C, the worms become motionless [62].

Ding et al. showed that suitable living temperatures can
accelerate the toxic effect of Fe3+. They observed the toxic
effect of Fe3+ for planarian at three different temperatures
15°C, 20°C, and 25°C and found that the death speed
increased at 20°C and showed the lowest death speed at
15°C [55]. Normally, dorsal epidermis of planarians has
excretory pores, hair cells, and rhabdites and can secrete
droplets and generate mucus. The structure of epidermis
has been damaged when the temperature increased over
33°C for Girardia tigrina and 37°C for Girardia sp. There
were fewer rhabdites and fewer and disorganized secretory
droplets [63], which form the mucus to help planarians to
respond and escape stress [64, 65].

Higher temperatures did not impact the feeding behavior
of planarians from 19°C to 28°C [56]; the ability to eliminate
bacteria of planarians at different temperatures changed.
After infection with 109CFU of S. aureus for three hours,
the worms need six days to eliminate the bacteria at 19°C
and just need three days when they had been cultured at
28°C. It means that planarians have exacerbated antibacterial
capabilities with the increase of temperature from 19°C to
28°C [56]. The eye action potential (OP) that evoked by a light
flash in the planarian changed with the temperature. When
the temperature increased from 15°C to 23°C, the amplitude
increased and the latency and peak delay decreased; as the
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temperature is greater than 30°C, the amplitude decreased
and latency and peak delay continued to decrease until
42°C. These changes can be reversible when the temperature
is lower than 30°C [66].

Ectothermic organisms respond to altered temperatures
through adjusting their biochemical process but not through
changing their body temperature [67]. One of the important
strategies is through changing the mitochondrial oxidative
phosphorylation (OXPHOS) pathways to survive, which is
critical to provide energy for the eukaryotic cells. Hence,
OXPHOS is important in balancing the process of metabo-

lism and the generation of reactive oxygen species (ROS).
And moderate ROS is necessary for lots of important bio-
logical processes, but overproduced ROS can damage DNA,
lipids, and proteins [68]. It means temperature changes
OXPHOS to modify the production of ROS and then affect
the signals of cells [69, 70]. Animals can respond to temper-
ature through two steps, one is the phosphorylation system
and the other is the complex I of the NADH pathway [71–
75]. After 4 weeks of acclimation under low temperature,
planarians can effectively increase the capacity of these
related proteins [75].

Table 1: Some major advances of the effect of extreme environmental stress on planarians.

Stress conditions The main impact on planarian References

The effects of gravity and magnetic field

Microgravity (space)
All the amputated body parts regenerated the

lost fragments.
Gorgiladze [19]

Microgravity (space)

The whole worms had spontaneous fission. The pharynx
fragment had regenerated two heads and grew more

slowly. Some whole worms showed immediate unusual
behavior. The microbiome profiles had changed.

Morokuma et al. [20]

Microgravity (RPM 60°/s) The trunk planarians had died. Adell et al. [16]

Microgravity (RPM 10°/s) The trunk planarians appeared normally regenerated.

Hypergravity (LDC 3g, 4g)
The amputated body parts regenerated the missing

tissues; the proliferation rate was decreased.

Hypergravity (LDC 8g)
Only the larger trunk planarian fragments can

regenerate the lost part.

Microgravity (LG-HMF ug)
The amputated body parts normally regenerated their

heads. The worms have a significantly decreased
locomotor function.

Lu et al. [25]

Hypergravity (LG-HMF 2g)
The amputated body parts normally regenerated

their heads.

Microgravity (RPM 10°/s)
The body parts properly regenerated head. Cytoskeleton

and matrix genes had been downregulated.
Sousa et al. [26]

Hypergravity (LDC 8g)
The body parts properly regenerated head.

Microtubules, cell communication, and cell cycle genes
had been downregulated.

Weak magnetic field

The nerve cell proliferation has been accelerated.
The regeneration speed increased. The frequency

of spontaneous increased. The velocity of
movement improved.

Novikov et al. [32], Gang et al. [33].
Gang and Persinger [37]

Intense magnetic field The planarian will suddenly die when it is over 6K. Murugan et al. [36]

The effects of oxygen and temperature

Inhibit ROS

Planarian fragments fail to regenerate the lost parts. The
regeneration of cephalic ganglia and ectopic neuronal
cells had been restricted. Neoblast differentiation has

been restricted.

Pirotte et al. [48]

Increase ROS Induce damage of DNA, lipids, and proteins. Finkel [68]

Lower temperature (15°C)

The regeneration speed decreased. The spontaneous
fission frequency increased. The movement is slow,

and the velocity is not stable. The toxic effect of Fe3+ has
been decreased.

Ding et al. [55], Hammoudi et al. [56],
Herath and Lobo [59], Cole [62]

Higher temperature (25-33°C)

The regeneration speed increased. The movement is
slow, and the velocity is not stable. The secretory

function has been restricted. The capability to eliminate
balance increased.

Ding et al. [55], Hammoudi et al. [56],
Cole [62], Oliveira et al. [63]
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3.3. The Molecular Response. There is literature showing that
the conserved ion channel TRPA1 exhibit important func-
tion to feel noxious heat and start the protective behavior
[76], but Arenas et al. showed that TRAP1 cannot be directly
activated by heat; they found that heat induces the produc-
tion of ROS and then through RTPA1 regulates the escape
process in Schmidtea mediterranea planarian [77]. Disturb-
ing the regeneration of ROS or the expression of RTPA1
can lead to failure of avoiding noxious heat.

When the temperature increased to 25°C, the expression
of DjHsp90 protein upregulated approximately 2-fold com-
pared with that cultured at 18°C. When the temperature
increased to 32°C, the DjHsp90 protein level decreased lower
than normally (18°C) cultured planarians, but the level of
Djhsp90 mRNA is still higher at 32°C. It means that high
temperature firstly restricted the process of posttranscrip-
tion events [78]. Immunohistochemistry showed that the
Djhsp90-positive cells distributed in parenchymal tissue from
head to tail, just under the epidermis cells, indicating that
they are suitable to sense and respond to the external envi-
ronmental signals [78]. When temperature changed (increase
or decrease), head-expressed DjSpsb mRNA will increase
in Dugesia japonica [79]. The levels of putrescine and

spermidine are also temporarily increased after heat shock
or cold shock, which is essential for planarian to recover from
damage [80].

4. The Controversial Issues and
Future Directions

People created different experiments to explore the impact
of extreme environmental stress on planarians and had
obtained lots of valuable information (Table 1). But there
are still some controversial issues that need to be noted
and improved in future research.

4.1. Planarian Species and Planarian Density. In different
researches, people used different planarian species, such as
Schmidtea mediterranea, Dugesia tigrina, and Dugesia japon-
ica. Jason et al. had reported that even though different spe-
cies share similar anatomy and mode of reproduction, they
find that each species had acquired its own distinct strategy
for optimizing its reproductive success [81]. The other ques-
tion is the density of planarian. In present reports, the
researchers placed different numbers of planarian in a single
tube and resulted in different densities of worms in each
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Tissue
responses

Organism
responses

Oxygen stress
Magnetic stress

Reactive oxygen species

Phosphorylatin systems

Ion channels(TRPA1 et al.)

Heat shock protein

Mitochondrion

Muscle cell
Secretory cell

Stem cell(neoblast)

Regeneration

Motility Immunity
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Temperature stress

Figure 2: The effects of extreme environmental stress on planarians. Different kinds of extreme environmental factors irritate planarian;
organisms sense it and produce the initial signal molecules (yellow star), then recruit more respond factors to join the war and change the
metabolism status of different cells and organelles; at last, the organism showed changed regeneration ability, fission frequency, mobility,
and immunity.
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experiment. And the density of worms can impact the fis-
sion and the expression of some molecules. This makes it
complicated to directly compare the results. We need to
take into account the impact of planarian species and pla-
narian density if we want to get more reliable and to directly
compare data.

4.2. The Methods and Strategies to Change Environmental
Stress. Just as mentioned above, researchers use different
strategies and methods to change the environment station.
And these differences can lead to inconsistent results, such
as the fact that the same microgravity conditions in RPM
60°/s can lead to the death of regenerated planarians but
not in 10°/s; slowly increasing the temperature to 30°Cmakes
planarian live longer times. Further analysis showed that the
rheoreceptors of the intact head induced the death of planar-
ians in RPM 60°/s but not the microgravity. When analyzing
the effects of given environmental stress, we need to be cau-
tious to the results and carefully consider the method and
strategy to change the stress condition.

4.3. The Crosstalk of Different Environmental Stress. Existing
research showed that microgravity did not induce failure of
regeneration, but the regeneration becomes slow. Andmicro-
gravity increased the spontaneous fission frequency and
changed the microbiome profiles of planarian. They curled
up and are immobile in spring water when they returned to
Earth from space, then slowly recover to normal mobility
after two hours. Researchers did not find upregulated genes
of cytoskeleton or matrix related to hypergravity which has
been supposed to maintain shape and strength of the cyto-
skeleton of cells. Temperature and oxygen are important
environmental factors; oxygen is necessary for almost all
animals. Research showed that temperature can impact the
oxygen consumption and metabolic status, impact regenera-
tion capacity and fission frequency, and even regulated the
capacity to eliminate bacteria. Just as Figure 2 shows that
different environmental factors irritate organisms, organ-
isms sense it and produce the initial signal molecules, then
recruit more response factors to join the war and change
the metabolism status, protein expression levels, cell struc-
tures, and so on; at last, the organism exhibits the environ-
mental stress effects, such as changed regeneration ability,
fission frequency, mobility, and immunity. Different environ-
mental factors can generate cross effects; there are researches
showing that late loading and early retrieval can increase the
success of life science experiments in space [82, 83]. Long
time cold storage will increase the death frequency and
induce fail of regeneration [84].

5. Conclusion

The relatively simple planarian offered a unique opportunity
to study the physiological and behavioral process and to inves-
tigate the mechanisms underlying different environmental
stress in whole animals. It is more helpful to understand the
overall response of the organisms to facing different environ-
mental stress than specific tissues. These could provide us
with important insights about basic molecular processes

occurring in a wide range of vertebrates, including humans.
But present researches analyzed the morphological and phys-
iological changes more than molecular mechanisms, and
some researches even get conflicting results for the same
stress condition. These results call for further experiments
to carefully consider the cross effects of different environ-
mental stress and deeply detect the molecular mechanisms.
It is still an exciting era for researchers.
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During spaceflight, the homeostasis of the living body is threatened with cosmic environment including microgravity and
irradiation. Traditional Chinese medicine could ameliorate the internal imbalance during spaceflight, but its mechanism is still
unclear. In this article, we compared the difference of neuroendocrine-immune balance between simulated microgravity (S) and
simulated microgravity and irradiation (SAI) environment. We also observed the antagonistic effect of SAI using a traditional
Chinese medicine formula (TCMF). Wistar rats were, respectively, exposed under S using tail suspending and SAI using tail
suspending and 60Co-gama irradiation exposure. The SAI rats were intervened with TCMF. The changes of hypothalamic–
pituitary–adrenal (HPA) axis, splenic T-cell, celiac macrophages, and related cytokines were observed after 21 days. Compared
with the normal group, the hyperfunction of HPA axis and celiac macrophages, as well as the hypofunction of splenic T-cells,
was observed in both the S and SAI group. Compared with the S group, the levels of plasmatic corticotropin-releasing
hormone (CRH), macrophage activity, and serous interleukin-6 (IL-6) in the SAI group were significantly reduced. The
dysfunctional targets were mostly reversed in the TCMF group. Both S and SAI could lead to NEI imbalance. Irradiation
could aggravate the negative feedback inhibition of HPA axis and macrophages caused by S. TCMF could ameliorate the
NEI dysfunction caused by SAI.

1. Introduction

Since the last century, the exploration of space has been grad-
ually unfolding. However, the physiological behavior of
human beings is continuously threatened with extreme envi-
ronmental factors in space, such as microgravity, irradiation,
space noise, narrow space, and social loneliness, which has
seriously affected the physical and mental health of astro-
nauts and hindered the development of manned spaceflight
partly [1].

Microgravity and irradiation are the most important fac-
tors among the complex space environment. It is reported
that microgravity could affect multiple physiological systems
including the cardio-cerebral-vascular system [2], nervous
system [3], locomotor system [4], and immune system [5].

On the other hand, it is reported that space irradiation could
lead to the dysfunction of the nervous system [6], endocrine
system [7], and immune system [8]. Considering the difficul-
ties of midcourse space experiment, such as high research
cost and unsatisfied experimental space, the research on
space extreme environment is generally simulated on the
ground. However, most of the studies are currently focused
on physiological changes caused by a single environmental
factor like microgravity or irradiation, how the complexed
extreme environment interferes with the human body is
barely researched.

Since the immune-neuro-endocrine system was hypothe-
sized by Besedovsky and Sorkin in 1977 [9], researchers have
been proceeding a variety of studies on the internal mecha-
nism of the neuroendocrine and immune systems. It has been
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confirmed that there exists a bidirectional mechanism
between the neuroendocrine system and immune system,
which build the neuro-endocrine-immune (NEI) system
together via a synergistic effect and antagonism. The NEI sys-
tem plays an important role in homeostasis and against
external environmental aggression. It is reported that the
NEI system could engender a series of changes to readapt
the new external environment while facing the extreme space
surroundings. Nevertheless, the research on how the NEI sys-
tem changes under microgravity-irradiation environment is
scarcely reported.

Traditional Chinese medicine (TCM) shows its advan-
tage on systematically reconciling the physiological function
of the human body. It is reported that traditional Chinese
medicine formula (TCMF), especially which is used based
on TCM theory, could effectively alleviate the physical
impairment caused by microgravity, irradiation, and other
space environments [10]. TCMF “Taikong Xieli Decoction”
(TKXLD), which was formulated by our team, has been con-
firmed to modulate the immunity of rats under the condition
of short-term microgravity combined with irradiation [11].
However, the immunomodulatory mechanism of TKXLD
is still unclear.

Overall, the research on organism adaption in space is
depending rapidly, yet a lot of deficiencies still remain, espe-
cially on the comprehensive consideration of the complex
space environment, systematized exploration on multiple
physiological systems in the human body, and profound
study on the mechanism of TCMF. Hence, we reconstructed
the rat model which suffered from microgravity and irradi-
ation to observe the changes in the NEI system and the
modulated the mechanism of TKXLD. This study might
give experimental support for ascertaining the influence of
space environment on a mammal and the antagonistic
effect of TCMF.

2. Materials and Methods

2.1. Preparation of TKXLD. TKXLD consists of Ginseng
Radix et Rhizoma (PanaxginsengC.A.Mey.), Ophiopogonis
Radix (Ophiopogon japonicus), Astragali Radix (Astragalus
membranaceus (Fisch.) Bge. var. mongholicus (Bge.)Hsiao),
Schisandrae Chinensis Fructus (Schisandra chinensis (Turcz.)
Baill.), Poria (Poria cocos (Schw.) Wolf), Rehmanniae Radix
Praeparata (Rehmannia glutinosa Libosch.), Drynariae Rhi-
zoma (Drynaria fortunei (Kunze) J.Sm.), and Chuanxiong
Rhizoma (Ligusticum chuanxiong Hort.). All the herbs were
provided by Beijing Tong Ren Tang Chinese Medicine Com-
pany, China, and met the criterion of Pharmacopoeia of the
People’s Republic of China (the 2015 edition). The TKXLD
formula was extracted under reflux with distilled water
(1 : 10 volume) twice for 1 h each. After that, the extracts were
concentrated to 100%, then filtered and dried below 60°C to
obtain TKXLD granules. The TKXLD granule was dissolved
in 70% solution using distilled water before use.

2.2. Animals and Treatments. 40 male Wistar rats, weighing
170 g to 190 g (180 ± 10), were used in this study (Grade
SPF/VAF, Certificate No: SCXK(Jing) 2002-2003, Beijing

Laboratory Animal Research Center). All animal experi-
ments were performed strictly in accordance with the guide-
lines of Beijing University of Chinese Medicine Animal Care
and Use Committee. The animals were maintained at an
ambient temperature of 16-20°C under a 12h : 12 h light-
dark cycle. Water and food were given ad libitum. The rats
were randomly divided into four groups: the control group
(C), tail-suspended group (S), tail-suspended adding irradi-
ated group (SAI), and herb (Taikong Xieli Decoction,
TKXLD) group, 10 rats per group.

Rats in the S, SAI, and TKXLD groups were subjected to
tail suspended of head down position of -30° to simulate
microgravity and those in the SAI and TKXLD groups were
irradiated with 4.5Gy of 60Co-gamma rays at the 8th day of
tail suspended (the cobalt bomb was provided by Academy
of military medical sciences). Rats of the TKXLD group
were orally administrated with the decoction (7 g·kg-1·d-1)
abstracted from a compound formula of traditional Chinese
medicine and other groups with equivalent normal saline.
All rats were anesthetized via an intraperitoneal injection of
2% sodium pentobarbital (0.25mL/100 g) and then killed at
2 hours after intragastric administration, on the 21th day of
the experiment. At that time, related tissues were extracted.

2.3. Proliferation of T Lymphocyte Measurement. Half of the
spleen, which was extracted under aseptic condition, was
put in a culture dish. 2mL RPMI-1640 incomplete medium
was added at the same time. After that, single-cell suspension
was prepared by grinding and filtration with 80 mesh sieve.
Single-cell suspension was seeded into 96-well plates at a
density of 5 × 10-6 cells/mL and a volume of 100μL/well,
ConA (Sigma, USA) was added into each well at a final con-
centration of 5μg/mL. The cells were incubated for 68h at
37°C, 5%CO2 after 100μL solution was discarded in each
well. Then, the culture media were eliminated and 10μL
MTT solution (5mL, Sigma, USA) was added into each well,
followed by culturing at 37°C in a 5% CO2 humidified atmo-
sphere for 4 h. 150μL DMSO (Sigma, USA) was then added
and shook up. 10 minutes later, the absorbance of the solu-
tion was measured using a microplate reader at the wave-
length of 570nm.

2.4. Phagocytosis of Macrophage Measurement. The perito-
neal fluid was obtained using cold Hank’s with heparin wash-
ing. After that, the peritoneal macrophages were collected by
draining the solution. The cell concentration was regulated to
5 × 10−9 cells/L and added into a 96-well plate which was put
in the incubator. Four hours later, neutral red solution was
added and then cell lysates were added after 40 minutes.
Macrophage suspension was put over the night of 4°C; then,
the absorbance of the solution was measured using a micro-
plate reader at the wavelength of 492nm.

2.5. Radioimmunoassay (RIA). The hypothalamus was rap-
idly collected onto ice. After weighing, the hypothalamus
was boiling in 1mL normal saline for 3 minutes; 1N glacial
acetic acid (0.5mL) was added and homogenized. The
homogenate was neutralized with 1N NaOH (0.5mL) and
centrifuged at 3000 r/min for 30min. The supernatant was
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drained and stored at -80°C. The level of the corticotropin-
releasing hormone (CRH) was assayed using a radioimmu-
noassay (RIA) kit (Haikerui Biotechnology Center, Beijing,
China). Pituitary suspension was drained as mentioned above,
and the level of adrenocorticotropic hormone (ATCH) was
measured using a RIA kit (Huaying Institute of Biotechnol-
ogy, Beijing, China). Furthermore, the levels of CRH and
ACTH in plasma were, respectively, measured using a RIA
kit as mentioned above. The level of CORT in the serum
was measured using RIA kit (Huaying Institute of Biotech-
nology, Beijing, China). The supernatants of splenocyte sus-
pension and macrophage suspension were, respectively,
drained by measuring interleukin 2 (IL-2), interleukin 1
beta (IL-1β) and interleukin 6 (IL-6) using a RIA kit (Sci-
ence and technology development center of PLA General
Hospital, Beijing, China). IL-1β, IL-2, and IL-6 levels in
the serum were, respectively, measured using the RIA kit
as stated above.

2.6. Reverse Transcription-Polymerase Chain Reaction (RT-
PCR). Total RNA was extracted from the splenocytes using
RNA TRIzol (Gibco, USA) and reverse transcription into
cDNA. The primers for glucocorticoid receptor (GR) and
β-actin were shown in Table 1. RT-PCR detected fluores-
cence, and the levels of mRNA were normalized to β-actin
expression. Primers for RT-PCR were listed as follows.

2.7. Statistical Analysis. The experimental data was expressed
as the mean ± standard deviation (X ̅±SD). All the data were
analyzed by one-way ANOVA using SPSS 23.0 software
and differences were considered significant at P < 0:05.

3. Results

3.1. HPA Axis

3.1.1. CRH. As shown in Figure 1, compared with the control
group, the levels of the hypothalamic and plasmatic CRH in
the S and SAI group were reduced significantly. Compared
with the S group, the level of plasmatic CRH in the SAI group
was reduced significantly. Compared with the SAI group, the
levels of hypothalamic and plasmatic CRH in the TKXLD
group was increased significantly.

3.1.2. ACTH. As shown in Figure 2, compared with the con-
trol group, the levels of pituitary and plasmatic ACTH in the
S and SAI groups were both increased significantly. There was
no statistical difference between the S and SAI groups. Com-
pared with the SAI group, the levels of pituitary and plasmatic
ACTH in the TKXLD group were reduced significantly.

3.1.3. CORT and GR mRNA. As shown in Figure 3(a), com-
pared with the control group, the levels of plasmatic CORT
in the S and SAI groups were both increased significantly.
For CORT, there was no significant difference between the
S and SAI groups. Compared with the SAI group, the level
of CORT in the TKXLD group was reduced significantly.
As shown in Figure 3(b), compared with the control group,
the expression of splenic GR mRNA in the S and SAI group
were both increased significantly. There was no significant

difference in the GR mRNA expression between the S and
SAI groups. Compared with the SAI group, the GR mRNA
expression in the TKXLD group was reduced significantly.

3.2. Immune Function

3.2.1. T-Cell Function and Related Cytokines. As shown in
Figures 4(a) and 4(b), compared with the control group, the
capacity of splenic T-cell proliferation and IL-2 secreting
capacity in the S and SAI groups were decreased significantly.
There was no significant difference of splenic T-cell prolifer-
ation and IL-2 secreting capacity between the S and SAI
groups. Compared with the SAI group, the IL-2 secreting
capacity in the TKXLD group was increased significantly.
As shown in Figure 4(c), compared with the control group,
the level of serous IL-2 in the S and SAI groups was decreased
significantly. There was no statistical difference of serous IL-2
between the S and SAI groups. Compared with the SAI
group, the levels of serous IL-2 in the TKXLD group had an
uptrend, but there was no significant difference.

3.2.2. Celiac Macrophage Function and Related Cytokines. As
shown in Figure 5, for celiac macrophages, the phagocytosis
and IL-1β level in the S and SAI groups were both signifi-
cantly enhanced in comparison with the control group. The
macrophagic IL-6 level in the S group was significantly
increased in comparison with the control group. Compared
with the S group, the phagocytosis of macrophages in the
SAI group was decreased markedly, and the levels of IL-1β
and IL-6 showed no statistical difference. Compared with
the SAI group, the phagocytosis and IL-1β level of macro-
phages in the TKXLD group was decreased significantly.

As shown in Figure 6, compared with the control group,
the levels of serous IL-1β and IL-6 in the S and SAI groups
were significantly increased. There was no significant differ-
ence of serous IL-1β between the S and SAI groups, but the
level of serous IL-6 in the SAI group was significantly
decreased compared with the S group. There was no signif-
icant difference of serous IL-1β between the SAI and
TKXLD groups. However, the level of serous IL-6 in the
TKXLD group was significantly decreased compared with
the SAI group.

4. Discussion

Microgravity and irradiation are two main factors affecting
organisms during spaceflight. In this study, we simulated
the microgravity state of a rat by tail suspension. Meanwhile,
we also compared the neuro-endocrine-immune influence
under microgravity-irradiation environment with micro-
gravity state. Recently, there is a wide range of chosen

Table 1: Primers for RT-PCR.

Gene Primer sequence (5′→3′) Product
size (bp)

GR
Forward:ACCCTGCTACAGTACTCATGGA
Reverse:CTTGGCTCTTCAGACCTTCCT

271

β-
Actin

Forward:CATCCTGCGTCTGGACCT
Reverse:CACACAGAGTACTTGCGCTCA

498
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irradiation dosage which is from 0.5Gy to 25Gy on space
irradiation research [12–14]. The designed irradiation dose
is determined by species, experimental purpose, and biologi-
cal endpoints [15]. Considering that the astronauts might
suffer high-dose space irradiation during solar nucleon active

period or extravehicular activities, and the Wistar rat had a
relative low sensitivity in comparison with other experimen-
tal animals, we used a total of 4.5Gy irradiation dosage
(0.3Gy/min) which was a little bit higher than the commonly
used irradiation dosage (2.5Gy or thereabouts). In this
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Figure 1: The level of CRH in the hypothalamus and plasma. (a) The level of hypothalamic CRH in each group. (b) The level of plasmatic
CRH in each group. N = 10 for each group. ∗P < 0:05, ∗∗P < 0:01 compared with the control group. #P < 0:05 compared with the S group.
+P < 0:05, ++P < 0:01 compared with the SAI group.
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Figure 2: The level of ACTH in the pituitary and plasma. (a) The level of hypophyseal ACTH in each group. (b) The level of plasmatic ACTH
in each group. N = 10 for each group. ∗P < 0:05, ∗∗P < 0:01 compared with the control group. ++P < 0:01 compared with the SAI group.

CORT plasma

ng
/m

L

0

10

20

30

40

50

+

TKXLDSAISC

⁎⁎
⁎

(a)

GR mRNA

G
R 

m
RN

A
 ex

pr
es

sio
n

0

2

4

6

+

TKXLDSAISC

⁎⁎⁎

(b)

Figure 3: The expression of plasmatic CORT and splenic GR mRNA. (a) The level of plasmatic CORT in each group. (b) The expression of
splenic GRmRNA in each group.N = 10 for each group. ∗P < 0:05, ∗∗P < 0:01 compared with the control group. +P < 0:05 compared with the
SAI group.

4 BioMed Research International



article, we found that, compared with the control group, the
level of CRH was decreased, the ACTH and CORT level were
increased, and the expression of splenic GR mRNA was
upregulated in both the S and SAI groups. The proliferative
and IL-2 secreting capacity of T-cell in the S and SAI group
were weakened, but the phagocytosis and related cytokine
secreting capacity of celiac macrophages were significantly

increased. On the other hand, the plasmatic CRH, phagocy-
tosis of macrophages, and serous IL-6 in the SAI group were
all decreased significantly compared with the S group. Fur-
thermore, TKXLD could normalize the anomalous changing
of the NEI targets to varying degrees.

There is a close correspondence between the neuroendo-
crine and immune systems, both of these two systems
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Figure 4: T-cell proliferation and related IL-2 level. (a) The proliferation of splenic T-cell in each group. (b) The level of splenic IL-2 in each
group. (c) The level of serous IL-2 in each group. N = 10 for each group. ∗P < 0:05, ∗∗P < 0:01 compared with the control group. +P < 0:05,
++P < 0:01 compared with the SAI group.
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Figure 5: Macrophagic phagocytosis and related cytokine levels. (a) Phagocytosis of celiac macrophages in each group. (b) The level of
macrophagic IL-1β in each group. (c) The level of macrophagic IL-6 in each group. ∗P < 0:05, ∗∗P < 0:01 compared with the control
group. #P < 0:05, ##P < 0:01 compared with the S group. +P < 0:05, ++P < 0:01 compared with the SAI group.
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Figure 6: Serous IL-1β and IL-6 levels. (a) The level of serous IL-1β in each group. (b) The level of serous IL-6 in each group. N = 10 for each
group. ∗P < 0:05, ∗∗P < 0:01 compared with the control group. #P < 0:05, ##P < 0:01 compared with the S group. +P < 0:05, ++P < 0:01
compared with the SAI group.
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constitute the complex NEI system. As an important part of
the NEI system, there also exists a two-way communication
and feedback between the HPA axis and the immune system.
For one thing, plenty of cytokines like IL-1, IL-6, IL-10, and
tumor necrosis factor alpha (TNF-α) could activate the
HPA axis; for another, HPA could regulate the systemic
inflammatory response. HPA axis is activated under hyperin-
flammatory state; high-level glucocorticoids are then released
to inhibit the immune response by hindering the proinflam-
matory cytokines secreting like IL-1 and TNF-α. Meanwhile,
the HPA axis could induce immune cells releasing anti-
inflammatory cytokines such as IL-4, IL-10, and IL-13 to
restrain the inflammation, which contributes to protecting
the body from the damages caused by the excessive activation
of the immune system [16].

In the microgravity state, the change of gravity leads to
the imbalance of body fluids. The biofluid flows to the head,
which causes the change of cerebral blood flow and hemody-
namics. The cerebral metabolism, including the central ner-
vous system (CNS) metabolism, is then adversely affected.
The expression of hypothalamic proteins is disordered
including oxidative imbalance [17]. The feeding frequency
of the pituitary cells was disrupted, which leads to hormone
secretion disorder [18]. Furthermore, the levels of humoral
adrenaline, noradrenalin, dopamine, ACTH, growth hor-
mone (GH), prolactin, and CORT were increased at the same
time [19]. The redistribution of body fluids could also induce
the stress response of the immune system. In this state, for
immune organ atrophy, the T-cell and B-cell secreting capac-
ity of which falls into decline simultaneously [20]. Addition-
ally, the expression and ability of maturation markers on
dendritic cells (DC) were dwindled [21]. The resistance of
the body to some pathogens is enhanced by activating macro-
phages [22].

Irradiation could act upon the external body parts such as
the skin or retina directly and influence the internal system or
tissues via the bystander effect, which is different frommicro-
gravity. It is reported that radiotherapeutic irradiation could
lead to endocrine dyscrasia, pituitary insufficiency, and HP
axis dysfunction [23]. Space irradiation is reported to injure
the hypothalamus, prefrontal lobe, and nucleus accumbens
[24]. It is also reported that space irradiation could give a
promotion on macrophage proliferation and enhance its
phagocytic function [25].

Organisms are threatened with microgravity, irradiation,
and other extreme environmental hazards in the space envi-
ronment. The NEI system shows the approximate changes
under space environment, including the increasing ACTH,
thyroxine, CORT, and antidiuretic hormone (ADH) levels
[26]; the hypofunction on T-cell [27]; and overactivation on
macrophages [28].

The influence of microgravity and irradiation on the
human body nearly has the similar trend, but each of which
is emphasized in different directions further. It is reported
that the human body could be caused to lower the CNS
defense against oxidative damage [29] and reduce the quan-
tity of lymphocytes [30] under either microgravity or irra-
diation condition. Remarkably, it is reported that space
flight-associated anorexia and musculoskeletal degenerative

changes may be driven by irradiation- and microgravity-
associated mechanisms, respectively [31], which suggested
that there existed a different intervention mechanism, res-
pectively, between microgravity and irradiation. A raft of
research suggested that there might be a kind of “superposi-
tion effect” on the organism while it was under the condition
of both microgravity and irradiation. It is reported that the
apoptosis rate of the Hmy2.CIR cell, which is the metrocyte
of B-cell, under the conditions of microgravity-irradiation
was way above which under the condition of single irradia-
tion [32]. Microgravity could aggravate the genotoxicity
caused by irradiation [33]. Compared with microgravity,
the microgravity-irradiation environment showed the most
serious oxidative stress in the cerebral cortex of mice [34].

In this study, we found that the HPA axes and macro-
phages in both the S group and SAI group were unanimously
active, but the splenic T-cell and related cytokines were under
hypofunctional state. Compared with the S group, the level of
plasmatic CRH, macrophage activity, and serous IL-6 were
all decreased significantly, which indicated that irradiation
could antagonize the HPA and macrophage stress caused
by microgravity, as well as aggravate the hypofunction of T-
cell. Upon this, we hypothesized that there might be several
differences on the body stress mechanism between micro-
gravity and microgravity-irradiation, while irradiation might
weaken the self-adaptive ability under the condition of
microgravity.

The HPA axis consists of the hypothalamus, pituitary,
and adrenal glands. CRH and arginine vasopressin (AVP)
which are synthesized in the relay neurons of the paraventri-
cular hypothalamic nucleus (PVN) are released into the ante-
rior pituitary via the portal vein. ACTH is driven to release
after that, which could activate adrenocortical cells to synthe-
size and secrete CORT and GC that contributes to energy
mobilization and homeostasis maintaining via negative feed-
back regulation [35]. In this research, the ATCH and CORT
levels in the S and SAI groups were both elevated, which illus-
trated that the HPA axis was activated. As the level of CRH
was observed to be significantly decreased in the S and SAI
groups, it might be caused by the hypothalamic inverse feed-
back signal that was given by the overexpressed GR and glu-
cocorticoid which was caused by systemic stress.

There is a close correspondence between the HPA axis
and the immune system. ACTH is known as an important
immune modulator that could regulate the phagocytosis of
macrophages [36]. On the one hand, a high level of CORT
could lead to the inhibition of immunity and inflammation.
On the other hand, the acute release of CORT could also
upregulate the expression of IFN-γ receptor and promote
macrophages secreting IL-6 [37]. The plasmatic CRH, mainly
coming from epithelial cells and immunocyte secretion,
besides hypothalamic transportation through the axons of
nerve endings, could regulate cytokines via autocrine and
paracrine [38]. Compared with T-cell or B-cell, macrophage
shows the most sensitive immune activity to CRH [39].
CRH is indicated to promote the phagocytosis of macro-
phages via the PKA/PKC-ERK1/2-RhoA/Rac1 signaling
pathway [40]. In this study, we indicated that the overexpres-
sion of CORT and GR mRNA led to the inhibition of T-cell
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function and enhancement of macrophage activation. Micro-
gravity combined with irradiation could downregulate the
plasmatic CRH level to inhibit the hyperfunction of macro-
phages to some extent.

TKXLD is composed of Ginseng, Ophiopogonis, Radix
Astragali, Schisandrae Chinensis Fructus, Poria, Rehman-
niae, Drynariae, and Chuanxiong. In TCM theory, TKXLD
is able to replenish Qi, nourish Yin, toxify the kidney, and
promote blood circulation. It is reported that Ginseng and
Radix Astragali show favorable antimicrogravity [41, 42]
and anti-irradiation effects [43, 44] that could regulate
immune response and HPA axis dysfunction caused by stress
to maintain the NEI balance [45, 46]. Ophiopogonis Radix is
proved to contribute to ameliorate macrophage activity [47].
There are evidences that Schisandrae Chinensis Fructus and
Chuanxiong have protective effects on irradiation damage,
the mechanisms of which contains reversing damage caused
by irradiation and inhibiting the overactivation of the HPA
axis [48–50]. Poria has been used as a good immune modu-
lator that could resist the excessive macrophage activation
induced by LPS [51]. Rehmanniae has been proved to be effi-
cacious in retaining NEI homeostasis [52]. Drynariae is con-
sidered a kind of potential antimicrogravity medicine that
has a good effect on several diseases like bone loss led by
microgravity [53]. Thus, it is indicated that the compatibility
of the herbs above might produce a marked effect on NEI
imbalance caused by irradiation and microgravity. In this
research, for the rats in the TKXLD group, the amelioration
of the HPA axis, macrophage, and splenic T-cell function
was observed after TKXLD treatment. Meanwhile, the
expression of splenic GC mRNA was downregulated in the
TKXLD group. All these evidences have demonstrated that
TKXLD has a protective influence on the NEI system of rats
under microgravity-irradiation conditions. The mechanism
of TKXLD might be involved in different function links of
CNS and peripheral parts.

Human body faces dual challenges of microgravity and
irradiation during spaceflight. Current studies on physiolog-
ical adaptation in space are mostly focused on the single envi-
ronmental factors. There is an urgent need for physiological
research that is studied under complex environments. In this
article, we entirely compared the functional changes of
the NEI system between microgravity and microgravity-
irradiation. The efficacy of TKXLD on treating NEI dysfunc-
tion caused by microgravity-irradiation was also investigated.
The results indicated that the rats were suffered from dys-
function of the NEI system in different degrees under both
microgravity and microgravity-irradiation, but there still
are some differences, especially those related to the pathogen-
esis between the two conditions. Our study might be condu-
cive to exploring the physiological adaptation mechanism of
the human body in space, developing the defense strategy
against extreme space environment, and promoting the pro-
tective use of TCM on spaceflight.

However, we only observe the NEI change in medium-
term spaceflight of 21 days for the rats. Only the HPA axis
and representative immunocytes in the NEI system were
investigated. Though we found that irradiation might super-
impose its effect on microgravity by messing the NEI sys-

tem, the bioregulating mechanism against microgravity-
irradiation among the subsystems of the NEI network still
deserved to be explored in depth.

5. Conclusion

Both microgravity and microgravity combined with irradia-
tion could lead to the dysfunction of the HPA axis and
immunity. The hyperfunctional HPA axis might cause dys-
immunity. Irradiation could not only aggravate the negative
feedback inhibition of the HPA axis but also antagonize the
macrophage hyperfunction caused by microgravity. TKXLD
could favorably ameliorate the dysfunction of the NEI system
caused by microgravity-irradiation.
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TRPM7 is a member of the transient receptor potential cation channel (TRP channel) subfamily M and possesses both an ion
channel domain and a functional serine/threonine α-kinase domain. It has been proven to play an essential role in the
osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (hBMSCs). However, the signaling pathway
and molecular mechanism for TRPM7 in regulating osteogenic differentiation remain largely unknown. In this study, the
potential role and mechanism of TRPM7 in the osteogenic differentiation of hBMSCs were investigated. The results showed that
the expression of TRPM7 mRNA and protein increased, as did the osteogenic induction time. Upregulation or inhibition of
TRPM7 could promote or inhibit the osteogenic differentiation of hBMSCs for 14 days. It was also found that the upregulation
or inhibition of TRPM7 promoted or inhibited the activity of PLC and SMAD1, respectively, during osteogenic differentiation.
PLC could promote osteogenic differentiation by upregulating the activity of SMAD1. However, inhibition of PLC alone could
reduce the activity of SMAD1 but not inhibit completely the activation of SMAD1. Therefore, we inferred that it is an important
signaling pathway for TRPM7 to upregulate the activity of SMAD1 through PLC and thereby promote the osteogenic
differentiation of hBMSCs, but it is not a singular pathway. TRPM7 may also regulate the activation of SMAD1 through other
ways, except for PLC, during osteogenic differentiation of hBMSCs.

1. Introduction

Bone marrow-derived mesenchymal stem cells (BMSCs) are
a potential source of stem cells for tissue repair due to their
multipotentials of differentiation into various specialized
cells, including bone, fat, and muscular cells [1–4]. Among
these potentials, the ability for differentiation into bone cells
is widely studied. The osteogenic potential of BMSCs plays
an important role in the equilibrium of bone substance. Some
extreme environments, such as microgravity, play an impor-
tant role in the osteogenic potential of BMSCs [5]. The
differentiation of BMSCs into osteoblasts is a complex devel-
opmental process, and many signaling pathways participate
in the regulation of osteogenic differentiation, such as Wnt
signaling [6, 7], Hedgehog signaling, NELL-1 signaling [8],

BMP signaling [9–11], IGF signaling [12], growth hormone
signaling [13], mitogen-activated protein kinase signaling
(MAPKs) [14], and Notch signaling [15]. Zhang et al. [5]
found that the space microgravity decreased the osteogenesis
of human MSCs, which may be attributed to the decreased
BMP expression and FAK activity. Here, focusing on another
factor, a member of the transient receptor potential cation
channel (TRP channel) subfamily M, TRPM7, which pos-
sesses both an ion channel domain and a functional serine/-
threonine α-kinase domain [1, 2, 16–21], has been reported
to be fundamental for murine MSC survival [2]. Previous
studies also show that TRPM7 is important for bone forma-
tion [22]. However, little is known about the role of
TRPM7-related signaling pathways in the osteogenic differen-
tiation of human BMSCs (hBMSCs).Many studies have led to
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the discovery of mechanosensitive ion channels and the iden-
tification of the physiological function of specific mechano-
sensitive ion channels [23]. TRPM7 has the constitutively
active ion channel segment that is permeable to divalent cat-
ion Ca2+ andmediates the Ca2+ influx. Previous studies have
demonstrated that the TRPM7 kinase domain interacts with
phospholipase C (PLC, also known as heparan sulfate proteo-
glycan 2 (HSPG2)) [24] which can hydrolyse phos-
phatidylinositol 4,5-bisphosphate (PIP2) to produce inositol
trisphosphate (IP3) and activate the IP3 receptor to further
trigger Ca2+ release from IP3R2. Calcium functions as a sec-
ond messenger to support bone remodeling and plays a vital
role in the osteogenic differentiation of mesenchymal stem
cells [16, 25–28]. Ca2+ signaling is mediated mainly by the
Ca2+ binding protein calmodulin (CaM). CaM binds Ca2+
and activates various target proteins including calmodulin-
dependent protein kinases (CaMKs). CaMK II is the major
target of CaM and plays essential roles in the regulation of
osteoblast differentiation [25, 29]. It has been reported that
Ca2+ binds to calmodulin (CaM) and activates CaMK II in
C3H10T1/2 and hBMSCs. Activated CaMK II can then phos-
phorylate SMAD1, inducing its translocation to the nucleus
where it activates osteogenic target genes such as RUNX2,
Osterix, and OCN [30]. Meanwhile, it has been reported that
PLC regulates the TGF-β-induced chondrogenic differentia-
tion of synovial mesenchymal cells via SMAD 2 and p38
MAPK signaling pathways [31]. It was also showed that
BFP- (bone-forming peptide-) 3 plays a vital role in increasing
the levels of osteogenic-inducing factors and regulating the
ERK1/2 and SMAD1/5/8 signaling pathways in the process
of regulating osteogenic differentiation of BMSCs [32]. Stud-
ies revealed that CREBH (cAMP response element-binding
protein H) increased the expression of SMAD ubiquitination
regulatory factor 1 (Smurf1), leading to ubiquitin-dependent
degradation of SMAD1. Meanwhile, it was suggested that
CREBH is a novel negative regulator of osteoblast differenti-
ation and bone formation [33]. Here, we examine the expres-
sion of TRPM7 during the osteogenic differentiation of
hBMSCs and the role of TRPM7 in the osteogenic differenti-
ation of hBMSCs by inhibiting or promoting the activation of
TRPM7 under normal gravity. We also investigate the role of
PLC in the osteogenic differentiation of hBMSCs by regulat-
ing the activity of PLC. Through a series of regulation combi-
nations of TRPM7 and PLC, we explore the relationship
between TRPM7, PLC, and SMAD1 during the osteogenic
differentiation of hBMSCs and found that TRPM7might reg-
ulate the activation of SMAD1 through different pathways
(not only PLC) to promote the osteogenic differentiation of
hBMSCs. This study may be contributed to the researches
on the effects of space microgravity on the ion channels in
hBMSCs, which will be performed in the Space Station of
China.

2. Materials and Methods

2.1. Preparation and Culture of hBMSCs. The Institutional
Review Board (IRB) and Ethical Committee of Zhejiang
University, Hangzhou, China, approved this study. Whole-
bone marrow samples were collected from healthy donors at

the First Affiliated Hospital, Zhejiang University. All donors
provided the written informed consent. Bone marrow cells
were isolated and purified from bone marrow according to
the methods of Zhang et al. [3]. The harvested cells were
seeded in a 10 cm dish with α-MEM culture medium (Gibco,
Shanghai, China) supplemented with 10% FBS, 100U/mL
penicillin, 100μg/mL streptomycin (Gibco), and 5 ng/mL
basic fibroblast growth factor (BFGF; Life Technologies,
Shanghai, China) and cultured at 37°C, 5% CO2, and 95%
humidity. Cells at approximately 80% confluency were
trypsinized and reseeded at a density of 1 × 105 cells/mL
as passage 1. Cells at passage 3 were used for this study.
These cells were characterized by surface markers CD19−,
CD34−, CD14−, CD45−, HLA-DR−, CD105+, CD90+,
CD73+, and CD29+ and showed the potentials of osteogene-
sis and adipogenesis.

2.2. shRNA-Mediated Knockdown of TRPM7 in hBMSCs.
shRNA with sequences targeting human TRPM7 mRNA
was transfected into hBMSCs according to the manufac-
turer’s instructions (Invitrogen, Shanghai, China). In brief,
30 nM of the shRNA fragment for TRPM7 (sense: 5′-GCA
GTT CAT CTA CTA GCA TAC-3′ and antisense: 5′-CGT
CAA GTA GAT GAT CGT ATG-3′) or the negative control
fragment (sense: 5′-GCA CCCAGTCCGCCCTGAGCA-3′
and antisense: 5′-CGT GGG TCA GGG ACG CGT-3′) was
designed and ligated to pRNAi-U6.2/Lenti-vector to con-
struct the target plasmid. Then, the target plasmid and two
lentiviral packaging plasmids (PSPAX2 and PMD2G) were
cotransfected into 293T cells using Lipofectamine™ 3000
(Invitrogen). After 48 and 72h, the virus supernatant was
collected to infect hBMSCs with 60% confluency at passage
3. Cells transfected with the target plasmid exhibited RFP
expression. All experiments were performed in triplicate.

2.3. Osteogenic Induction of hBMSCs. When the cells at
passage 3 reached 60-70% confluency, the osteogenic
medium (Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies)) supplemented with 10% FBS, 50μg/mL
L-ascorbic acid, 10mM β-glycerophosphate, 0.1μM dexa-
methasone, 100U/mL penicillin, and 100μg/mL streptomy-
cin (Sigma, Shanghai, China) was used to replace the
culture medium, and cells were incubated at 37°C and 5%
CO2 to induce the osteogenic differentiation of hBMSCs.
2-APB was used to inhibit mRNA and protein expression
[34] and the function of TRPM7 [35, 36] in this study.
Naltriben, a TRPM7-specific agonist, was used to activate
the expression of TRPM7 [1, 37, 38]. U73122 or M-3M3FBS
was reported to inhibit and induce the mRNA expression
[39, 40] and protein expression [41] of PLC.

The osteogenic induction experiment of hBMSCs was
divided into 7 groups: cells induced in the osteogenic
medium supplemented with 50μM 2-APB (APEXBIO,
Shanghai, China) as the 2-APB group, cells induced in the
osteogenic medium supplemented with 20μM Naltriben
(Meilunbio, Dalian, China) as the Naltriben group, cells
induced in the osteogenic medium supplemented with
20μM M-3M3FBS (Sigma) as the M-3M3FBS group, cells
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induced in the osteogenic medium supplemented with 1μM
U73122 (MCE, Shanghai, China) as the U73122 group, cells
induced in the osteogenic medium supplemented with
50μM 2-APB and 20μM M-3M3FBS as the 2-APB+M-
3M3FBS group, cells induced in the osteogenic medium
supplemented with 20μM Naltriben and 1μM U73122 as
the Naltriben+U73122 group, and cells induced in the osteo-
genic medium without any pharmacological treatment as the
control group. The osteogenic medium was changed every
three days, and cells were harvested after an induction of 14
days for the following analyses.

2.4. Whole-Cell Protein Extraction andWestern Blot Analysis.
Cells were lysed by sonication with ice-cold lysis buffer con-
taining RIAP protein lysate and a phosphatase inhibitor. A
bovine serum albumin (BSA) protein assay kit (Beyotime,
Shanghai, China) was used to detect the protein concen-
trations. The protein sample was separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto a 4.5μM PVDF
membrane (Millipore, Shanghai, China). The membrane
was blocked with 5% nonfat milk PBST and then incubated
with anti-TRPM7 (1 : 1500), anti-PLC (1 : 1500), anti-P-PLC
(1 : 1500), anti-SMAD1 (1 : 1500), anti-P-SMAD1 (1 : 1500),
anti-COL1A1 (1 : 1500), anti-ALP (1 : 1500), anti-RUNX2
(1 : 1500), and anti-GADPH (1 : 2000) antibodies at 4°C over-
night. Antibodies to PLC, Phospho-PLC, SMAD1, Phospho-
SMAD1, RUNX2, COL1A1, and GADPH were purchased
from Cell Signaling (Shanghai, China). The TRPM7 antibody
was purchased from Abcam (Shanghai, China). After incu-
bation, the membrane was reprobed with the appropriate
secondary antibodies (conjugated with horseradish peroxi-
dase) for 1 h. The enhanced chemiluminescence detection
reagent (Thermo Scientific, Shanghai, China) and the
Tanon 6600 Luminescence Imaging Workstation (Tanon,
China) were used to visualize the protein bands. Western
blot images were semiquantitatively analyzed with ImageJ
software (NIH, USA).

2.5. Alkaline Phosphate (ALP) and Alizarin Red S (ARS)
Staining Assays. Cells osteogenically induced for 14 days
were washed with precooled PBS for three times before being
stained with ARS to examine the matrix concentrations of
calcium according to a previously described procedure [3].
The ALP Quantitative Analysis Kit (Beyotime, Shanghai,
China) was used to analyze the ALP activity in cells according
to the manufacturer’s instructions. Definition of the ALP
activity unit is as follows: hydrolysis of para-nitrophenyl
(unit: μmol) per minute at 37°C in a diacetamine (DEA)
buffer pH9.8. The absorbance was measured at 405nm.
ALP staining was performed using the Gomori Staining Kit
(Nanjing Jiancheng Institute, China). Finally, the samples
were washed with deionized water and visualized by phase
microscopy using an inverted microscope. ARS reverse
quantification was by stain extraction, and the absorbance
was measured at 405nm.

2.6. Quantitative Real-Time Polymerase Chain Reaction
(PCR) Assays. The TRIzol reagent (Sigma) was used to exact
RNA. Reverse transcription was performed using 1μg of total
RNA and the RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Shanghai, China). Primers were designed as
shown in Table 1. Quantitative real-time PCR reactions were
performed as previously described [3]. The PCR conditions
were 95°C for 5min, followed by 40 cycles of 95°C for 15 s,
60°C for 1min, then 72°C for 1min, and finally 72°C for
10min. The expression level of each gene was analyzed
through the 2−ΔΔCt method [42] and normalized to that
of GAPDH.

2.7. Statistical Analyses. Data are presented as mean values
± standard deviation (SD). Statistical analysis was performed
using GraphPad Prism statistical software. Statistical signifi-
cance determined using Student’s t-test or two-way analysis
of variance followed by post hoc Bonferroni correction was
set at ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.

Table 1: Primer sequences of real-time PCR.

Gene Primer sequences Product size (bp)

RUN2
5′-CCGCCTCAGTGATTTAGGGC-3′ (F)

5′-GGGTCTGTAATCTGACTCTGTCC-3′ (R) 132

ALP
5′-AACATCAGGGACATTGACGTG-3′ (F)

5′-GTATCTCGGTTTGAAGCTCTTCC-3′ (R) 159

COL1A1
5′-GTGCGATGACGTGATCTGTGA-3′ (F)
5′-CGGTGGTTTCTTGGTCGGT-3′ (R) 119

OPN
5′-CTCCATTGACTCGAACGACTC-3′ (F)

5′-CAGGTCTGCGAAACTTCTTAGAT-3′ (R) 230

OCN
5′-GGCGCTACCTGTATCAATGG-3′ (F)
5′-GTGGTCAGCCAACTCGTCA-3′ (R) 110

TRMP7
5′-GTTGGAAAGTATGGGGCGGAA-3′ (F)
5′-CACACACAACTACTGGAACAGG-3′ (R) 190

GADPH
5′-GGAGCGAGATCCCTCCAAAAT-3′ (F)

5′-GGCTGTTGTCATACTTCTCATGG-3′ (R) 197
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Figure 1: Continued.
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3. Results

3.1. TRPM7 Plays an Important Role in Osteogenic
Differentiation in hBMSCs. It has been reported that TRPM7
is fundamental for murine MSC survival [2] and plays an
important role in osteogenic differentiation [16]. Hence, we
examined the expression pattern of TRPM7 during osteo-
genic induction of hBMSCs. We measured the mRNA and
protein levels of TRPM7 in different stages of osteogenic dif-
ferentiation. The expression of TRPM7 mRNA and protein
increased gradually from day 0 to 14 and reached their peaks
at day 14 of osteogenic induction (Figures 1(a) and 1(b)). The
expression of TRPM7 protein is little from day 0 to 14 with-
out osteogenic induction (Figure 1(c)). Hence, detection was
mainly done during the osteogenic differentiation. The
mRNA and protein levels of ALP, RUNX2, and COL1A1,
as well as the ALP staining and ARS mineralization assays
in different stages of osteogenic differentiation, were under-
taken to examine the osteogenic differentiation effect in
induced cells for 0, 3, 7, and 14 days (Figure S1 A-F).

In our initial exploratory experiments, the time period
during osteogenesis induction was 0, 3, 7, and 14 days. Mul-
tiple experiments showed that the highest expression of

TRPM7 was on the 14th day. Hence, we decided to perform
the following experiment on the 14th day of the induction
time. These results indicated that TRPM7 is expressed
throughout osteogenic differentiation, and its expression
level increases with an increase in induction time, which
may imply the important role of TRPM7 in the osteogenic
differentiation of hBMSCs.

To verify this role of TRPM7, hBMSCs were transfected
transiently with shRNA specific to TRPM7 and control-
shRNA-vector. Meanwhile, the pharmacological blocking
or activating of TRPM7 to the effect of relative osteogenic
markers was performed during osteogenic induction for
14 days. 2-APB was used to inhibit mRNA and protein
expression [34] and the function of TRPM7 [35, 36, 43],
and Naltriben, a TRPM7-specific agonist, was used to activate
the expression of TRPM7 [1, 37, 38]. The expression of the
TRPM7 gene and protein in cells treated with TRPM7 shRNA,
2-APB, and Naltriben was measured in Figures 1(d)–1(g).
After osteogenic induction for 14 days, the expression of three
osteogenic marker proteins, alkaline phosphatase (ALP), col-
lagen type 1 alpha 1 chain (COL1A1), and runt-related tran-
scription factor 2 (RUNX2) as well as five osteogenic marker
mRNAs, ALP, COL1A1, RUNX2, osteopontin (OPN), and
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Figure 1: The effects of TRPM7 on the expression of osteogenic markers. (a) The expression of TRPM7mRNA in cells induced for 0, 3, 7, and
14 days. (b) (A) The expression of TRPM7 protein in cells induced for 0, 3, 7, and 14 days. (B) Relative expression levels of TRPM7 protein
were quantified and plotted. (c) (A) The expression of TRPM7 protein in cells noninduced for 0, 3, 7, and 14 days. (B) Relative expression
levels of TRPM7 protein were quantified and plotted. (d) The expression of TRPM7 mRNA in cells treated with TRPM7 shRNA and
control shRNA induced for 14 days. (e) The expression of TRPM7 protein in cells treated with TRPM7 shRNA and control shRNA
induced for 14 days. The relative expression levels of TRPM7 protein were quantified and plotted. (f) The expression of TRPM7 mRNA in
cells induced with the osteogenic medium or the osteogenic medium supplemented with Naltriben or 2-APB induced for 14 days. (g) (A)
Western blot analysis of TRPM7 protein in cells induced with the osteogenic medium or the osteogenic medium supplemented with
Naltriben or 2-APB. (B) The relative expression levels of TRPM7 protein were quantified and plotted. (h) The expression of osteogenic
markers ALP, COL1A1, RUNX2, OPN, and OCN in cells treated with TRPM7 shRNA and control shRNA induced for 14 days. (i)
(A)Western blot analysis of osteogenic marker proteins ALP, COL1A1, and RUNX2 in cells treated with TRPM7 shRNA and control
shRNA. (B) Relative protein expression levels of osteogenic markers were quantified and plotted. (j) The expression of osteogenic markers
ALP, COL1A1, RUNX2, OPN, and OCN in cells induced with osteogenic medium or osteogenic medium supplemented with Naltriben or
2-APB induced for 14 days. (k) (A) Western blot analysis of osteogenic marker proteins ALP, COL1A1, and RUNX2 in cells induced with
osteogenic medium or osteogenic medium supplemented with Naltriben or 2-APB. (B) Relative protein expression levels of osteogenic
markers were quantified and plotted. TRPM7 shRNA: hBMSCs transfected with TRPM7-shRNA-vector; control shRNA: hBMSCs
transfected with negative control-shRNA-vector; ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:0001.
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Figure 2: Continued.
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osteocalcin (OCN), was detected. The results showed that the
shRNA-mediated knockdown of TRPM7 inhibited the expres-
sion of both osteogenic marker genes and proteins
(Figures 1(h) and 1(i)). Likewise, the use of 2-APB decreased
the expression of both marker genes and proteins, and
Naltriben promoted the osteogenic differentiation of hBMSCs
(Figures 1(j) and 1(k)). Alkaline phosphatase (ALP) func-
tional assays were used to examine ALP activity. Alkaline
phosphatase staining and Alizarin red staining were used to
examine matrix concentration of calcium and phosphate
(Figures 2(a)–2(h)). Both shRNA-mediated knockdown of
TRPM7 and use of 2-APB decreased ALP activity and miner-
alization in induced cells. In contrast, the use of Naltriben
increased ALP activity and mineralization. These results ver-
ify that TRPM7 indeed plays an important role in the osteo-
genic differentiation of hBMSCs.

3.2. TRPM7 Promotes the Osteogenic Differentiation of
hBMSCs by Regulating the Activity of PLC. It has been
reported that TRPM7-associated PLC isozymes interact with
the TRPM7 self-phosphorylating α-type Ser/Thr protein
kinase domains which modulate the phosphorylation of
PLC [19, 37]. Hence, we examined the activity of PLC in cells
induced for 0, 3, 7, and 14 days. The activity of PLC increased
with increasing induction time (Figure 3(a)), showing a sim-
ilar pattern to the expression of TRPM7. As the same time,
we detected the activity of PLC without the osteogenic differ-
entiation for 0, 3, 7, and 14 days (Figure 3(b)). To investigate
the function of PLC in the osteogenic differentiation of
hBMSCs, we used the pharmacological method to inhibit or
activate the activity of PLC. M-3M3FBS was used as a specific
PLC activator and U73122 as an inhibitor of PLC. After
pharmacologic treatment, we found that M-3M3FBS

increased PLC activity and promoted the osteogenic differen-
tiation of hBMSCs by increasing the main osteogenic
markers, and U73122 decreased the PLC activity and reduced
the osteogenic differentiation of hBMSCs by decreasing the
main osteogenic markers (Figures 3(c)–3(i)P < 0:05). Conse-
quently, we analyzed the relationship between TRPM7 and
PLC by inhibiting or promoting the expression of TRPM7.
The shRNA-mediated knockdown of TRPM7 and the use
of 2-APB inhibited the activity of PLC. Likewise, Naltriben
promoted the activity of PLC (Figures 4(a) and 4(b)). To bet-
ter explore the function of TRPM7 in the regulation of PLC
activity during the osteogenic differentiation of hBMSCs,
we adopted the method of activating TRPM7 and suppress-
ing PLC or suppressing TRPM7 and activating PLC. The
experiment was designed involving seven groups, as
described in Materials and Methods. When PLC was acti-
vated with M-3M3FBS during both the inhibition and unin-
hibition of TRPM7 activity, the use of M-3M3FBS alone
effectively promoted the expression of osteogenic markers
in induced cells, and the use of 2-APB alone effectively inhib-
ited the expression of osteogenic markers in induced cells.
When inhibiting the activity of TRPM7 with 2-APB, the
use of M-3M3FBS increased the expression of osteogenic
markers in induced cells in comparison with the use of
2-APB alone, but this was lower than when using
M-3M3FBS alone (Figures 4(c) and 4(d)P < 0:05). Alkaline
phosphatase (ALP) functional assays and ALP staining and
ARS mineralization assays were undertaken to examine the
activity of ALP and the matrix concentrations of calcium
and phosphate in induced cells (Figures 4(e)–4(h)). The
results were consistent with the expression of osteogenic
markers. Meanwhile, we inhibited the activity of PLC with
U73122 under both the activation and inactivation of
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Figure 2: The effects of TRPM7 on the osteogenic differentiation in hBMSCs. (a) Analysis of ALP staining in cells treated with control shRNA
and TRPM7 shRNA induced for 14 days. (b) Analysis of ALP activity (the unit for p-nitrophenyl: μmol) in cells treated with control shRNA
and TRPM7 shRNA induced for 14 days. (c) Analysis of ARS staining in cells treated with control shRNA and TRPM7 shRNA induced for 14
days. (d) A quantification of ARS in cells treated with control shRNA and TRPM7 shRNA induced for 14 days. (e) Analysis of ALP staining in
cells induced with osteogenic medium or osteogenic medium supplemented with Naltriben or 2-APB induced for 14 days. (f) Analysis of ALP
activity (the unit for p-nitrophenyl: μmol) in cells induced with osteogenic medium or osteogenic medium supplemented with Naltriben
or 2-APB induced for 14 days. (g) Analysis of ARS staining in cells induced with osteogenic medium or osteogenic medium supplemented
with Naltriben or 2-APB induced for 14 days. (h) A quantification of ARS in cells induced with osteogenic medium or osteogenic medium
supplemented with Naltriben or 2-APB induced for 14 days. Scale: 200 μm. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:0001.
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Figure 3: Continued.
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Figure 3: Continued.
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TRPM7. As seen in Figures 5(a) and 5(b), the use of Naltri-
ben alone effectively promoted the expression of osteogenic
markers in induced cells. The use of U73122 alone effectively
inhibited the expression of osteogenic markers in induced
cells (P < 0:05). A combination of Naltriben and U73122
increased the expression of osteogenic markers in induced
cells, in comparison to the use of U73122 alone. However,
this was lower than the use of Naltriben alone. The analysis
of ALP activity, ALP staining, and ARS mineralization also
confirmed these results (Figures 5(c)–5(f)). Therefore, we
infer that the pathway of TRPM7 promoting the expression
of osteogenic markers through regulating the activity of
PLC might be one of the important signaling pathways
involved in the osteogenic differentiation of hBMSCs. How-
ever, these results also imply that the pathway of TRPM7
through PLC to regulate the osteogenic differentiation of
hBMSCs is not a singular pathway.

3.3. The Activation of SMAD1 Is an Important Node of the
TRPM7 Signaling Pathway for the Osteogenic Differentiation
of hBMSCs. It has been reported that the TGF-β1-mediated
activation of SMAD signaling increases the expression of
TRPM7, which in turn phosphorylates SMAD proteins and
ultimately contributes to collagen production and hepatic
fibrosis [44]. Hence, this study examines the activity of
SMAD1 in cells induced for 0, 3, 7, and 14 days. The activity
of SMAD1 increased gradually with increasing induction
time (Figure 6(a)), also showing a similar pattern to that of

the expression of TRPM7. At the same time, we detected
the activity of SMAD1 in cells without induction for 0, 3, 7,
and 14 days (Figure 6(b)). To examine whether TRPM7 pro-
motes the osteogenic differentiation of hBMSCs through the
activation of SMAD1, the activity of SMAD1 in induced cells
was analyzed, as seen in Figures 6(c) and 6(d). Both the
shRNA-mediated knockdown of TRPM7 and the use of
2-APB inhibited the activity of SMAD1. Naltriben upregu-
lated the activity of SMAD1. These results indicate that
TRPM7 may promote the osteogenic differentiation of
hBMSCs by regulating the activity of SMAD1. The activity
of SMAD1 was also analyzed under PLC-activated and
PLC-inhibited conditions. M-3M3FBS upregulated the
activity of SMAD1 while U73122 downregulated the activity
of SMAD1 (P < 0:05) (Figure 6(e)). These results suggest that
PLC may play an important role in the TRPM7-mediated
activation of SMAD1. To examine the relationship between
TRPM7, PLC, and SMAD1, the activity of SMAD1 was
detected under different pharmacological treatments. As seen
in Figure 6(f), the combination of Naltriben and U73122
decreased the activity of SMAD1 in induced cells, in compar-
ison with the use of Naltriben alone but was higher than the
use of U73122 alone (P < 0:05). Similarly, the combination
of 2-APB and M-3M3FBS increased the activity of
SMAD1 in induced cells in comparison with the use of
2-APB alone but was lower than the use of M-3M3FBS
alone (Figure 6(g)) (P < 0:05). The results show that the acti-
vation of SMAD1 is an important node of the TRPM7
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Figure 3: The effects of PLC (HSPG2) on the osteogenic differentiation of hBMSCs. (a) (A)The activity of PLC protein in cells induced with
osteogenic medium for 0, 3, 7, and 14 days. (B) The relative activity of PLC protein was quantified and plotted. (b) (A) The expression
of P-PLC protein in cells noninduced for 0, 3, 7, and 14 days. (B) Relative expression levels of P-PLC protein were quantified and plotted.
(c) (A) Western blot analysis of PLC in cells induced with osteogenic medium or osteogenic medium supplemented with M-3M3FBS or
U73122 induced for 14 days. (B) The relative activity of PLC protein was quantified and plotted. (d) RT-PCR analysis of osteogenic
markers ALP, COL1A1, RUNX2, OPN, and OCN in cells induced with osteogenic medium or osteogenic medium supplemented with
M-3M3FBS or U73122 induced for14 days. (e) (A) Western blot analysis of osteogenic marker proteins ALP, COL1A1, and RUNX2 in
cells induced with osteogenic medium or osteogenic medium supplemented with M-3M3FBS or U73122 induced for 14 days. (B) The
relative levels of osteogenic marker proteins were quantified and plotted. (f) Analysis of ALP staining in cells induced with osteogenic
medium or osteogenic medium supplemented with M-3M3FBS or U73122 induced for 14 days. (g) Analysis of ALP activity (the unit
for p-nitrophenyl: μmol) in cells induced with osteogenic medium or osteogenic medium supplemented with M-3M3FBS or U73122
induced for 14 days. (h) Analysis of ARS staining in cells induced with osteogenic medium or osteogenic medium supplemented with
M-3M3FBS or U73122 induced for 14 days. (i) A quantification of ARS in cells induced with osteogenic medium or osteogenic
medium supplemented with M-3M3FBS or U73122 induced for 14 days. Scale: 200 μm. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:0001.
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Figure 4: Continued.
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Figure 4: Continued.
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signaling pathway for the osteogenic differentiation of
hBMSCs. Through the comprehensive analysis of osteogenic
marker expression and SMAD1 activation in cells induced
under different pharmacological treatments, we speculate
that there might be another mechanism for TRPM7 to acti-
vate SMAD1 other than through phosphorylating PLC dur-
ing the osteogenic differentiation of hBMSCs.

4. Discussion

A key event in bone formation is the differentiation of
BMSCs into osteoblasts [19, 45], and many molecules are
involved in the osteogenic differentiation of BMSCs. It has
been reported that a transient receptor potential cation chan-
nel protein, TRPM7, is involved in osteoblast differentiation.
In mature bone cells, the knockdown of TRPM7 inhibits
osteoblast proliferation [22], and the expression of TRPM7
increases during osteoblast differentiation [2]. TRPM7 is also
reported to control cell migration and is critical for tissue
remodeling and regeneration [46]. Recently, it has been
reported that TRPM7 is a dual-function kinase and cation
channel for mediating the osteogenic differentiation of
murine BMSCs in response to shear stress [17]. However,

the signaling pathway and molecular mechanism for TRPM7
to regulate the osteogenic differentiation of hBMSCs remain
largely unknown. Hence, in order to further confirm the role
of TRPM7 in the osteogenic differentiation of hBMSCs, we
investigate the role and mechanisms of TRPM7 in the regu-
lation of the osteogenic differentiation of hBMSCs in the
present study. We found that the expression of TRPM7 and
the activity of PLC and SMAD1 increase gradually with
increasing osteogenic induction time, reaching a peak at
day 14 of osteogenic induction. Results also showed that
activating or inhibiting the activity of TRPM7 or PLC pro-
motes or retards osteogenesis and SMAD1 activation in
Figures 3(c)–3(e), 4(d), and 5(b). This implies that TRPM7
and PLC play a critical role in the osteogenic differentiation
of hBMSCs and SMAD1 might be involved in this process.
We then further examined the effects of TRPM7 on the acti-
vation of the PLC/SMAD1 signaling pathway during osteo-
genic differentiation induced for 14 days by activating or
inhibiting the activity of TRPM7 or PLC. However, there is
some controversy on whether TRPM7 siRNA inhibits the
osteogenic differentiation in hBMSCs. Liu et al. [17] showed
that the knocking down of TRPM7 decreased the osteogenic
differentiation, but Castiglioni et al. [16] found that the
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Figure 4: The expression of osteogenic markers and the osteogenic potential of hBMSCs under inhibiting TRPM7 and activating PLC
(HSPG2). (a) (A) Western blot analysis of PLC activity in cells induced with osteogenic medium or osteogenic medium plus control
shRNA or TRPM7 shRNA induced for 14 days. (B) The relative activity of PLC protein was quantified and plotted. (b) (A) Western blot
analysis of the activity of PLC in cells induced with osteogenic medium or osteogenic medium plus Naltriben or 2-APB induced for 14
days. (B) The relative activity of PLC protein was quantified and plotted. Control shRNA: hBMSCs transfected with negative control-
shRNA-vector; TRPM7 shRNA: hBMSCs transfected with TRPM7-shRNA-vector. (c) RT-PCR analysis of osteogenic markers ALP,
COL1A1, RUNX2, OPN, and OCN in cells induced with osteogenic medium supplemented with different pharmaceuticals induced for 14
days. (d) (A) Western blot analysis of osteogenic marker proteins ALP, COL1A1, and RUNX2 in cells induced with osteogenic medium
supplemented with different pharmaceuticals induced for 14 days. (B) The relative levels of osteogenic marker proteins were quantified
and plotted. (e) Analysis of ALP staining in cells induced with osteogenic medium supplemented with different pharmaceuticals induced
for 14 days. (f) Analysis of ALP activity (the unit for p-nitrophenyl: μmol) in cells induced with osteogenic medium supplemented with
different pharmaceuticals induced for 14 days. (g) Staining of ARS in cells induced with osteogenic medium supplemented with different
pharmaceuticals induced for 14 days. (h) A quantification of ARS in cells induced with osteogenic medium supplemented with different
pharmaceuticals induced for 14 days. Scale: 200μm. Control: cells induced in osteogenic medium without any pharmacological treatment;
M-3M3FBS: cells induced in osteogenic medium supplemented with 20 μM M-3M3FBS; 2-APB+M-3M3FBS: cells induced in osteogenic
medium supplemented with 50μM 2-APB and 20μM/mL M-3M3FBS; 2-APB: cells induced in osteogenic medium supplemented with
50μM 2-APB. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:0001.
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Figure 5: Continued.
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knocking down of TRPM7 increased the osteogenic differen-
tiation. Our final results showed that activation or inhibition
of TRPM7 expression promoted or inhibited the osteogenic

differentiation of hBMSCs by increasing or decreasing the
main osteogenic markers. Our observation disagreed with
the result of Castiglioni et al. [16]. It may be inferred that this
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Figure 5: The expression of osteogenic markers and the osteogenic potential of hBMSCs under activating TRPM7 and inhibiting PLC
(HSPG2). (a) RT-PCR analysis of osteogenic markers ALP, COL1A1, RUNX2, OPN, and OCN in cells induced with osteogenic medium
supplemented with different pharmaceuticals induced for 14 days. (b) (A) Western blot analysis of osteogenic markers in cells induced
with osteogenic medium supplemented with different pharmaceuticals induced for 14 days. (B) The relative levels of osteogenic marker
proteins were quantified and plotted. (c) Analysis of ALP staining in cells induced with osteogenic medium supplemented with different
pharmaceuticals induced for 14 days. (d) Analysis of ALP activity (the unit for p-nitrophenyl: μmol) in cells induced with osteogenic
medium supplemented with different pharmaceuticals induced for 14 days. (e) Staining of ARS in cells induced with osteogenic medium
supplemented with different pharmaceuticals induced for 14 days. (f) A quantification of ARS in cells induced with osteogenic medium
supplemented with different pharmaceuticals induced for 14 days. Scale: 200 μm. Control: cells induced with osteogenic medium without
any pharmacological treatment; Naltriben: cells induced with osteogenic medium supplemented with 20 μM Naltriben; Naltriben+U73122:
cells induced with osteogenic medium supplemented with 20μM Naltriben and 1 μM U73122; U73122: cells induced with osteogenic
medium supplemented with 1μM/mL U73122. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:0001.
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discordance is ascribed to the different protocols and
reagents used in the experiment. For example, we used dexa-
methasone to induce the osteogenic differentiation of
hBMSCs, which is consistent with the experiment of Liu
et al. [17]. However, Castiglioni et al. [16] used vitamin D
in the osteogenic induction. After the transfection with spe-
cific siRNAs for TRPM7, in addition, cells were cultured
in the culture medium for 3 days before induction of oste-
ogenic differentiation in the experiment of Castiglioni
et al. [16], which is different with our experiment in that
cells transfected with siRNAs for TRPM7 were induced
directly for osteogenic differentiation. Of course, this infer-
ence should be verified by further experiment.

Previous studies have reported that the TRPM7 kinase
phosphorylates PLC in its C2 domain at position Ser1164
and in the linker region preceding the C2 domain at position
Thr1045 [24]. According to the expression or activation pat-
tern of TRPM7, PLC, and SMAD1, we suspected that
TRPM7 might play an important role in the osteogenic dif-
ferentiation of hBMSCs by regulating the activation of PLC.
The results of this study show that the shRNA-mediated
knockdown of TRPM7 or the use of 2-APB during osteogenic

induction decreases the activity of PLC in induced cells.
However, the use of Naltriben promoted the activation of
PLC. This indicates that TRPM7 mediates the activation of
PLC. The relationship between the TRPM7-mediated activa-
tion of PLC and the promotion of the osteogenic differentia-
tion of hBMSCs was also analyzed by activating TRPM7
while inhibiting PLC or inhibiting TRPM7 while activating
PLC. Our data suggest that TRPM7 may promote osteogenic
differentiation by regulating the activity of PLC.

It has been reported that PLC can hydrolyse phos-
phatidylinositol 4,5-bisphosphate (PIP2) to produce inositol
trisphosphate (IP3). Activating the IP3 receptor further trig-
gers Ca2+ release from IP3R2 [2]. Ca2+ binds to calmodulin
(CaM) and activates CaMK II in C3H10T1/2 and hBMSCs.
In addition, it is reported that the activation of PLC in the
skeletal muscle leads to the recruitment of protein kinase C
(PKC) and calmodulin and the stimulation of calmodulin
kinase II. Activated CaMK II can then phosphorylate
SMAD1, inducing its translocation to the nucleus where it
activates osteogenic target genes such as RUNX2, Osterix,
and OCN [30]. In synovial mesenchymal cells, the knock-
down of PLC significantly reduces the phosphorylation of
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Figure 6: The analysis of SMAD1 activity under inhibiting or activating TRPM7 and inhibiting or activating PLC (HSPG2). (a) (A) The
activity of SMAD1 protein in cells induced with osteogenic medium for 0, 3, 7, and 14 days. (B) The relative activity of SMAD1 protein
was quantified and plotted. (b) (A) The expression of P-SMAD1 protein in cells noninduced for 0, 3, 7, and 14 days. (B) Relative
expression levels of P-SMAD1 protein were quantified and plotted. (c) (A) Western blot analysis of SMAD1 protein in cells induced with
osteogenic medium or osteogenic medium plus shRNA-mediated knockdown of TRPM7 induced for 14 days. (B) The relative activity of
SMAD1 protein was quantified and plotted. (d) (A) Western blot analysis of SMAD1 protein in cells induced with osteogenic medium or
osteogenic medium supplemented with Naltriben or 2-APB induced for 14 days. (B) The relative activity of SMAD1 protein was
quantified and plotted. (e) (A) Western blot analysis of SMAD1 protein in cells induced with osteogenic medium or osteogenic medium
supplemented with M-3M3FBS or U73122 induced for 14 days. (B) The relative activity of SMAD1 protein was quantified and plotted. (f)
(A) Western blot analysis of SMAD1 protein in cells induced with osteogenic medium supplemented with 20 μM Naltriben or 20μM
Naltriben plus 1μM U73122 or 1μM/mL U73122 induced for 14 days. (B) The relative activity of SMAD1 protein was quantified and
plotted. (g) (A) Western blot analysis of SMAD1 protein in cells induced with osteogenic medium supplemented with 20μM M-3M3FBS
or 50 μM 2-APB plus 20 μM M-3M3FBS or 50 μM 2-APB induced for 14 days. (B) The relative activity of SMAD1 protein was
quantified and plotted. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:0001.
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SMAD and p38 MAPK induced by TGF-β [31]. Here, we
hypothesize that TRPM7 upregulates the activity of SMAD1
by activating PLC and thereby promoting the osteogenic dif-
ferentiation of hBMSCs. To verify this hypothesis, the activ-
ity of SMAD1 under activating TRPM7 while inhibiting
PLC or inhibiting TRPM7 while activating PLC was exam-
ined. The shRNA-mediated knockdown of TRPM7 and
the use of 2-APB during the osteogenic induction of
hBMSCs decreased the activity of SMAD1 in induced cells,
while the use of Naltriben promoted the activation of
SMAD1 in induced cells. Similarly, M-3M3FBS upregulated
the activity of SMAD1 while U73122 downregulated the
activity of SMAD1. These data confirm that TRPM7 regu-
lates the activity of SMAD1 by phosphorylating PLC and
the pathway of TRPM7 promoting the expression of osteo-
genic markers by regulating the activity of PLC/SMAD1.
This may be one of the important signaling pathways
involved in the osteogenic differentiation of hBMSCs.

Interestingly, the combination of Naltriben and U73122
decreased the activity of SMAD1 in induced cells in compar-
ison with the use of Naltriben alone but was higher than the
use of U73122 alone. Similarly, the combination of 2-APB
and M-3M3FBS increased the activity of SMAD1 in induced
cells in comparison with the use of 2-APB alone but was
lower than the use of M-3M3FBS alone. The expression of
osteogenic markers also shows a similar tendency under
these pharmacologic treatments. These results may suggest
that TRPM7 regulates the activity of SMAD1 not only
through activating PLC but also through other signaling
pathways during the osteogenic differentiation of hBMSCs.

Previous studies have shown that the kinase activity of
TRPM7 is correlated with the phosphorylation of SMAD1/5
and p38 MAPK [17]. The activation of TRPM7/SMAD2 sig-
naling by angiotensin II is an important mechanism leading
to myocardial fibrosis in the sinoatrial node (SAN) tissues
of sick sinus syndrome (SSS) rats [47]. TGF-β1 elevates
TRPM7 expression in hepatic stellate cells (HSCs) via
SMAD3-dependent mechanisms, which in turn contributes
SMAD protein phosphorylation and subsequently increases
fibrous collagen expression [43]. Meanwhile, the TRPM7
kinase can modulate SMAD2 signaling via direct phosphory-
lation at the C-terminal Ser465/467 motif, which is essential
for its transcriptional activity [48]. Therefore, we surmise
that there should be another mechanism for TRPM7 to
activate SMAD1 other than by phosphorylating PLC during
osteogenic differentiation. Whether it is possible for TRPM7
to activate SMAD1 directly during osteogenic differentiation
of hBMSCs remains to be studied further. Elucidation of
upstream and downstream regulatory components involved
in the regulation of SMAD1 activity by TRPM7 will help us
to better understand the regulation mechanism of TRPM7
in the osteogenic differentiation of hBMSCs. Summarily,
our results may contribute to a greater understanding of the
roles of TRPM7, PLC, and SMAD1 in the osteogenic differ-
entiation of hBMSCs.

Finally, we should emphasize that this study is a prere-
search for the project that will be performed in the Space
Station of China. In this project, we will explore the effects
of space microgravity on the activation of ion channel pro-

teins, such as TRPM7, in hBMSCs and thereby on the osteo-
genesis of hBMSCs. Some studies have showed that TRPM7
is a mechanosensitive protein [17, 38, 49]. Therefore, it
should be important to recognize the role of TRPM7 protein
in the osteogenesis of hBMSCs before we perform the space
experiments.
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Background. Adrenaline quickly inhibits the release of histamine from mast cells. Besides β2-adrenergic receptors, several in vitro
studies also indicate the involvement of α-adrenergic receptors in the process of exocytosis. Since exocytosis in mast cells can be
detected electrophysiologically by the changes in the membrane capacitance (Cm), its continuous monitoring in the presence of
drugs would determine their mast cell-stabilizing properties. Methods. Employing the whole-cell patch-clamp technique in rat
peritoneal mast cells, we examined the effects of adrenaline on the degranulation of mast cells and the increase in the Cm
during exocytosis. We also examined the degranulation of mast cells in the presence or absence of α-adrenergic receptor
agonists or antagonists. Results. Adrenaline dose-dependently suppressed the GTP-γ-S-induced increase in the Cm and
inhibited the degranulation from mast cells, which was almost completely erased in the presence of butoxamine, a β2-adrenergic
receptor antagonist. Among α-adrenergic receptor agonists or antagonists, high-dose prazosin, a selective α1-adrenergic receptor
antagonist, significantly reduced the ratio of degranulating mast cells and suppressed the increase in the Cm. Additionally,
prazosin augmented the inhibitory effects of adrenaline on the degranulation of mast cells. Conclusions. This study provided
electrophysiological evidence for the first time that adrenaline dose-dependently inhibited the process of exocytosis, confirming
its usefulness as a potent mast cell stabilizer. The pharmacological blockade of α1-adrenergic receptor by prazosin synergistically
potentiated such mast cell-stabilizing property of adrenaline, which is primarily mediated by β2-adrenergic receptors.

1. Introduction

Anaphylaxis is a severe allergic reaction and a potentially
life-threatening acute multisystem syndrome caused by
the sudden release of mast cell-derived mediators [1]. In the
treatment, adrenaline, a nonspecific adrenergic receptor ago-
nist, is the first-choice drug, since it immediately suppresses
further release of chemical mediators from mast cells [2].
Concerning the mechanisms, β2-adrenergic receptors are
considered to be primarily responsible, because the stimula-
tion of these receptors strongly inhibits FcεRI- (high-affinity
receptors for IgE-) dependent calcium mobilization in the
cells [3]. Previously, several in vitro studies also demon-
strated the presence of α-adrenergic receptors in mast cells
[4] and indicated their involvement in the activation of the

cells [5, 6]. Based on these findings, later in vivo studies
actually showed the therapeutic efficacy of prazosin, a specific
α1-adrenergic receptor antagonist, for the histamine-induced
bronchoconstriction in patients with asthma [7, 8]. To deter-
mine the effects of adrenaline or α-adrenergic receptor ago-
nists/antagonists on the stabilization of mast cells, previous
in vitro studies measured the drug-induced changes in hista-
mine release from mast cells [6, 9–11]. However, they were
not enough to monitor the whole process of exocytosis, since
mast cells also release fibrogenic factors, growth factors and
inflammatory cytokines in addition to chemical mediators
[12]. In our series of patch-clamp studies, by detecting the
changes in whole-cell membrane capacitance (Cm) in mast
cells, we provided electrophysiological evidence that antial-
lergic drugs, antimicrobial drugs, and corticosteroids inhibit
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the process of exocytosis and thus exert mast cell-stabilizing
properties [13–16]. In the present study, employing the same
standard patch-clamp whole-cell recording technique in rat
peritoneal mast cells, we examined the effects of adrenaline
on the changes in the Cm to quantitatively determine its abil-
ity to stabilize mast cells. Additionally, we examined the
effects of α-adrenergic receptor agonists or antagonists on
the degranulation of mast cells to determine their involve-
ment in the stabilization of mast cells. Here, this study pro-
vides electrophysiological evidence for the first time that
adrenaline dose-dependently inhibits the process of exocyto-
sis, confirming its usefulness as a potent mast cell stabilizer.
This study also shows that the pharmacological blockade of
α1-adrenergic receptor by prazosin synergistically potentiates
such mast cell-stabilizing property of adrenaline, which is
primarily mediated by β2-adrenergic receptors.

2. Materials and Methods

2.1. Cell Sources and Preparation. Male Wistar rats no less
than 25 weeks old were purchased from Japan SLC Inc.
(Shizuoka, Japan). We profoundly anaesthetized the rats with
isoflurane and sacrificed them by cervical dislocation. The
protocols for the use of animals were approved by the Animal
Care and Use Committee of Tohoku University Graduate
School of Medicine and Miyagi University. As previously
described [13–17], we washed rat peritoneum using standard
external (bathing) solution which consists of (in mM) the fol-
lowing: NaCl, 145; KCl, 4.0; CaCl2, 1.0; MgCl2, 2.0; HEPES,
5.0; bovine serum albumin, 0.01% (pH7.2 adjusted with
NaOH); and isolated mast cells from the peritoneal cavity.
We maintained the isolated mast cells at room temperature
(22-24°C) to use within 8 hours. The suspension of mast cells
was spread on a chamber placed on the headstage of an
inverted microscope (Nikon, Tokyo, Japan). Mast cells were
easy to distinguish from other cell types since they included
characteristic secretory granules within the cells [13–17].

2.2. Quantification of Mast Cell Degranulation. Adrenaline,
purchased from Daiichi Sankyo, Inc. (Tokyo, Japan); dopa-
mine, from Kyowa Hakko Kirin Co., Ltd. (Tokyo, Japan);
phenylephrine hydrochloride, from Wako Pure Chem Ind.
(Osaka, Japan); and clonidine and yohimbine, from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan) were separately
dissolved in the external solution at final concentrations
of 1, 10, and 100μM and 1mM. Prazosin hydrochloride,
purchased from Tokyo Chemical Industry Co., Ltd., was dis-
solved at final concentrations of 0.01, 0.1, and 1μM. Butoxa-
mine hydrochloride, purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA), or prazosin was also dissolved in the
external solution containing 1mMadrenaline at the final con-
centrations of 1mMor 1μM, respectively. After we incubated
mast cells in these solutions or a solutionwithout the reagents,
exocytosis was externally induced by compound 48/80
(Sigma-Aldrich; final concentration 10μg/ml) [13–17].
We obtained bright-field images from randomly chosen
0.1-mm2

fields of view (10 views from each condition),
as we described previously [13–17]. We counted degranu-
lated mast cells (definition; cells surrounded by more than

8 granules outside the cell membrane) and calculated their
ratio to all mast cells.

2.3. Electrical Setup andMembrane Capacitance Measurements.
As we described in our previous studies [13–17], we employed
an EPC-9 patch-clamp amplifier system (HEKA Electronics,
Lambrecht, Germany) and conducted standard whole-cell
patch-clamp recordings. Briefly, we maintained the patch
pipette resistance between 4-6MΩ when plugged with inter-
nal (patch pipette) solution which consists of (in mM) the
following: K-glutamate, 145; MgCl2, 2.0; Hepes, 5.0 (pH7.2
adjusted with KOH). We added 100μM guanosine 5′-o-
(3-thiotriphosphate) (GTP-γ-S) (EMD Bioscience Inc., La
Jolla, CA, USA) into the internal solution to endogenously
induce exocytosis in mast cells [13–17]. We induced a
gigaseal formation on a single mast cell spread in the
external solutions containing no drug, different concentra-
tions of adrenaline, or dopamine (1, 10, and 100μM and
1mM). Then, we briefly sucked the pipette to rupture the
patch membrane and perfused GTP-γ-S into the cells. We
maintained the series resistance below 10MΩ during the
whole-cell recordings. To monitor the membrane capaci-
tance of mast cells, we conducted a sine plus DC protocol
employing the lock-in amplifier of an EPC-9 Pulse program.
We superimposed an 800Hz sinusoidal command voltage on
the holding potential of -80mV. We continuously monitored
the membrane capacitance (Cm), membrane conductance
(Gm), and series conductance (Gs) during the whole-cell
recording configuration. We performed all experiments at
room temperature.

2.4. Statistical Analyses. Data were analyzed using PulseFit
software (HEKA Electronics, Lambrecht, Germany) and
Microsoft Excel (Microsoft Corporation, Redmond, Wash.,
USA) and reported as means ± SEM. Statistical significance
was assessed by two-way ANOVA. A value of p < 0:05 was
considered significant.

3. Results

3.1. Effects of Adrenaline and Dopamine on Degranulation of
Rat Peritoneal Mast Cells.Mast cells incubated in the external
solution with compound 48/80 (10μg/ml) showed more
wrinkles on their cell surface than those incubated without
the compound (Figure 1(a), B vs. A). They released more
secretory granules due to exocytosis (Figure 1(a), B). Mast
cells that were preincubated with relatively lower doses of
adrenaline, a nonselective agonist of adrenergic receptors
(1 and 10μM; Figure 1(a), C and D), showed similar findings
to those that were incubated in the external solution alone
(Figure 1(a), B). However, mast cells preincubated with rela-
tively higher doses of adrenaline (100μM, 1mM; Figure 1(a),
E and F) did not show such findings characteristic of
exocytosis. On the other hand, almost all mast cells that
were preincubated with dopamine, a nonselective agonist
of dopamine receptors (1, 10, and 100μM and 1mM),
showed typical findings of exocytosis regardless of their
concentrations (Figure 1(a), G to J).
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To quantitatively determine such effects of adrenaline
and dopamine on exocytosis, we then counted the numbers
of degranulating mast cells and calculated their ratio to all
mast cells (Figures 1(b) and 1(c)). In the absence of adrena-
line, compound 48/80 caused degranulation in 80:0 ± 1:4%
of the entire mast cells (n = 10; Figure 1(b)). Relatively lower

concentrations of adrenaline (1 and 10μM) significantly
decreased the number of degranulating mast cells dose-
dependently (1μM, 63:9 ± 2:3%, n = 15, p < 0:05; 10μM,
56:7 ± 5:4%, n = 14, p < 0:05; Figure 1(b)). Additionally, with
higher concentrations (100μM, 1mM), adrenaline markedly
reduced the numbers of degranulating mast cells (100μM,
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Figure 1: Effects of adrenaline and dopamine on mast cell degranulation. (a) Differential-interference contrast (DIC) microscopic images
were taken before (A) and after exocytosis was externally induced by compound 48/80 in mast cells incubated in the external solutions
containing no drug (B), 1 μM adrenaline (C), 10μM adrenaline (D), 100μM adrenaline (E), 1mM adrenaline (F), 1μM dopamine (G),
10μM dopamine (H), 100 μM dopamine (I), and 1mM dopamine (J). Effects of different concentrations (1, 10, and 100 μM and 1mM) of
adrenaline (b) and dopamine (c). After the mast cells were incubated in the external solutions containing no drug or either drug,
exocytosis was induced by compound 48/80. The numbers of degranulating mast cells were expressed as percentages of the total mast cell
numbers in selected bright fields. #p < 0:05 vs. incubation in the external solution alone. Values are means ± SEM. Differences were
analyzed by ANOVA followed by Dunnett’s test.
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32:9 ± 2:1%, n = 14, p < 0:05; 1mM, 24:1 ± 2:3%, n = 13,
p < 0:05; Figure 1(b)). Differing from adrenaline, dopamine
did not significantly affect the numbers of degranulating
mast cells regardless of their concentrations (Figure 1(c)).
From these results, consistent with the previous findings
[9, 10], adrenaline, which suppresses the release of histamine,
actually inhibited the degranulation of rat peritoneal mast
cells dose-dependently.

3.2. Effects of Adrenaline and Dopamine on Whole-Cell
Membrane Capacitance in Rat Peritoneal Mast Cells. In our
previous studies, microscopic changes in megakaryocyte or
lymphocyte membranes were accurately monitored by mea-
suring the whole-cell membrane capacitance (Cm) [18–26].
Of note, in mast cells, the process of degranulation during

exocytosis was successively monitored by the increase in
the Cm [13–17, 27, 28]. Hence, in our study, to quantitatively
examine the effects of adrenaline or dopamine on the process
of exocytosis, we preincubated mast cells in adrenaline- or
dopamine-containing external solutions and measured the
changes in Cm (Figures 2 and 3). In these figures, we showed
the effects of 1, 10, and 100μM and 1mM adrenaline
(Figure 2) and dopamine (Figure 3) on the Cm, Gs, and
Gm. Table 1 summarizes the changes in the Cm. Represent-
ing the endogenous induction of exocytosis [13–17, 29, 30],
the internal addition of GTP-γ-S into mast cells markedly
increased the value of Cm (from 9:29 ± 0:37 to 34:0 ± 2:79
pF, n = 9, p < 0:05; Table 1).

When mast cells were preincubated with lower doses
of adrenaline (1 and 10μM), the addition of GTP-γ-S
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Figure 2: Adrenaline-induced changes in mast cell membrane capacitance and series and membrane conductance during exocytosis. After
the mast cells were incubated in the external solutions containing 1 μM (a), 10μM (b), 100μM (c), or 1mM adrenaline (d), the whole-cell
recording configuration was established in single mast cells and dialysis with 100 μM GTP-γ-S was started. Membrane capacitance and
series and membrane conductance were monitored for at least 90 sec. Cm: membrane capacitance; Gs: series conductance; Gm: membrane
conductance.

4 BioMed Research International



RE
TR
AC
TE
D

tended to increase the Cm similarly to that of mast cells
preincubated with the external solution alone (Figures 2(a)
and 2(b)). However, compared to the external solution alone,
the increase in the Cm (⊿Cm) was significantly suppressed
(1μM, 17:5 ± 6:83pF, n = 6, p < 0:05; 10μM, 19:0 ± 2:03pF,
n = 7, p < 0:05; Table 1). With higher doses (100μM, 1mM),
adrenaline more markedly suppressed the GTP-γ-S-induced
increase in the Cm (Figures 2(c) and 2(d); 100μM, 7:61 ±
2:49pF, n = 8, p < 0:05; 1mM, 5:41 ± 2:90pF, n = 6, p < 0:05;
Table 1). In contrast, preincubation with dopamine did not
significantly affect the GTP-γ-S-induced increase in the Cm
regardless of its concentrations (Figure 3, Table 1). These
results provided electrophysiological evidence for the first
time that adrenaline inhibits the exocytotic process of mast
cells dose-dependently. This strongly supported our findings
that were obtained from Figure 1.

3.3. Effects of β2-Adrenergic Receptor Antagonist on
Adrenaline-Induced Inhibition of Mast Cell Degranulation.
Mast cells express numerous receptors on their cell surface
that transduce stimulatory or inhibitory signals for degranula-
tion [31, 32]. Among them, the β2-adrenergic receptor is the
major one that transduces inhibitory signals for exocytosis
[3]. Since adrenaline is one of the most potent nonspecific
stimulators of adrenergic receptors, we examined the involve-
ment of this receptor-mediated pathway in the adrenaline-
induced inhibition of exocytosis. Consistent with our findings
obtained from Figures 1(a) and 1(b), preincubation with
1mM adrenaline halted the induction of exocytosis in mast
cells (Figures 4(a), B vs. A) bymarkedly suppressing the num-
bers of degranulating cells (Figure 4(b)). However, in the pres-
ence of 1mM butoxamine, a specific β2-adrenergic receptor
antagonist, such inhibitory effect of adrenaline on exocytosis
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Figure 3: Dopamine-induced changes in mast cell membrane capacitance and series and membrane conductance during exocytosis. After the
mast cells were incubated in the external solutions containing 1 μM (a), 10μM (b), 100 μM (c), or 1mM dopamine (d), the whole-cell
recording configuration was established in single mast cells and dialysis with 100 μM GTP-γ-S was started. Membrane capacitance and
series and membrane conductance were monitored for at least 90 sec. Cm: membrane capacitance; Gs: series conductance; Gm: membrane
conductance.
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was almost completely erased (Figures 4(a), C and 4(b)).
These results confirmed the previous findings in rat peritoneal
mast cells that the stimulation of β2-adrenergic receptors,

which is linked to a cyclic AMP-dependent calciummobiliza-
tion via the coupling of G-proteins [33], is the major pathway
for the adrenaline-induced inhibition of exocytosis [3].

Table 1: Summary of changes in membrane capacitance in enternal solutions containing adrenaline or dopamine.

Agents N Cm before GTP-S internalization (pF) Cm after GTP-S internalization (pF) ΔCm (pF)

External solution (control) 9 9:29 ± 0:37 34:0 ± 2:79 24:7 ± 2:64
1 μM adrenaline 6 9:89 ± 0:72 27:4 ± 7:21 17:5 ± 6:83∗

10 μM adrenaline 7 9:29 ± 1:07 28:3 ± 2:07 19:0 ± 2:03∗

100 μM adrenaline 8 9:73 ± 0:92 17:3 ± 2:49 7:61 ± 2:49∗

1 μM adrenaline 6 10:1 ± 0:86 15:5 ± 3:28 5:41 ± 2:90
External solution (control) 5 8:18 ± 0:94 30:8 ± 1:89 22:6 ± 7:21
1 μM adrenaline 8 11:6 ± 1:27 36 ± 2 ± 11:2 24:5 ± 3:70
10 μM adrenaline 5 8:22 ± 0:77 31:8 ± 3:14 23:6 ± 2:94
100 μM adrenaline 6 8.84 ± 1.23 30:2 ± 7:69 21:3 ± 7:13
1 μM adrenaline 8 8:05 ± 0:52 33:4 ± 4:95 25:3 ± 4:77
Values are means ± SEM. Cm: membrane capacitance. ∗p < 0:05 vs. ΔCm in external solution.
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Figure 4: Effects of β2-adrenergic receptor antagonist on adrenaline-induced inhibition of mast cell degranulation. (a) Differential-
interference contrast (DIC) microscopic images were taken after exocytosis was externally induced by compound 48/80 in mast cells
incubated in the external solutions containing no drug (A), 1mM adrenaline (B), or 1mM adrenaline in the presence of 1mM
butoxamine (C). (b) After exocytosis was induced in mast cells incubated in the external solutions containing no drug and 1mM
adrenaline with or without the presence of 1mM butoxamine, the numbers of degranulating mast cells were expressed as percentages of
the total mast cell numbers in selected bright fields. #p < 0:05 vs. incubation in the external solution alone. Values are means ± SEM.
Differences were analyzed by ANOVA followed by Dunnett’s test.
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3.4. Involvement of α-Adrenergic Receptors in Degranulation
of Rat Peritoneal Mast Cells. In addition to β2-adrenergic
receptors that transduce inhibitory signals for the degran-
ulation of mast cells (Figure 4), studies revealed the local-
ization of α1-adrenergic receptors on mast cell membranes
[4] and also provided in vivo evidence for the presence of
α2-adrenergic receptors [11, 34]. To reveal the involve-
ment of these adrenergic receptors in the degranulation
of mast cells, we examined the effects of the receptor ago-
nists or antagonists.

3.4.1. Effects of α1- or α2-Adrenergic Receptor “Agonists” on
Degranulation of Rat Peritoneal Mast Cells. Consistent with
our results shown in Figures 1(b) and 1(c), compound
48/80 caused degranulation in 80:0 ± 1:4% of the entire mast
cells in the external solution alone (n = 10; Figure 5(a)).
However, preincubation with 1, 10, and 100μM and 1mM
phenylephrine, a selective α1-adrenergic receptor agonist,
did not significantly affect the numbers of degranulating
mast cells regardless of their concentrations (Figure 5(a)).
Similarly, preincubation with different concentrations of
clonidine, a selective α2-adrenergic receptor agonist, did
not alter the ratio of degranulating mast cells, either
(Figure 5(b)).

3.4.2. Effects of α1- or α2-Adrenergic Receptor “Antagonists”
on Exocytosis of Rat Peritoneal Mast Cells. Since α1- and
α2-adrenergic receptor agonists did not affect the process
of exocytosis in mast cells (Figure 5), we then examined
the effects of α1- and α2-adrenergic receptor antagonists
(Figure 6). The physiological concentration of prazosin, a
selective α1-adrenergic receptor antagonist, is as low as
between 2.60 and 26.0 nM in humans [35], which is by far
lower than that of adrenaline, dopamine, phenylephrine,
and clonidine [36]. Additionally, in some in vitro studies,
prazosin with concentrations as low as 0.1μM was enough
to exert inhibitory effects on the α1-adrenergic receptor-
mediated proliferation in cultured vascular smooth muscle
cells [37]. Therefore, in the present study, we tried doses from

as low as 0.01 up to 1μM (Figure 6(a)). Relatively lower
doses, such as 0.01 and 0.1μM, did not significantly affect
the numbers of degranulating mast cells (Figure 6(a), A).
However, 1μM prazosin alone significantly reduced the ratio
of degranulating mast cells compared to the external solution
(from 84:5 ± 2:1% to 64:7 ± 3:8%, n = 10, p < 0:05). In mast
cells, the process of degranulation during exocytosis was
monitored by the increase in the Cm [13–17, 27, 28]. Actu-
ally, in the present study, the ratio of degranulating mast cells
was well correlated with the GTP-γ-S-induced increase in
the Cm (⊿Cm) (Figures 1 to 3, Table 1). Therefore, we
additionally examined the effects of prazosin on the ⊿Cm
(Figure 6(a), B). Similarly to the ratio of degranulating
mast cells (Figure 6(a), A), low-dose prazosin did not sig-
nificantly affect the ⊿Cm (Figure 6(a), B). However, 1μM
prazosin alone significantly decreased the ⊿Cm compared
to the external solution (from 19:6 ± 2:38pF to 10:4 ±
1:68pF, n = 6, p < 0:05; Figure 6(a), B). These results pro-
vided electrophysiological evidence that high-dose prazosin
can inhibit the process of exocytosis in mast cells. In con-
trast, however, yohimbine, a selective α2-adrenergic receptor
antagonist, did not affect the ratio of degranulating mast cells
(Figure 6(b)). These results suggested that the process of exo-
cytosis in mast cells may be partially mediated by α1-adrener-
gic receptors, but not by α2-adrenergic receptors.

3.5. Effects of Prazosin on Adrenaline-Induced Inhibition of
Mast Cell Degranulation. From our results, since 1μM
prazosin inhibited the process of exocytosis in mast cells
(Figure 6(a)), we finally examined its effect on the
adrenaline-induced inhibition of exocytosis (Figure 7). Con-
sistent with our results shown Figures 1(a) and 1(b), preincu-
bation with 1mM adrenaline halted the induction of
exocytosis (Figure 7(a), B vs. A) and markedly reduced the
numbers of degranulatingmast cells (Figure 7(b)). In the pres-
ence of 1μMprazosin, such inhibitory effect of adrenaline on
exocytosis was augmented (Figure 7(b)) and the induction of
exocytosis was almost totally suppressed (Figure 7(a), C).
These results suggested that the blockade of α1-adrenergic
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Figure 5: Effects of α1- or α2-adrenergic receptor agonists on mast cell degranulation. Effects of different concentrations (1, 10, and 100μM
and 1mM) of phenylephrine (a) and clonidine (b). After the mast cells were incubated in the external solutions containing no drug or either
drug, exocytosis was induced by compound 48/80. The numbers of degranulating mast cells were expressed as percentages of the total mast
cell numbers in selected bright fields. Values are means ± SEM. Differences were analyzed by ANOVA followed by Dunnett’s test.
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receptors by prazosin can synergistically potentiate the β2-
adrenergic receptor-mediated inhibition of exocytosis in
mast cells.

4. Discussion

For people experiencing anaphylaxis or those at risks of ana-
phylactic reaction, intramuscular injection of adrenaline, a
nonselective agonist of β-adrenergic receptors, has been the
first choice of the treatment [2]. In previous studies, by mea-
suring the amount of histamine released frommast cells, sup-
pressive effects of adrenaline on the activation of mast cells
were indirectly monitored [9, 10]. However, to precisely
determine the ability of adrenaline on the stabilization of
mast cells, the exocytotic process itself needs to be moni-
tored, otherwise the release of all the chemical mediators or
the inflammatory substances have to be evaluated. In our
previous patch-clamp studies using rat peritoneal mast cells,
the degranulating process during exocytosis was successively

monitored by the gradual increase in the whole-cell Cm
[15–17, 29, 38]. Employing this electrophysiological
approach, our recent studies revealed the inhibitory effects
of antiallergic drugs, antibiotics, and corticosteroids on the
exocytotic process of mast cells [13–16]. In these studies, the
mast cell-stabilizing properties of the drugs were quantita-
tively determined by the suppressed value of Cm which is to
be increased by the GTP-γ-S internalization [13, 14]. In the
present study, applying the same approach, we provided
direct evidence for the first time that adrenaline actually
inhibits the process of exocytosis dose-dependently and thus
exerts mast cell-stabilizing property.

The physiological concentration of adrenaline in the
plasma is usually below 0.1μM at the basal level [39, 40].
However, it reaches more than 0.3μM up to 1.5μM after
intramuscular injection in the treatment of anaphylaxis
[41, 42]. In the present study, 1μM adrenaline significantly
deceased the number of degranulating mast cells by approx-
imately 20% (Figure 1(b)), which was consistent with the
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Figure 6: Effects of α1- or α2-adrenergic receptor antagonists on mast cell degranulation. (a) Effects of prazosin on mast cell degranulation
and membrane capacitance. (A) After the mast cells were incubated in the external solutions containing no drug or different concentrations
(0.01, 0.1, and 1 μM) of prazosin, exocytosis was induced by compound 48/80. The numbers of degranulating mast cells were expressed as
percentages of the total mast cell numbers in selected bright fields. (B) After the mast cells were incubated in the external solutions
containing no drug or different concentrations (0.01, 0.1, and 1μM) of prazosin, the whole-cell recording configuration was established in
single mast cells and dialysis with 100 μM GTP-γ-S was started. The GTP-γ-S-induced increase in the Cm (⊿Cm) was calculated. (b)
Effects of yohimbine on mast cell degranulation. After the mast cells were incubated in the external solutions containing no drug or
different concentrations (10 and 100 μM and 1mM) of yohimbine, exocytosis was induced by compound 48/80. The numbers of
degranulating mast cells were expressed as percentages of the total mast cell numbers in selected bright fields. #p < 0:05 vs. incubation in
the external solution alone. Values are means ± SEM. Differences were analyzed by ANOVA followed by Dunnett’s test.
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findings obtained from previous studies [9]. Additionally, we
further revealed for the first time that adrenaline with higher
doses, such as 10 and 100μMand 1mM,more markedly sup-
pressed the degranulation of mast cells dose-dependently
(Figure 1(b)). These findings could be clinically applied to
the topical use of adrenaline on the nasal mucosa [40], where
higher concentrations are locally required before the drug is
absorbed into the venous circulation by the transcellular dif-
fusion [43]. In the present study, exocytosis was externally
induced by compound 48/80 after pretreating mast cells with
adrenaline. Similar to the antigen binding to IgE onmast cells
that causes quick anaphylactic reaction, compound 48/80
initiates the degranulation of mast cells as immediately as
10 seconds after its addition [44]. Therefore, it would be dif-
ficult to examine the “therapeutic” effects of adrenaline on
reversing the ongoing degranulation of mast cells. However,
our study clearly demonstrated the “prophylactic” effects of
adrenaline on suppressing the further initiation of exocytosis
in mast cells. In our whole experiments, we used mast cells
isolated from the peritoneal cavity of rats less than 25 weeks
old, since mast cells isolated form these relatively younger
rats were viable enough to be easily induced exocytosis by

the exogenous or endogenous pharmacological stimuli [13–
16, 45].

In the present study, butoxamine, a β2-adrenergic recep-
tor antagonist, almost totally restored the adrenaline-induced
inhibition of mast cell degranulation (Figure 4). This con-
firmed the previous findings that the β2-adrenergic pathway
is the major pathway in which adrenaline transduces inhibi-
tory signals for the degranulation of mast cells [3, 33]. In
addition to β2-adrenergic receptors, previous in vitro studies
demonstrated the expression of α1-adrenergic receptors on
mast cell membranes [4] or provided in vivo evidence indi-
cating the presence of α2-adrenergic receptors [11, 34]. There
are two types of mast cells that exist throughout the body
[46]. One is the connective tissue type, which primarily exists
in loose connective tissues, such as the peritoneal cavity or
skin. The other is the mucosal type, which primarily exists
in the airway or gastrointestinal mucosa. In contrast to
β2-adrenergic receptors that are expressed in both types
of mast cells [47], α1-adrenergic receptors were shown to be
expressed in mast cells isolated from heart connective tissue
[4]. However, several in vitro studies using α-adrenergic ago-
nists functionally demonstrated the presence of α-adrenergic
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Figure 7: Effects of α1-adrenergic receptor antagonist on adrenaline-induced inhibition of mast cell degranulation. (a) Differential-
interference contrast (DIC) microscopic images were taken after exocytosis was externally induced by compound 48/80 in mast cells
incubated in the external solutions containing no drug (A), 1mM adrenaline (B), or 1mM adrenaline in the presence of 1μM prazosin
(C). (b) After exocytosis was induced in mast cells incubated in the external solutions containing no drug and 1mM adrenaline with or
without the presence of 1μM prazosin, the numbers of degranulating mast cells were expressed as percentages of the total mast cell
numbers in selected bright fields. #p < 0:05 vs. incubation in the external solution alone. ∗p < 0:05 vs. incubation in the external solution
containing 1mM adrenaline. Values are means ± SEM. Differences were analyzed by ANOVA followed by Tukey’s test.
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receptors in mucosal-type mast cells, such as human lung
mast cells [5]. From our results, α2-adrenergic receptors were
not likely to be involved in the process of exocytosis in mast
cells, since both agonist and antagonist of the receptors did
not affect the degranulation of mast cells (Figures 5(b) and
6(b)). On the other hand, we noted for the first time that
high-dose prazosin, an α1-adrenergic receptor antagonist,
significantly suppressed the degranulation of mast cells
(Figure 6(a)) and synergistically potentiated the adrenaline-
induced inhibition of exocytosis (Figure 7). In previous
in vitro studies using human lung mast cells, stimulation
of α1-adrenergic receptors increased the release of chemical
mediators [5]. Based on this, later studies further demon-
strated in humans that the pharmacological blockade of
α1-adrenergic receptors actually ameliorated the airway
hyperresponsiveness in patients with asthma [7, 8]. In this
context, our results strongly suggested that the blockade of
α1-adrenergic receptor by prazosin may also be useful in
the treatment of anaphylaxis by potentiating the therapeu-
tic efficacy of adrenaline. However, to exert such effects,
prazosin with doses much higher than those of the physi-
ological concentration was required (Figure 6(a)), which
can deteriorate hypotension due to the blockade of vascu-
lar α1-adrenergic receptors [48]. In such cases, the use of
omalizumab or talizumab that directly inhibits the binding
of IgE to FcεRI may be considered [49], since these reagents
are more selective to immune systems compared to prazosin.

As we have shown in our patch-clamp studies, the eleva-
tion of the intracellular Ca2+ concentration ([Ca2+]i) primar-
ily triggers exocytosis in mast cells [14]. According to
previous studies using human lung mast cells, the elevation
of the [Ca2+]i was primarily ascribable to the activity of
Ca2+-activated K+ channels (KCa 3.1), because these channels
facilitate the Ca2+ influx through store-operated calcium
channels (SOCs) [50]. Upon activation, α1-adrenergic recep-
tors stimulate phospholipase C (PLC) via the coupling of G
proteins [51]. This enzymatically cleaves phosphatidylinositol
triphosphate (PIP2) into inositol triphosphate (IP3) and diac-
ylglycerol (DAG), which leads to the activation of protein
kinase C (PKC) [52]. Since PKC is known to stimulate the
activity of KCa 3.1 [53] or SOC, such as transient receptor
potential canonical (TRPC) 1 and 6 [54, 55], the upstream
blockade of the α1-adrenergic receptor by prazosin may
inhibit the activity of these channels. Such induced decrease
in [Ca2+]i was thought to be themechanismbywhich prazosin
exerts mast cell-stabilizing property. Alternatively, as we pre-
viously demonstrated in antiallergic drugs or macrolide anti-
biotics [13, 14, 16], highly lipophilic prazosin [56], which is
prone to penetrate into the plasmamembrane and accumulate
there, may have inducedmembrane stretch inmast cells. Such
mechanical stimuli to the membranes would rearrange the
cytoskeletal structures, influencing the activity of the K+ or
Ca2+ channels expressed in mast cells. Consequently, such
induced changes in the [Ca2+]i were thought to contribute to
the prazosin-induced inhibition of exocytosis.

In summary, this study provided electrophysiological evi-
dence for the first time that adrenaline dose-dependently
inhibits the process of exocytosis, confirming its usefulness
as a potent mast cell stabilizer. The pharmacological blockade

of the α1-adrenergic receptor by prazosin synergistically
potentiated such mast cell-stabilizing property of adrenaline,
which is primarily mediated by β2-adrenergic receptors.
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Static magnetic field (SMF) has a potential as a cancer therapeutic modality due to its specific inhibitory effects on the proliferation
of multiple cancer cells. However, the underlying mechanism remains unclear, and just a few studies have examined the effects of
SMF on metastasis, an important concern in cancer treatment. In this study, we evaluated the effects of moderate SMF (~150mT)
on the proliferation and migration of 4T1 breast cancer cells. Our results showed that SMF treatment accelerated cell proliferation
but inhibited cell migration. Further, SMF treatment shortened the telomere length, decreased telomerase activity, and inhibited the
expression of the cancer-specific marker telomerase reverse transcriptase (TERT), which may be related to expression upregulation
of e2f1, a transcription repressor of TERT and positive regulator of the mitotic cell cycle. Our results revealed that SMF repressed
both, cell migration and telomerase function. The telomerase network is responsive to SMF and may be involved in SMF-mediated
cancer-specific effects; moreover, it may function as a therapeutic target in magnetic therapy of cancers.

1. Introduction

Static magnetic fields, such as the natural geomagnetic field
(GMF, ~50μT) and artificial magnetic fields produced by
magnetic materials or instruments, are widely present in
the environment. Magnetic fields of different intensities play
an important role in the diagnosis and treatment of diseases
[1]. For example, strong magnetic field (>1T) are used in
magnetic resonance imaging to help diagnose diseases,
whereas moderate magnetic fields (1mT–1T) are widely
used in the alternative and complementary treatment of var-
ious diseases [2–4]. Potential applications of SMF in cancer
treatments have been indicated because of the specific inhib-
itory effects of SMF on the growth of multiple types of cancer
cells. However, there is no consensus regarding the effect of
SMF on cancer cells, and understanding the effects and
underlying mechanism of SMF is critical before this method
can be clinically applied.

Many studies have shown that SMF inhibits the prolifer-
ation of multiple tumor cells, and tumor cells could be more
sensitive to magnetic fields compared to nontumor cells.
Zhang et al. [5] treated seven human solid cancer cell lines
and five human noncancer cell lines with 1-T magnetic field
and found that the SMF significantly affected the prolifera-
tion of cancer cells but not noncancer cells. These results
indicate that cancer-specific molecules are involved in cell
proliferation regulation by SMF. Telomerase is cancer-
specific marker rarely expressed in noncancer cells, and telo-
merase activation is a key factor in maintaining the telomere
length for the immortal division of cancer cells [6]. Therapies
targeting telomeres trigger DNA damage responses in tumor
cells and lead to aging or apoptosis [7–9]. We speculate that
SMF may cause alterations in telomerase to affect the prolif-
eration of cancer cells.

In addition, metastatic cancer is more fatal than nonme-
tastatic cancer [10]. However, few studies have evaluated the
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effects of moderate SMF on the migration of cancer cells. We
previously found that GMF shielding (<200nT) accelerated
the proliferation but inhibited the cell motility of human
neuroblastoma cells, but the specific effects were difficult to
determine in the absence of a molecular marker [11, 12]. In
addition to its classic role in affecting telomere length, telo-
merase is also related to the migration of cancer cells,
and the expression of the subunit telomerase reverse transcrip-
tase (TERT) can be used to distinguish benign from malignant
tumors. The overexpression of TERT promotes cell migration,
whereas a reduction inTERT expression results in decreased cell
migration and adhesion [13, 14]. Coanalysis of the effects of
SMF on cell proliferation, migration, and telomeres will
increase the understanding of the effects and underlying
mechanisms, as well as the risk of magnetic therapy.

Breast cancer cells are commonly used as a model for
analyzing cancer metastasis and are sensitive to SMF treat-
ment. SMF can inhibit the proliferation of different breast
cancer cells and enhance the efficacy of specific chemo-
therapy drugs both in vivo [15] and in vitro [16–18].
Therefore, in this study, we evaluated the effects of a moder-
ate SMF (~150mT) on 4T1 breast cancer cells. We found that
SMF treatment accelerated cell proliferation but inhibited
cell migration and telomerase function, which were related
to decreased telomerase activity and TERT expression. Our
findings revealed that cancerous features of cells were
reduced by SMF. The telomerase network responds to SMF
and may act as a target in magnetic therapy for breast cancer.

2. Materials and Methods

2.1. Cell Culture and Treatment.Mouse breast cancer cell line
4T1 was purchased from the Cell Culture Bank of the Chi-
nese Academy of Sciences’ Culture Collection Committee.
Cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) (high D-glucose) supplemented with 10% fetal
bovine serum (FBS; Gibco, Grand Island, NY, USA),
100U/mL penicillin, and 100μg/mL streptomycin (Gibco)
and cultured at 37°Cwith 5% CO2. The medium was changed
every 2 days.

For magnetic field treatment, cells in the logarithmic
growth phase were seeded at a density of 1×104 cells/mL at
1mL/well in a 12-well plate except for in the Transwell assay.
After incubation for 12 h, the cells were exposed to a moder-
ate SMF. Cells cultured in the GMF area without SMF treat-
ment were used as controls.

2.2. MF Conditions. The SMF and GMF conditions were set
up in a CO2 incubator (width×height×depth: 63 × 92 × 69
cm, INCO 153 med, Memmert, Schwabach, Germany) on
different layers. The untreated GMF control samples were
placed at a position with an average SMF of 65:08 ± 7:18
μT, which is similar to the local magnetic field in the lab-
oratory. A 150-mT rectangular magnet (neodymium iron
boron, 10 × 5 cm, Genchang, Jiangsu, China) was applied
for SMF treatment. The cell plate was placed between a pair
of magnet blocks as shown in Figure 1(a), and no more than
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Figure 1: Experimental setups for SMF treatment. (a) The cell incubation system for MF treatment. A pair of magnets placed upon and under
the cell plate provided the SMF. GMF control and SMF-exposed cells were incubated on different floors. (b) Distributions of the magnetic
fields (vector sum) at the bottom plane of the cell plate for SMF (~153mT) and GMF (~65 μT) treatment. Magnetic field was measured at
an interval of 1 × 1 cm. (Black circles represent the exposed cell wells of a 12-well plate).
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2 sets of SMF/GMF plates were placed in one incubator to
prevent the MFs from disturbing the other plates. The aver-
age SMF was 153:9 ± 72:0mT (vector sum, Table 1), which
was calculated from measurements performed at an interval
of 1 × 1 cm on the bottom of the plate attached to the mag-
net (Figure 1 and Table 1). The five positions represent the
mean field strength in the cell culture wells in the southeast,
southwest, northeast, and northwest, and center of the
magnetic field. The SMFs were measured with a permanent
magnet digital gauss meter (HT20, Shanghai Hengtong,
Shanghai, China).

2.3. Cell Proliferation Assays. Cell proliferation was analyzed
hemocytometry for cell counting and in a cell division assay
by carboxyfluorescein diacetate succinimidyl ester (CFSE)
staining.

CFSE staining was conducted according to the manufac-
turer’s instructions (Cat. No. 565082, BD Horizon, BD Bio-
sciences, Franklin Lakes, NJ, USA). Briefly, the cells were
stained with 25μM CFSE for 20min at 37°C. After two
washes with phosphate-buffered saline, the CFSE-stained
cells were seeded into 12-well plates for magnetic field treat-
ment as described in section 2.1. The cells were collected after
24 and 48h of exposure, and CFSE fluorescence was mea-
sured with a FACS Caliburflow cytometer (BD Biosciences)
and analyzed with the Cell Quest Pro software.

2.4. Wound Healing Assay. Cells were seeded into 12-well
plates containing DMEM with 10% FBS and grown into
monolayers. After confluence reached greater than 90%,
wounds were made with a pipette tip to form a cross area
on the cells. Detached cells were removed using serum-free
DMEM, and 4T1 cells were exposed to an SMF for 24h.
The wound width was imaged at 0 (D0) and 24 h (d) and ana-
lyzed using the ImageJ software (NIH, Bethesda, MD, USA).
The migration efficiency was calculated as ðD0 – dÞ/d × 100%.

2.5. Transwell Assay. Cell migration was detected in 24-well
Transwell chambers (Corning, Inc., Corning, NY, USA).
4T1 cells (5× 104 cells) were resuspended in DMEM
(200μL) with 1% FBS added to the upper chamber, and
400μL DMEM with 10% fetal bovine serum added to the
lower chamber. 4T1 cells were exposed to GMF and SMF
for 24 h. After fixation, the cells were stained with 0.1%
Hoechst and photographed with a DM5000 B microscope
(Leica, Wetzlar, Germany). Five randomly selected fields of
each membrane were counted. Cell numbers were calculated
using the ImageJ software.

2.6. Reverse Transcription Real-Time Quantitative Polymerase
Chain Reaction (RT-qPCR). The expression of TERT, e2f1,
mzf1, and sp1 was analyzed by RT-qPCR. After 72h of
exposure, RNA was extracted using a RNeasy Mini kit
according to the manufacturer’s instructions (Qiagen, Hil-
den, Germany). Reverse transcription from total RNA was
performed to synthesize cDNA (Qiagen), and a Rotor gene
Q PCR Cycler (Qiagen, Valencia, CA, USA) was used for
detection. Primer sequences were designed using Primer
bank (https://pga.mgh.harvard.edu/primerbank/) [19], as
shown in Table 2. Gapdh was used as an internal control.

2.7. Telomerase Activity Assay. The telomerase activity of the
cell extracts was measured with a TRAPeze RT Telomerase
Detection Kit (Cat. No. S7710; Millipore, Billerica, MA,
USA). The cells were inoculated into 12-well plates, and the
inoculation density and treatment conditions were the same
as those described in section 2.1. After 72h of treatment,
we tested the telomerase activity according to the manufac-
turer’s instructions. Each assay mixture consisted of 5μL 5x
TRAPeze RT reaction mixture, 17.6μL PCR grade water,
0.4μL 50x TITANIUM Taq DNA polymerase (Clontech,
Mountain View, CA, USA), and 2μL cell extract or control
template. A series of diluted TSR8 control templates was pre-
pared in CHAPS lysis buffer to prepare a standard curves.

Table 1: Magnetic field conditionsa.

Group Position ∣B∣b ∣Bx∣c ∣By∣d ∣Bz∣e

SMF (mT)

Center 75:92 ± 7:76 6:5 ± 3:14 2:83 ± 1:46 75:5 ± 7:91

Southeast 97:97 ± 13:16 24:83 ± 6:06 15:66 ± 11:17 92:83 ± 14:45

Southwest 88:96 ± 10:82 4:5 ± 2:75 17:66 ± 16:42 85:66 ± 9:14

Northeast 95:5 ± 10:39 14:83 ± 6:71 4:16 ± 4:41 94 ± 9:52

Northwest 97:55 ± 16:2 3:5 ± 2:98 6:33 ± 4:71 97:16 ± 15:56

Average 153:9 ± 72:0

GMF (μT)

Center 64:85 ± 4:27 25:86 ± 3:96 56:93 ± 5:45 16:28 ± 2:07

Southeast 92:62 ± 0:63 23:45 ± 2:3 55:65 ± 0:43 17:63 ± 0:19

Southwest 73:42 ± 3:11 29:71 ± 4:9 63:11 ± 6:63 21:13 ± 4:37

Northeast 58:29 ± 0:88 20:46 ± 1:83 51:09 ± 1:27 19:05 ± 0:85

Northwest 67:4 ± 4:46 18:93 ± 14:05 60:6 ± 10:76 14:51 ± 2:79

Average 65:08 ± 7:18
a Data are themean ± sd of measurement reads at the same layer; b Net static magnetic field (vector sum of the three directions); c–e Magnetic field directions: x,

south to north; y, east to west; z, downward. ∗: ∣B∣ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðBxÞ2 + ðByÞ2 + ðBzÞ2:
q
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Two additional replicate wells were used for each sample.
The PCR amplification of the telomerase substrate was
detected by real-time PCR with a Rotor gene Q PCR Cycler
(Qiagen, Valencia, CA, USA) using the following cycle
parameters: 30min at 30°C, 2min at 95°C, 45 cycles of 94°C
for 15 s, 59°C for 1min, and 45°C for 30 s. The linear plot of
the log 10 and Ct values from the amount of the TSR8 con-
trol template standard was used to determine the amount
of expanded telomerase substrate produced in each well from
the telomerase activity of 2μL cell extract within 30min. The
average of the two replicate wells for each sample was calcu-
lated. This number was divided by the amount of protein
(mg) contained in the 2μL extract and then divided by
30min to determine the amount of extended telomerase sub-
strate produced in every minute per milligram protein.

2.8. Telomere Length Detection. After 72h of treatment, the
cells were collected, and DNA was extracted using a DNeasy
Blood and Tissue Kit (Cat. No. 69504, Qiagen). The average
telomere length of total genomic DNA was determined
by qPCR as described by Cawthon [20] and Callicott
et al. [21] The telomere primer sequences (5′-3′) were as
follows: forward, CGGTTTTTTGGTTTTGGTTGGTTG
GTTGGTTGGGTGTGTGTGTGT; and reverse, GGGTTG
GCCTTACHCCTTACHCCTTACHCCTTACHCCTTACH
CCTTACHCT. The reference control gene primer (mouse
36B4 single-copy gene) sequences were as follows: forward,
TGAAGTGCTTGACATCACGAGGA; and reverse, CTGC
AGACATCGCTGGCAAATT. An equal amount of DNA
(35ng) was used for each reaction and both, the telomere
and 36B4 gene, were amplified under the same conditions.
For each PCR, a standard curve was generated by serially dilut-
ing a known amount of DNA. The telomere (T) signal was nor-
malized to the signal obtained from a single-copy (S) gene to
generate a T/S ratio indicating the relative telomere length.

2.9. Bioinformatics. Transcription Factor Database TRRUST
(version 2) [22] (https://www.grnpedia.org/trrust/) is a man-
ually curated database of transcription factors (TF) and TF-
target regulatory relationships, which contains 8,444 and
6,552 TF-target regulatory relationships of 800 human TFs
and 828 mouse TFs. We input the transcription factors of
interest into TRRUST (version 2), selected “mouse” as the
species, obtained all genes regulated by the TFs, and classified
the genes regulated according to “Activation,” “Repression,”
and “Unknown”.

Metascape [23] (http://www.metascape.org/, 2019/8/14)
was used to further analyze the gene function and enrich-
ment pathway. We uploaded the gene list to the website,

selected “M. musculus” for “Input as fields” and “Analysis
as fields”, and analyzed the gene according to “Custom
Analysis.” In Custom Analysis, we only checked “GO Bio-
logical Processes” in the “Pathway” option of “Member-
ship” and “Enrichment”; the other options were used
with default values, Min overlap: 3, P value cutoff: 0.01,
Min enrichment: 1.5.

2.10. Statistical Analysis. Each experiment was repeated at
least three times in triplicate. Unless otherwise indicated,
t test was used to compare the means. Results showing
P values of less than 0.05 were considered as significant.

3. Result

3.1. SMF Treatment Accelerated Proliferation and Inhibited
Migration of 4T1 Cells. The effect of SMF treatment on the
proliferation of 4T1 cells was analyzed by cell counting and
CFSE staining (Figures 2(a) and 2(b)). First, we monitored
the number of 4T1 cells exposed to the magnetic field for
24, 48, and 72 h. The results showed that the cell number in
the SMF group was the same as that in the GMF group at
24 h, and higher at 48 h (11.02%), reaching a significant
increase at 72 h (19.28%) of treatment. These effects on pro-
liferation acceleration were confirmed by CFSE staining, with
the rate of cell division inversely proportioned to the fluores-
cence intensity remaining in the daughter cells (Figure 2(b)).
The fluorescence ratio in SMF-treated cells was significantly
lower than that in the GMF group at 24 h of exposure
(10.39%), and the reduction became greater at 48 h
(20.16%). Thus, the proliferation of 4T1 cells was accelerated
by SMF, and the cell response to MF was detectable within 24h.

The effects of SMF treatment on the migration of 4T1
cells were measured in wound healing and Transwell assays
at 24 h of exposure in serum-free and low-serum medium,
respectively, to abolish the effect on proliferation. As
observed in the wound healing assays (Figures 2(c) and
2(d)), the width of the “wound” healed in SMF was smaller
than that in the GMF control, and the cell migration effi-
ciency in SMF was only 71.68% of that in the GMF
(P < 0:05). The results of the Transwell assays (Figures 2(e)
and 2(f)) also revealed fewer transported cells in the SMF
than in the GMF group (P < 0:0001), confirming that SMF
treatment inhibited the migration ability of 4T1 cells.

3.2. SMF Treatment Decreased Telomerase Function in 4T1
Cells. Considering the accelerated division of 4T1 cells in
the SMF, it is important to evaluate the effect on immortality,
a characteristic of cancer cells. Telomerase is rarely expressed

Table 2: Primer sequences used for RT-qPCR.

Target gene Forward primer (5′-3′) Reverse primer (3′-5′)
TERT GCACTTTGGTTGCCCAATG GCACGTTTCTCTCGTTGCG

E2f1 CTCGACTCCTCGCAGATCG GATCCAGCCTCCGTTTCACC

Mzf1 AATTGCCACTGAACCTACCAATG TGTCGCTATGAGGAGAGGTCT

Sp1 GCCGCCTTTTCTCAGACTC TTGGGTGACTCAATTCTGCTG

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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in most normal cells but is activated in more than 90% of
tumor cells [24, 25] and is a key factor in maintaining the
proliferative ability and telomere length of tumor cells and
determining cell life. Thus, we next evaluated the telomerase
activity, telomere length, and expression of telomere-
associated proteins at 72 h of MF exposure, when the greatest
effect on cell proliferation was detected.

Our results showed that SMF treatment significantly
inhibited telomerase activity and shortened telomeres in 4T1
cells compared to in the GMF group (Figures 3(a) and 3(b)),
indicating decreased division related to telomerase and a ten-
dency for accelerated exit from limitless cancerous growth.

Moreover, compared to the GMF group, the expression
of telomerase (telomerase reverse transcriptase, TERT) was
downregulated, as demonstrated in the RT-qPCR assay

(Figure 3(c)). These data indicate that decreased telomerase
activity following SMF involves the response of upstream
expression regulators rather than effects on telomerase alone.

3.3. SMF Treatment Upregulates e2f1 Expression in 4T1 Cells.
To further explore the SMF-responsive regulator of TERT,
we examined the expression levels of TFs upstream of TERT,
such as the activating TF sp1 and the inhibitory TFs e2f1 [26]
and mzf1, by RT-qPCR. As shown in Figures 4(a)–4(c), the
expression level of e2f1 was significantly higher in SMF-
treated cells than in the GMF control, whereas the other
TFs did not change significantly.

To determine whether e2f1 mediates the response of 4T1
cells to the magnetic field, GO enrichment analysis was per-
formed on genes activated by e2f1 (Figure 4(d)). The terms

200

150

100

50

0
C

ell
 co

un
ts 

(×
 1

04 )

24 h 48 h 72 h

GMF
SMF

⁎⁎⁎

(a)

GMF
SMF

1.5

1.0

0.5

0.0Fl
uo

re
sc

en
ce

 ra
tio

s o
f C

FS
E

0 h 24 h 48 h

⁎
⁎⁎

(b)

G
M

F
SM

F

0 h 24 h

(c)

1.2

0.8

0.4

0.0

C
ell

 m
ig

ra
tio

n 
effi

ci
en

cy

GMF SMF

⁎

(d)

SMFGMF

(e)

GMF SMF

1.5

1.0

0.5

0.0C
ell

 m
ig

ra
tio

n 
effi

ci
en

cy

⁎⁎⁎⁎

(f)

Figure 2: SMF treatment accelerated proliferation and inhibited migration of 4T1 cells. (a) Cell numbers counted following SMF exposure to
different magnetic fields for 24, 48, and 72 h (h). (b) The proliferation rates of 4T1 cells shown by CFSE fluorescence ratio of SMF/GMF at 24
and 48 h of exposure. (c) Representative images of the wound width and (d) migration efficiency of the SMF and GMF cell at 0 and
24 h of the exposure in the wound healing assay. Wound healing assays and Transwell assays (e) were used to detect the migration
ability of cells. (e) Representative fluorescent images showing the nuclei (blue, stained by Hoechst) of the migrated cells exposed in
GMF and SMF for 24 h. (f) Compared to the GMF group, SMF treatment significantly inhibited cell migration. Data are the means ± sem
from three independent experiments (n = 3). ∗P < 0:05; ∗∗P < 0:01; ∗∗∗∗P < 0:0001, compared to the GMF group. SMF: static magnetic
field; GMF: geomagnetic field.
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sorted based on the P values showed that 4 of the top 6 terms
were related to the cell cycle, and the top was related to the
mitotic cell cycle process, which may partially explain the
accelerated proliferation of tumor cells. To further examine
the relationship between terms, we chose a subset of enriched
terms and constructed a network graph (Figure 4(e)). We
found that the top three biological processes were enriched
in mitotic cell cycle process, positive regulation of cell death,
and cellular response to DNA stimulus. The possible activa-
tion of cell death indicates a tendency for the fate change of
immortalized cancer cells.

4. Discussion

In this study, we examined the potential of SMF in cancer
treatment by coanalysis of the effect on proliferation, migra-
tion, and telomeres and revealed the role of telomerase in
response to SMF. We found that a moderate SMF
(~150mT) accelerated cell proliferation but inhibited breast
cancer cell migration and shortened telomere length, which
was associated with decreased telomerase activity and expres-
sion of TERT, as well as corresponding upregulation of e2f1
expression.

This is the first study to demonstrate an association of tel-
omerase and the effects on cell proliferation and migration
under SMF treatment. E2f1 is a transcription repressor of
TERT and positive regulator of the mitotic cell cycle, as
shown by GO enrichment analysis. Its upregulation may lead
to downregulation of TERT and the acceleration of prolifer-

ation. Decreased TERT can mediate migration repression
and telomere shortening. Thus, SMF treatment may antago-
nize tumor growth by restricting the uncontrolled division in
addition to inhibit cell proliferation and cause cell death.

In this study, the proliferation and division of 4T1 cells
were accelerated by SMF treatment, which contrasts previ-
ously reported results [27, 28]. This was expected, as the exact
effects of SMFs on cells are largely dependent on the cell types
and magnetic conditions [5]. Although SMF shows antican-
cer potential because of its ability to specifically inhibit the
proliferation of cancer cells, accelerated proliferation may
improve the efficacy of some chemotherapy drugs against
rapidly dividing cells.

The inhibition effect on 4T1 migration was consistent
with that observed in our previous study, as well as a few
others evaluating different cell types and treatment condition
[29, 30], suggesting the potential of using a SMF to inhibit
metastasis in cancer treatment.

A unique feature of tumor cells is immortalization, in
which telomerase activation is a key factor. Active telome-
rase, a reverse transcriptase, can directly increase telomere
length [6]. As SMF can accelerate cell proliferation and
reduce telomerase activity, further studies are needed to
determine whether prolonging the SMF can shorten the telo-
mere to a critical length and stop division, thus leading to the
aging of tumor cells. Previous studies showed that SMF can
accelerate senescence and shorten lifespan in nematodes.
For example, Hung et al. [31] found that after 200mT of
steady SMF treatment, the development rate of wild-type
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Figure 3: SMF treatment decreased telomerase function in 4T1 cells after 72 h exposure. (a) Relative telomerase activity, (b) relative telomere
length, and (c) relative mRNA expression of TERT in GMF- or SMF-treated cells; data are the means ± sem normalized to the GMF control
(n = 9 from three independent experiments). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗∗P < 0:0001 compared to the GMF group.
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nematodes was increased by 20–31%, and the average life-
span decreased from 31 to 24 days. After SMF treatment,
pathways involving development and senescence-related
genes, such as let-7, clk-1, unc-3, and age-1, were significantly
upregulated in nematodes [32]. Nematodes exposed to 8.5T
SMF also showed significant acceleration of aging and
increased expression of superoxide dismutase-3.

Overall, SMF treatment inhibits cell migration and
may accelerate/induce the exit from immortalizing division

by repressing telomerase activity in tumor cells. The telo-
merase network can respond to the SMF and may be
involved in cancer-specific effects and function as a target
in magnetic therapy.

Data Availability

All data included in this study are available upon request
from the corresponding author.
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Space travel has advanced significantly over the last six decades with astronauts spending up to 6 months at the International Space
Station. Nonetheless, the living environment while in outer space is extremely challenging to astronauts. In particular, exposure to
space radiation represents a serious potential long-term threat to the health of astronauts because the amount of radiation exposure
accumulates during their time in space. Therefore, health risks associated with exposure to space radiation are an important topic in
space travel, and characterizing space radiation in detail is essential for improving the safety of space missions. In the first part of
this review, we provide an overview of the space radiation environment and briefly present current and future endeavors that
monitor different space radiation environments. We then present research evaluating adverse biological effects caused by
exposure to various space radiation environments and how these can be reduced. We especially consider the deleterious effects
on cellular DNA and how cells activate DNA repair mechanisms. The latest technologies being developed, e.g., a fluorescent
ubiquitination-based cell cycle indicator, to measure real-time cell cycle progression and DNA damage caused by exposure to
ultraviolet radiation are presented. Progress in examining the combined effects of microgravity and radiation to animals and
plants are summarized, and our current understanding of the relationship between psychological stress and radiation is
presented. Finally, we provide details about protective agents and the study of organisms that are highly resistant to radiation
and how their biological mechanisms may aid developing novel technologies that alleviate biological damage caused by
radiation. Future research that furthers our understanding of the effects of space radiation on human health will facilitate risk-
mitigating strategies to enable long-term space and planetary exploration.
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1. Introduction

Yuri Gagarin was the first human to journey into outer space.
He completed one orbit of Earth on 12 April 1961. Almost
60 years have passed since this event, and space mission
durations have remarkably extended. Currently, it is possible
for humans to spend more than 6 months in outer space on
the International Space Station (ISS). The ISS circles the
Earth at an altitude of approximately 400 km. The living
environment on the ISS is challenging to astronauts because
microgravity (μG) induces musculoskeletal atrophy, isolated
and limited habitability causes psychological stress, and
exposure to space radiation potentially endangers the health
of the astronauts [1].

The next challenging steps for humankind include new
missions to the Moon followed by human exploration of
Mars. In a Mars mission, the long distance between Earth
and Mars will make the total mission duration 800–1,100
days, of which approximately 500 days will be spent on the
surface of the planet, depending on the final mission design
[2]. As a result, radiation exposure is expected to be greater
when compared with that of a 6-month mission on the ISS.
One major health concern in such prolonged missions is
the amount of radiation exposure that accumulates over the
duration of the lives of the astronauts. Therefore, health risks
associated with exposure to space radiation are an important
topic in a human Mars mission. The focus of this review is
space radiation. We will initially discuss the environment of
space radiation. This will be followed by a description of
the various kinds of research endeavors undertaken to evalu-
ate and minimize adverse biological outcomes caused by
space radiation exposure.

2. Environment of Space Radiation

2.1. Radiation Environment in Low-Earth Orbits (LEO). As
mentioned in previous reviews [3–6], important ionizing
radiation (IR) sources in the ISS orbits (altitude: 300 to 400
km; orbital inclination: 51.6°) include the three primary radi-
ation sources (galactic cosmic rays (GCRs), which range
widely from protons to Fe-ions, solar particle events
(SPEs), and electrons and protons trapped in the Van Allen
Belts (TPs)) outside the spacecraft. These combine to pro-
duce a complex radiation environment in and around the
ISS, and the complexity of this radiation is dependent on
the solar cycle, altitude, and shielding of each module of the
ISS.

Primary GCRs comprise protons and high-energy heavy-
ion (HZE) charged particles with energy spectra forming a
broad peak around 1GeV/n [3]. Fluxes of less than about
10GeV/n are inversely related to solar activity [7]. The
GCR fluxes depend heavily on the ISS altitude and are diffi-
cult to shield against using a realistic shielding mass for the
ISS structure because of their high energy. Primary GCRs
produce many secondary particles through projectile and tar-
get fragmentation in the ISS shielding materials and in the
bodies of astronauts. The fluxes of primary TPs increase sub-
stantially as the altitude of the ISS increases [3, 7–9].
Although the fluxes of primary TPs can be effectively reduced

by thin shielding (a few g/cm2), secondary particles produced
by nuclear reactions increase in number as shielding mass
increases and become dominant in fluxes under thick shield-
ing conditions [10, 11]. Thus, TPs play a role in increasing or
decreasing the exposure of astronauts to radiation in LEO. The
energies of TPs are generally lower than those of GCRs, and
their maximum energy is approximately several hundred
MeV.

Since the construction of ISS began in 1998, there have
been more than 120 SPEs (counted by NOAA, Space Weather
Prediction) that have affected the Earth environment over
solar cycles 23 to 24. The emergency return of astronauts
following flight rules [12] due to severe SPEs has never
occurred before because of Earth’s protective magnetic field.

Japan Aerospace Exploration Agency (JAXA) has con-
ducted a series of monitoring experiments to evaluate the
radiation environment inside and outside the Japanese
Experiment Module Kibo, which is part of the ISS with Pas-
sive Dosimeter for Life-Science and Experiments in Space
(PADLES) [9, 13, 14]: area radiation monitoring in the Japa-
nese Experiment Module “Kibo” of the ISS (Area PADLES)
[15]; dose measurements of biological samples exposed to
space radiation (Bio PADLES) [16–19]; radiation dosimetry
of Asian astronauts (Crew PADLES); various kinds of interna-
tional cooperative experiments with ISS partners (Dosimetric-
PADLES); measurement of the directional dependence of the
radiation dose inside the Kibo module (Exp PADLES) [11,
20]; and measurement of outside doses and evaluation of
the shielding effect of the ISS Kibo hull (Free-space PAD-
LES). Those experiments were initiated in 2008 just after
attachment of the Japanese Pressurized Module (JPM) to
the ISS.

We concluded that the characteristics of the space radia-
tion environment in LEO contain the following: (i) a high
contribution from high-linear energy transfer (LET) radia-
tion that have a high-quality factor (QF) up to 30; (ii) dose
rates have values that are a few hundred times greater than
those on the ground; (iii) the directional distribution of space
radiation is nearly isotropic; and (iv) radiation effects occur
under μG [13, 14, 19]. Space radiation for LET greater than
several keV/μm causes more serious damage to living things
than low-LET radiation. Measurements only of absorbed
doses are insufficient for investigating biological effects or
assessing radiation risk to astronauts. Dose equivalents tak-
ing into account the LET distributions of high-LET particles,
their high radiation QFs, and relative biological effectiveness
(RBE) must be measured considering space radiation
environment.

Space radiation environments include fast neutrons
with a wide energy range beyond several tens of MeV.
The neutron dose contribution has been roughly estimated
through the STS-89 space shuttle mission/Mir experiment
with RRMD-III for charged particles and BBND for neutrons
with energies less than 15MeV, both loaded simultaneously
[21]. Neutron doses contributing to total doses in LEO and
around theMoon andMars are still being estimated with var-
ious simulation codes. However, no practical measurement
has been established so far with a neutron personal dosimeter
applicable to energy exceeding ~20MeV. The most physical
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and practical approach for estimating the high-energy neu-
tron dose is to theoretically and experimentally determine
LET values of energetic charged particles released by interac-
tions with the neutrons and an anthropomorphic phantom.
The dose-equivalent part of the practical dose can be
obtained using the relation between QFs and LET values
via the Q–L relation ICRP 60 [22]. Therefore, dose equiva-
lents taking into account the LET distributions are also
important for evaluating neutron doses.

2.2. Radiation Environment beyond LEO (Deep Space, the
Moon, and Mars). The space radiation environment differs
in and beyond LEO, including the surface of the Moon
[23–28], Mars [23], deep space [29, 30], and their compari-
sons [23, 31]. In past explorations, space radiation measure-
ments have been conducted by three interplanetary missions
in the orbital environment of both the Moon and Mars to
generate global dosage maps and to measure energy spectra
below 100MeV [32–36]. In deep space outside Earth’s pro-
tective magnetic field, HZE charged particles of GCRs and
solar energetic particles (SEPs) strongly affect the dosimetry
of astronauts. Space radiation doses change drastically
because of the varying intensity and peak amplitude of SEP
events in and near the Moon and Mars environments, where
a protective magnetic field is almost completely absent.

Therefore, for radiation dose management of astronauts
exposed to both SEPs and GCRs, it is essential to establish
methods for estimating organ doses and effective doses that
are both relative to career dose limits. These are obtained
from the energy spectra of space radiation and doses from
personnel dosimeters and environmental radiation monitor-
ing systems.

Currently, as part of the NASA Artemis program, astro-
nauts will land on the Moon by 2024. Under the umbrella
of Artemis, the Lunar Orbital Platform-Gateway, which is a
station orbiting the Moon, provides an international cooper-
ation platform for scientific experiments and exploration of
the lunar surface. The career dose limits for gateway are still
under coordination between international partners. Cur-
rently, there is no interplanetary mission to measure the
space environment in Japan. Thus, we must conduct actual
measurements beyond LEO to determine effective materials,
effective locations, and appropriate thicknesses or combina-
tions on the basis of benchmark evaluations. This informa-
tion will be useful for interplanetary space flight and travel
expected in the near future.

2.3. Solar Ultraviolet (UV) Radiation. UV is part of the natu-
ral energy produced by the sun. UV radiation has electro-
magnetic radiation wavelengths from 10nm to 400nm,
which are shorter than visible light (400–700 nm) but longer
than X-ray. UV radiation reaches the Earth surface. UV radi-
ation is classified into three regions based on their effects on
biological processes: UV-C (<280nm), UV-B (280–315 nm),
and UV-A (315–400nm). UV-C, which is a highly energetic
wavelength, is eliminated by the stratospheric ozone layer
and is not encountered by plants. Both UV-B and UV-A
radiations reach the surface of Earth [37].

Cyanobacteria have created a foundation of the environ-
ment in which most organisms live today. The ozone layer
completely absorbs harmful UV-C radiation (<285nm),
and through evolution, organisms were able to expand their
habitat from water to land. The first land organisms, which
resembled the liverworts, have evolved into the diverse range
of plant species that exist. Sunlight-driven photosynthesis
maintained the composition of the atmosphere, and plants
serve as a food source for animals. Although sunlight is
highly beneficial for life on Earth, it contains harmful UV-B
radiation (280–315nm) despite its efficient absorption by
the ozone layer [38]. Although UV-B radiation accounts for
<0.5% of the total solar energy on the surface of the Earth,
its high energy causes damage to important cellular compo-
nents, such as DNA, RNA, protein, and lipids, as it is readily
absorbed by such macromolecules [39]. Among them, DNA,
which stores genetic information, is a major target of UV-
induced damage, and UV radiation can directly alter its
structure. The main UV-induced photoproducts are cyclobu-
tane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone
(6-4) photoproducts, which are also termed (6-4) photo-
products, and form between adjacent pyrimidines on the
same strand [39, 40]. CPDs account for approximately 75%
of DNA damage and the (6-4) photoproducts for the major-
ity of the remaining 25%. DNA damage impedes replication
and transcription, induces mutations, and may be lethal [39,
40]. Therefore, UV radiation causes damage to all organisms
including plants. Most skin cancers are caused by UV radia-
tion damaging the DNA in skin cells. Plants, which are ses-
sile organisms, are at a higher risk of UV-B damage in
comparison with motile organisms, which reduces growth
and productivity.

The environment of space is characterized by low gravity,
temperature oscillation, short-wavelength solar UV radia-
tion, and complex cosmic IR. In particular, space is showered
by a variety of different types of radiation, and thus, astro-
nauts are exposed to a considerably large amount of space
radiation [41, 42]. Moreover, in space, UV-C with shorter
wavelengths than UV-B are much more prevalent, and its
intensity is much higher than on Earth. On the surface of
Mars, the UV-B radiation is remarkably higher than that
on Earth and exceeds the safety limit for terrestrial life
[43, 44]. Therefore, to establish sustainable life support sys-
tems for securing long-term human life in space, the effects
of the complicated space environment not only for humans
but also for plants must be understood. The growth and sur-
vival of plants will be required to supply nutrients and oxy-
gen to humans under a resource-recycling system in space.

3. Irradiation Tests with Ground Facilities
Similar to the Environment in Space

3.1. Low Dose Rate Irradiation Facilities.Humans are contin-
uously exposed to low doses of background radiation and
may also be exposed to low doses of IR from X-ray or CT
scans and occupational usage of radiation as medical doctors,
radiologists, or nuclear power plant workers. Residents in
high background radiation areas or space station astronauts
are exposed to low dose rates of IR for long periods. Residents
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in the vicinity of the evacuated areas of Chernobyl and
Fukushima Daiichi nuclear power plant disasters may also
have been exposed to low dose rates of IR and have health
risk concerns because of exposure to above-average levels of
IR. Biological responses toward acute irradiation from high
doses of IR have been well characterized, and the molecular
mechanisms of cell cycle checkpoints and DNA repair have
been studied extensively. However, the biological effects
and the health risks with low dose or low-dose-rate radiation
exposure remain poorly understood. Understanding the
health risks (mainly cancer) due to low doses of IR has been
provided by epidemiological studies of atomic bomb survi-
vors [45]; however, the risk or biological effects from chronic
exposure to low dose rates of IR has only recently been more
examined. To understand the molecular mechanisms follow-
ing exposure to low dose rates of IR, irradiation instruments
for chronic exposure to low dose rates of IR have been estab-
lished in Japan and other countries [46]. The instruments in
Japan use 137Cs as a radiation source and can irradiate bio-
logical specimens with γ-rays. Among them, the irradiation
instrument for the Institute for Environmental Sciences
(IES) can expose small animals such as mice with extremely
low dose rates (about 0.05mGy/day), and other instruments
at IES can expose mice to different low dose rates (about 1 or
20mGy/day). These instruments can perform chronic irradi-
ation for a few years and have been supplying important
information on the biological effects of chronic low dose rate
irradiation to mice [46]. The instruments at the Research
Institute for Radiation Biology and Medicine (RIRBM),
Hiroshima University, Central Research Institute of Electric
Power Industry (CRIEPI), University of Occupational and
Environmental Health (UOEH), and National Institute of
Radiological Sciences, National Institutes for Quantum and
Radiological Science and Technology (QST-NIRS), can also
perform chronic irradiation with dose rates that are higher
than the instruments at IES. The instruments at CRIEPI
and UOEH can irradiate cultured cells, and IES and RIRBM
possess irradiation instruments for exclusive use on cultured
cells. The chronic irradiation instrument at the Radiation
Biology Center (RBC), Graduate School of Biostudies, Kyoto
University, can be used to irradiate cultured cells and small
fish [47]. The instruments have three different 137Cs radia-
tion sources and stands (where the CO2 incubator for culture
cells or aquarium for small fish is placed on) that can be
placed at distances between 1.3 and 12m from the radiation
source. The machine exposes cultured cells or small fish to
γ-rays over the range of 0.3–1,500mGy/day by combining
the radiation source choice and distance. The dose rate of
space radiation in the ISS is 0.5mGy/day [13–19]. Thus, the
instrument at the RBC may provide important information
about the health risks to astronauts at the ISS. The use of such
chronic irradiation instruments in Japan is expected to pro-
vide important information to clarify the biological effects
and health risks to humans under various chronic low dose
rates of irradiation.

3.2. High-Energy Particle Irradiation Facilities. Dose rates
from cosmic radiation such as SEP and GCR are low at
around 0.5mGy/day as measured inside ISS Kibo [13–19].

Sometimes this increases to tens of mGy/day during SPE
events lasting up to several days. However, this will become
a serious health issue over long stay periods in future mis-
sions to Mars and other planets. SEP and GCR contain vari-
ous radiations, including γ-ray, electron, neutron, proton,
and heavier ions. In particular, GCR includes heavier ions
up to Fe (Z = 26), and these heavier ions can significantly
affect crew and electric devices in a manned spacecraft
because of their high ionization density. The interesting
energy range of GCR is from 100MeV/u to several GeV/u.
This energy spectrum is around the peak flux of GCR
and difficult to shield against in a spacecraft. Experiments
involving cosmic radiation in space are expensive and rather
time-limited. Although it is difficult to reproduce the cosmic
radiation environment on the ground, experiments using
HZE accelerators are important.

The pioneer of radiation research of HZEs was Bevalac at
the Lawrence Berkeley National Laboratory (LBL), USA.
After the shutdown of Bevalac in 1993, the QST-NIRS in
Japan started the operation of Heavy-Ion Medical Accelera-
tor in Chiba (HIMAC) in 1994. Although NIRS is a dedicated
facility for heavy-ion radiotherapy, it can provide various ion
beams for other experiments outside treatment hours. The
available ions are He, C, Ar, Fe, and Xe with an energy max-
imum of 800MeV/u (ion species dependent). There are five
experimental beam lines at HIMAC, and a 3D field can be
formed by the wobbler beam delivery system. In the past 25
years, many studies have been carried out, including those
examining biological effects, radiation shielding, develop-
ment and comparison of cosmic radiation detectors, and
radiation tests of electric devices [48].

At the almost same time, the GSI Helmholtz Center for
Heavy Ion Research (GSI) started the operation of SIS-18.
GSI covers the wide research fields of nuclear physics, atomic
physics, material science, plasma physics, biophysics, and
clinical research, based on the heavy-ion accelerator com-
plex. This facility can provide various ions from proton to
uranium. The energy range is up to 2GeV/u (ion species
dependent) and is suitable to study the radiation effects of
GCRs. Furthermore, the new FAIR accelerator complex is
under construction at GSI. Heavy ions with energies up to
10GeV/u will be available for radiation research in the near
future [49].

The Brookhaven National Laboratory (BNL) in the USA
has operated a very large heavy-ion accelerator complex,
RHIC/AGS, for the study of nuclear and particle physics. In
2003, the NASA Space Radiation Laboratory (NSRL) was
founded to study the health risks of cosmic radiation to
crews. NSRL uses the BNL Booster synchrotron, which can
provide ions from protons to gold, ranging in energy from
50MeV/u to 2,500MeV/u (ion species dependent) [50].
Although one of the difficulties of ground-based experiments
is that cosmic radiation consists of a wide variety of ion spe-
cies and energy ranges, NSRL produces a GCR simulated
beam using rapid switching technology of ion species and
ion energies.

In addition to these three research facilities, some insti-
tutes provide HZE beams for cosmic radiation research. In
particular, 12 C-ion radiotherapy facilities are now in
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operation, including the Gunma University Heavy Ion Med-
ical Center (GHMC) in Japan and the National Centre for
Oncological Hadrontherapy (CNAO) in Italy. These facilities
provide a C-ion beam from 100MeV/u to 400MeV/u, which
is close to the GCR energy range. Researchers of cosmic radi-
ation and the C-ion radiotherapy have common scientific
interests in characterizing the biological effects of HZEs and
contribute to this research field.

3.3. Microbeam Irradiation Facilities. Space radiation
includes the HZE of GCRs, which is unlike radiation at
ground level. Therefore, analysis of the hit effect of HZE is
an important subject when evaluating space radiation risks
for long-term manned missions.

HZE deposits concentrated energy along with its trajec-
tory, and this manner of microdosimetric energy deposition
of HZE is called the “ion track structure” [51]. The ion track
structure is a characteristic of HZE and explains the differ-
ence between the biological effects of HZE and that of low-
LET radiation. Because of this concentrated energy deposi-
tion of the ion track structure, a dose is deposited in close
vicinity to the ion-hit position and does not extend further
than a few micrometers away from this hit position. This
results in a microscopic uneven dose distribution on radia-
tion targets [52]. For example, when 1Gy of HZEs with a
LET higher than approximately 625 keV/μm was used to
irradiate a population of cells with nuclei with areas of
100μm2 using broad field beam irradiation, less than one
ion hits the nucleus of a cell on average. Thus, a mixture of
cells hit and not hit by an ion occurs. Even with low-LET
radiation, when the number of hit events becomes small, a
similar uneven spatial distribution of hit events will occur.
However, the dose given to the cells with a single hit event
is too small and not sufficient to induce cellular responses.
In contrast, a single hit of HZE with high LET deposits a suf-
ficient dose to cells that is biologically effective. Therefore,
investigating the effects of HZE on a cell population with
broad field beam irradiation faces two problems that arise
from not uniformly irradiating the cell population. The first
problem is that each cell in a cell population will not be hit
with the same count of ions, making it difficult to evaluate
the exact effect of a single-ion hit. The second problem is
the radiation-induced bystander effect [53, 54], which is a
phenomenon that ion-hit cells induce radiation responses
on nonhit nearby cells by transferring the hit signal via bio-
logical pathways. This second issue contributes much more
to the overall radiation effect than the situation of low-LET
radiation.

A microbeam is an experimental method that targets and
irradiates biological samples with a radiation spot on the
micrometer scale under microscopic observation. Because a
microbeam is able to irradiate each cell with a defined dose
accurately, analysis of an evenly irradiated cell population is
possible. Moreover, by irradiating only a part of the cell pop-
ulation, we are able to induce and analyze the radiation-
induced bystander effect. Therefore, a microbeam is a useful
approach to analyze biological effects caused by radiation
having a microscopically nonuniform dose distribution like
HZE. To analyze the hit effect of HZE, it is necessary to irra-

diate HZEs as a microbeam. There are many international
facilities where biological targets can be irradiated with a
microbeam [55–57]; however, most of them are limited to
irradiating only protons and alpha particles. The sites that
are able to irradiate microbeams of HZE are GSI [58],
Munich University [59], Institute of Modern Physics in
China [60], and QST-Takasaki [52, 61]. Of these four sites,
three sites, except QST-Takasaki, are only capable of irradiat-
ing cultured cells. However, to evaluate the effects of HZE on
human health, experiments using model animals are neces-
sary. The heavy-ion microbeam at QST-Takasaki is able to
irradiate cultured cells and small model animals with a
HZE. Therefore, this facility has contributed to the analysis
of radiation effects of HZE to cultured cells from the view-
point of single-ion-hit effects [62] and bystander effects
[63–65], as well as analyzed the effects of local HZE radiation
on the whole body using the nematode Caenorhabditis ele-
gans [66, 67] and Medaka fish [68]. Moreover, at QST-Taka-
saki, the development of a new microbeam beamline that
generates a finer beam spot than the current system is taking
place [69]. In summary, heavy-ion microbeams will contrib-
ute more in future research examining the effect of HZE radi-
ation, which is a significant health risk for astronauts
undertaking long-term projects in space.

4. Adverse Events Caused by Space Radiation

4.1. DNA Damage and Detection. Radiation exposure induces
various biological effects with the main effect being damage
to DNA. There are various types of radiation-induced DNA
damage, including base damage, single-strand breaks (SSBs),
and double-strand breaks (DSBs) [70–73]. Among them,
DNA DSBs are the most severe DNA lesion. Therefore,
organisms have various DNA damage repair pathways to
ensure genome stability [70, 71, 73, 74]. However, if a large
amount of damage occurs or the damage is not repaired cor-
rectly, cell death, cellular senescence, and tumorigenesis may
be induced [71, 72, 75, 76].

The energy of radiation is important when considering
radiation exposure in space. Radiation exposure on the
ground is at low-LET radiation levels and includes X-rays
and γ-rays, while GCR contains high-LET radiation such as
energetic protons and heavy particle beams, i.e., HZE parti-
cles [77–79]. High-LET radiation exposure leads to dense
ionization along their radiation tracks and induces complex
DNA damage. These localized dense DNA regions of dam-
age, within a few helical turns of DNA, are called “complex
DNA damage (lesion)” or “clustered DNA damage (lesion)”
and are difficult to repair when compared with that of normal
DNA damage [80–83]. Therefore, even if the radiation dose
is the same on the ground as that in space, the quality and
amount of DNA damage that occurs will be different, and
evaluating the quality and quantity of DNA damage induced
by GCRs for precise assessment of the biological effects in
space is required.

Although clustered DNA damage induced by high-LET
radiation exposure is detected using agarose gel electrophore-
sis or the comet assay, the results are sometimes controversial
because their sensitivity is limited [82, 84–88]. In recent
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years, several papers have reported visualization of DNA
damage induced by high-LET radiation exposure using γ-
H2AX, which is a marker of DNA DSB [17, 89–91]. These
data have shown the different nature of DNA damage
between low-LET radiation exposure and high-LET radiation
exposure. Since γ-H2AX occurs in a DSB site-specific man-
ner, it is used as a sensitive tool to detect DSB [92–94]. The
Ohnishi group was the first to report that clear tracks of the
γ-H2AX signal are detected in lymphoblastoid nuclei after
spaceflight [17]. Additionally, a similar track of γ-H2AX
was detected in fibroblast nuclei that had been cultured for
14 d at the ISS; however, these tracks were not observed for
control samples on ground control samples [95]. Recently,
we investigated DSB formation after exposure to different
energy ion beams. Interestingly, our study indicated that
the C-ion beam, which causes more complex DNA damage
than the He-ion, induced larger γ-H2AX foci sizes than
exposure to the He-ion beam. Both large and small sizes of
foci formation were observed in C-ion and He-ion mixed
beam irradiated cells (unpublished data). These results indi-
cate that the radiation-induced γ-H2AX foci size depends
on the energy of the radiation, suggesting that to correctly
understand biological effects, not only the spatial formation
of damage but also the size of damage needs to be considered.

Finally, radiation exposure in outer space occurs in a μG
environment. Most studies conducted only analyze DNA
damage caused by high-LET radiation exposure in a static
environment, and it is unclear whether clustered DNA dam-
age occurs and is repaired in a μG environment. Thus, to cor-
rectly understand the biological effects in outer space, it will
be important to evaluate accurately the combined effects of
μG and high-LET radiation exposure.

4.2. DNA Repair. As mentioned above, IR, including space
radiation, generates various types of DNA damage. Among
them, DNA DSB is the most serious damage, which can lead
to tumorigenesis or cell death. Thus, organisms have devel-
oped DNA repair mechanisms to repair DSB damage. DSBs
are mainly repaired by nonhomologous end-joining (NHEJ)
and homologous recombination (HR) in eukaryotes [74].
Once DSB damages are generated following exposure to IR,
the KU70/KU80 complex or MRE11/RAD50/NBS1 (MRN)
complex is recruited to DSB damage sites. KU70/KU80 com-
plex activates the NHEJ pathway with DNA-PKcs and the
XRCC4/Lig4 complex, and these factors rejoin DSB ends.
Since exposure of DNA to IR generates various forms of
DSB ends, the resection of DSB ends by Artemis is essential
for NHEJ progression. Such resection can lead to the loss
of nucleotides and subsequent genomic instability. Hence,
NHEJ is an error-prone repair system. Recruitment of the
MRN complex activates the HR pathway, and this complex
initiates the resection of the DSB ends with CtIP, followed
by a longer resection with Exo1 or Dna2. As a result, more
than 30 single-stranded DNA (ssDNA) tails are formed at
both DSB ends. The replication protein A (RPA) complex
then binds to ssDNA and is subsequently replaced with
RAD51. Such ssDNA/RAD51 ends invade intact homolo-
gous DNA, and then error-free repair is completed using
the intact homologous DNA as a template. Thus, as the HR

mechanism needs an intact DNA template after replication,
it is activated during the late S and G2 phase, whereas the
NHEJ mechanism is activated at any point during the cell
cycle [96]. NHEJ is used preferentially in higher eukaryotes
such as humans. However, high-LET radiation such as heavy
particle or α-rays, which is present in space radiation, gener-
ates various types of DNA damage (e.g., DSB, SSB, and oxi-
dative damage) at the point of the irradiated areas. As NHEJ
cannot repair such complicated DNA damage, HR is often
activated for repair of this DNA damage in a cell cycle-
independent manner [97]. However, cell cycle-independent
use of HR, particularly in G1 may cause misrepair and sub-
sequent genomic instability. Hence, RIF1 and 53BP1 can
repress the unexpected activation of HR in G1 and function
to select the correct repair pathway (i.e., NHEJ or HR) [96].

Acute exposure to 1Gy of low-LET radiation such as a
γ-ray could generate approximately 40 DSBs in a nucleus,
~1,000 SSB, and more than 1,000 base damages, as well as
oxidation causing ~100,000 ionizations of various mole-
cules in a nucleus simultaneously [98]. In the case of
chronic irradiation by low-LET radiation, which is
assumed to occur on space stations, the amount of DSB
damage decreases to a negligible level. However, SSB and
base damages remain and may represent a health risk.
SSB damage and most types of base damage are repaired
by base excision repair (BER), and cross-linked damage
between adjacent bases such as a thymine dimer is
repaired by nucleotide excision repair (NER) [99]. Some
kinds of oxidative bases cause misinsertion of a base
against the template DNA during DNA replication. Such
misinserted bases are exchanged to correct bases by mis-
match repair (MMR). Mistakes or incompletion of DNA
repairs containing NHEJ and HR can lead to gene muta-
tions and genomic instability, but the relationship with
radiation carcinogenesis remains unclear.

4.3. Chromosomal Aberrations (CAs) and Micronuclei (MN).
CAs are cytogenetic biomarkers for exposure to IR and other
DNA-damaging agents [100]. CAs can be measured using
many types of cells including peripheral blood cells and are
used frequently in epidemiological studies of humans, labo-
ratory animals, and in vitro cell and tissue systems. The fre-
quency of CAs in peripheral blood lymphocytes may be
associated with the risk of human cancer [101].

CAs are classified into unstable and stable types [102].
Unstable types are unrepaired broken chromosomes and
rearranged acentric, multicentric, or ring chromosomes.
Unstable CAs are frequently lost with cell division because
they are associated with impaired DNA replication of broken
termini without telomeres or in chromosome segregation.
Dicentric chromosomes are the most popular cytogenetic
biomarker of unstable CAs. They can be identified easily with
the conventional Giemsa staining because of their typical
structure with two centromeres. Dicentric chromosomes
are the biomarker of choice for investigating recent exposure
to IR.

Stable CAs are rearranged monocentric chromosomes,
which can be transmitted stably to daughter cells after cell
division, and hence used as biomarkers of past exposures to
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IR. The conventional Giemsa staining cannot provide much
information about stable CAs. The fluorescence in situ hybrid-
ization (FISH) technique with chromosome-specific DNA
probes greatly improves the detection of stable CAs [103].

Chromosomes can be observed only in metaphase cells in
their native forms. Premature chromosome condensation
(PCC) techniques, which can induce condensation of chromo-
somes in cells at the interphase by fusion with mitotic cells or
by chemical treatment, have improved CA analysis to detect
DNA damage that has occurred in interphase cells [104, 105].

The MN assay is an alternative approach to detect DNA
damage and used commonly because of its sensitivity, sim-
plicity, and the speed by which cells can be scored [100].
MN are small pieces of DNA resulting from unrepaired DSBs
or mitotic spindle damage that appears near the nucleus fol-
lowing cell division [106].

CAs in spacecraft crews have been analyzed since the
1960s to investigate genotoxic effects of space radiation and
to estimate the received doses [107]. The frequency of total
CAs seemed to be higher at postflight than at preflight, nota-
bly after flights longer than 180 days [107, 108]. However, the
diversity of radiation history and personal susceptibility
makes it difficult for epidemiological studies to estimate the
risk of space radiation exposure. In addition, our knowledge
of the effects of HZE particles involved in space radiation on
induction of CAs is limited when compared with our under-
standing of low-LET IR. Studies using FISH painting
revealed that HZE particles frequently induce highly complex
chromosomal rearrangements when compared with the
effect of low-LET IR [109]. Induction of mitotic CAs by
HZE particles is complicated by their serious effects on cell
cycle progression [110]. We recently compared induction of
CAs and MN in C57BL/6J Jms mice at 1 and 2 months after
exposure to several doses of X-rays (low-LET IR) or Fe-ions
(HZE). FISH analysis of CAs in splenocytes showed that Fe
particles are less effective at inducing translocations than X-
rays when compared at the same physical dose. DNA DSBs
induced by Fe-ions are probably not rejoined and mostly
cause cell cycle arrest or cell death rather than result in induc-
tion of stable CAs [111]. Conversely, Fe-ions are more effec-
tive at inducing MN in bone marrow erythrocytes than X-
rays, whereas the relative effectiveness of Fe-ions to X-rays
was higher at a low dose (0.5Gy) than that at a high dose
(3.0Gy) [112].

4.4. Genome Instability. Genomic instability refers to the
accumulation of multiple changes within the genome of a
cellular lineage to convert a stable genome to an unstable
genome. Genomic instability is characterized by varied
end points, for example, CAs, amplification of genetic
material, micronucleus formation, and gene mutation.

Genomic instability can be induced by a high frequency
of DNA damage [113] as DNA damages can cause inaccurate
translesion synthesis past the damages or errors in repair,
leading to mutation. IR can cause immediate effects such as
mutation or cell death, observed within hours or a few days
after irradiation. IR also induces delayed effects many cell
generations after irradiation.

Genomic instability (delayed effect) caused by IR was first
demonstrated by Kadhim et al. after alpha particle irradiation
and indicated that many of the clonally derived cells that
exhibited the unstable phenotype were not likely to have been
traversed by an alpha particle [114]. IR is capable of inducing
genome instability in mammalian cells, manifesting as
delayed HR in vitro and in vivo [115, 116], which is detected
in the progeny of an irradiated cell multiple generations after
initial exposure. Genome instability is the driving force
responsible for radio carcinogenesis, which can initiate can-
cer and augment progression [117–119].

Cosmic radiation contains proton, various HZE particle
beams, and electron beams. As the heavy ion has a higher
biological effect than proton or γ-rays, it is very important
to study the effects in vivo and in vitro. For astronauts on
space missions or people traveling in space, it is important
to evaluate the risk of exposure to cosmic radiation, such as
carcinogenesis.

DNA DSBs are repaired by the NHEJ and HR pathways.
The correct balance of NHEJ and HR is essential for prevent-
ing genomic instability [120, 121]. HR is essential for repair
of DSBs; however, too much HR activity can be detrimental
and increase “genomic instability because HR carries the risk
of misalignments that cause insertions, deletions, and a loss
of heterozygosity (LOH) [122, 123]. However, there has been
no observation of such genomic instability in animal tissues.
In recent years, a research group at Massachusetts Institute of
Technology established a model mouse system (RaDR mice)
that enables evaluation of genomic instability using the green
fluorescence of the green fluorescence protein (GFP) as an
indicator [124]. In the mouse genome, a direct repeat HR
substrate is targeted to the ubiquitously expressed Rosa26
locus and HR between two truncated enhanced GFP (EGFP)
expression cassettes can yield a fluorescent signal (Figure 1).

Before using the mouse model, we used an in vitro system
(RKO cells), namely a GFP direct repeat homologous recom-
bination system. We demonstrated that DHR increases
several-fold in response to low-LET X-rays and high-LET
C-ion radiation [116, 125].

Using the RaDRmodel mouse, we confirmed that the HR
frequency is related to thymic lymphomas. When 5 weeks

Fe-ion beams
0.1 ~ 2 Gy

ab

a b

1 month

Figure 1: Wild-type EGFP (ab) fluorescence occurs as a result of
HR between two EGFP genes (a and b) that are both inactive
because of deletions (shadowed boxes).
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old, RaDR mice were irradiated with 1.8Gy γ-rays per week
for 4 weeks (total dose 7.2Gy), and about half of the individ-
uals developed thymic lymphoma by 150 days. Our results
indicated that a significant increase in GFP-positive cells
was observed in infiltrated lymphoma. Two months after
the irradiation, the frequency of GFP-positive nucleated cells
(HR frequency) increased in the thymus, bone marrow, and
spleen. In contrast, when model mice were irradiated with
0.5Gy Fe-ion beam, the HR frequency in bone marrow or
spleen cells was observed to increase significantly. Addition-
ally, we found that the HR frequency significantly decreased
under a radioadaptive response- (RAR-) inducible condition
when compared with that under a non-RAR-inducible con-
dition [126].

4.5. Carcinogenesis. Carcinogenesis is a major concern for
future space missions, especially space missions that will be
for long durations [127–129] because astronauts will be con-
stantly exposed to IR from natural radiation sources. The
radiation field in space contains electrons, protons, alpha
particles, and heavier ions up to HZE-charged particles. In
addition, inside spacecraft, various secondary radiations
including neutrons are created by interactions between pri-
mary radiation and materials of the spacecraft.

The carcinogenic potential after radiation exposure has
been revealed by epidemiological data from atomic bomb
survivors [130]. However, there is insufficient data delin-
eating the carcinogenic potential of HZE-charged particle
radiation. Therefore, estimation of the cancer risk after expo-
sure to each HZE particle or neutron using animal experi-
ments is important. RBE values are given as the ratio of the
absorbed doses of two types of radiation producing the same
specified biological effect under identical irradiation condi-
tions. Cucinotta et al. [131] used RBE values from various
animal experiments for predicting the risk of cancer after
exposure to HZE and fission neutrons, and the used RBE
values were 2 to 10 and 4 to 20, respectively. Imaoka et al.
[132] summarized RBE of the risk of cancer after exposure
to protons, C-ions, or neutrons to estimate secondary cancer
after radiation therapy. The RBE was less than 2 for protons
and less than 20 for C-ions and neutrons. These animal data
revealed that RBE values are variable for tissues type, radia-
tion types, and age at the time of irradiation.

The greater carcinogenesis effects of HZE particle radia-
tion have been analyzed from the viewpoint of a targeted
effect (genetic change) and nontargeted effects. C-ion-
induced lymphomas showed a marginal increase in the fre-
quency of large interstitial deletions at various sites across
the genome when compared with that of photon-induced
lymphomas [133]. HZE particle irradiation promoted more
aggressive cancers, such as increased growth rate, transcrip-
tomic signatures, and metastasis when using a radiation/ge-
netic mammary chimera mouse model of breast cancer
[134]. This suggests that the nontargeting effects of HZE par-
ticles were more effective than the reference γ-radiation.
Unfortunately, there is still a paucity of data on this subject.

Considering radiation exposure in deep space, the health
risk of exposure at low dose and low-dose-rate radiation from

GCR is also important. Chronic exposure to γ-rays or X-rays
has been reported to reduce dramatically the risk of carcino-
genesis when compared with that of acute exposure [135,
136]. Therefore, cancer risks after exposure to low-dose-
rate HZE require further clarification. In future experiments,
more animal data are required to determine the RBE of can-
cer risk after exposure to HZE particles or neutrons.

4.6. Central Nervous System (CNS) Response. In the last 10–
20 years, risk assessment of space radiation has focused on
the risks of cancer. In addition to the risk of cancer, NASA
recently began focusing on the risks to the CNS. The CNS
consists of the brain and spinal cord. The brain is the body’s
most complex organ and its spatial architecture. There are
approximately 86 billion neurons and glia cells of the about
the same number in the human brain [137, 138], all of which
communicate to form circuits and share information. It is
therefore very difficult to evaluate the radiation risk to the
brain. Thus, it is necessary to evaluate the response of indi-
vidual cells in the brain directly to radiation as a simple,
accessible model.

The brain is a largely radioresistant organ [139]. How-
ever, ground-based animal studies indicate that space radia-
tion alters neuronal tissue and neuronal functions such as
excitability, synaptic transmission, and plasticity. HZE parti-
cles have been demonstrated to inhibit neuronal connectiv-
ity, neuronal proliferation, and neuronal differentiation and
to change glial characterization [140]. We summarize the
current knowledge of neuronal and glial responses caused
by HZE irradiation less than 2Gy (Table 1).

Thus, many researchers observed the response of the
brain to radiation using short-term, higher-dose-rate expo-
sures of radiation, which does not accurately reflect the con-
ditions in space. The long-term effects of these doses of
radiation on the CNS are largely unknown. Acharya et al.
exposed mice to chronic, low-dose-rate (1mGy/day) radia-
tion for 6 months to investigate how deep space travel could
affect the CNS [152]. They found that the radiation exposure
impaired cellular signaling in the hippocampus, a part tied to
learning and memory, and the prefrontal cortex, which plays
a role in higher cognitive functions, resulting in learning and
memory impairments. They predict that during a deep space
mission, 1 in every 5.1 astronauts would experience anxiety-
like behavior, and 1 in every 2.8 astronauts would experience
certain levels of memory impairments. These results suggest
that chronic, low-dose-rate radiation exposure from deep
space travel may pose considerable risks for cognitive perfor-
mance and health. For the assessment and management of
human health in space, it is necessary to obtain more basic
data of the effects of radiation on the brain. Additionally, it
is important for us to progress with the developments of
methods and protective materials that shield radiation effects.

4.7. Motility Disturbance. Adverse effects of high-LET radia-
tion, an important component of cosmic rays, on the functions
of biological systems are a potential risk in interplanetary
manned space missions. Therefore, analysis of the effects of
high-LET radiation on animals at an individual level and
focusing on the impact of such radiation on biological
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functions are important for space missions. The effects of
high-LET radiation exposure on several behaviors including
muscle movements have been investigated using the nema-
tode C. elegans [66, 67, 69, 153, 154], which is an experimen-
tal model organism and a powerful tool to study the effects of
radiation. In this animal, locomotion, including forward and
backward movements and turns, is carried out by 95 body
wall muscle cells, for which the fate of each cell from its birth
to death can be easily determined. Locomotion (motility) of
adult C. elegans on an agar plate without food was reported
to decrease in a dose-dependent manner immediately after
whole-body irradiation was administered using both high-
LET radiation (12C, 18.3MeV/u, LET = 113 keV/μm) [67,
153] and low-LET radiation (60Co γ-rays) [155]. The RBE
ratio of high-LET radiation relative to low-LET radiation
for inhibition of locomotion was 1.4 [153]. If the radiation
effects were mainly caused by DNA damage, it is generally
thought that the effects of high-LET radiation would be sev-
eral times higher than those of low-LET radiation. Therefore,
the reduction of motility in C. elegans following exposure to
high-LET radiation is not caused by DNA damage and is
likely induced by another factor. Recovery of motility shortly
after irradiation supports the hypothesis that DNA damage is
not responsible for IR-induced reduction of motility. In par-
ticular, an important factor that induces radiation effects is
reactive oxygen species (ROS) produced by IR. Exposure to
IR results in the formation of free radicals such as OH• or
H•, and the reactions of free radicals cause the production
of ROS, including hydrogen peroxide (H2O2). Experimental
results showed that C. elegans motility was H2O2 dose-
dependent, indicating that radiation-induced reduction in
motility is caused by IR-produced H2O2 [155]. Moreover,
the results of region-specific irradiation showed that motility
was not reduced significantly by irradiation of any of the
individual tissues in a ∅ 20μm region, including the CNS,
intestines, and tail. This suggests that radiation reduces loco-

motion by a whole-body mechanism, potentially involving
motor neurons and/or body wall muscle cells, rather than
affecting motor control via the CNS and the stimulation
response [67].

In studies of stress responses, disturbances to muscle cells
induced by various stresses and stimulations have been well
investigated. Wang et al. showed that mitochondrial dysfunc-
tion is related to muscle atrophy [156], and extracellular
matrix (ECM) stability is necessary for maintaining muscle
health. In addition, Momma et al. investigated alterations of
Ca2+ homeostasis and mitochondrial morphology in vivo in
body wall muscles of C. elegans exposed to an elevated tem-
perature. The results showed that heat stress for 3 h at 35°C
increased the concentration of free Ca2+ and led to mito-
chondrial fragmentation and subsequent dysfunction of the
muscle cells [157]. Furthermore, it was reported that mito-
chondrial dysfunction acts as an intramuscular signal that,
via excessive Ca2+ release, activates ECM-degrading enzymes
to reduce ECM content and, subsequently, results in the
structural and functional decline of muscles [158].

Although reduction in motility of body wall muscles
recovers within several hours after whole-body irradiation
with less than 1,000Gy of high-LET radiation and the effects
are masked, the disturbance observed after whole-body irra-
diation with more than 1,000Gy of high-LET radiation
might be induced by the above mitochondrial mechanisms.
Further studies that focus on the effects of radiation to the
homeostasis of muscle cells are required.

4.8. Visualization of Adverse Events. The cellular response
to DNA damage varies according to the cell type, the stage
of the cell cycle, and extent of damage [159]. More than
50 years have passed since the first observation of cell cycle-
dependent DNA damage was made by using synchronized
HeLa cell populations [160, 161]. These classical studies con-
cluded that mitotic cells are hypersensitive to X-ray

Table 1: Summary of brain cellular response to HZE irradiation (doses of less than 2Gy).

Cells Response Irradiation Dose rate (Gy/min) Time after IR Ref.

Neuron

Cell death
56Fe: 1.5 Gy 0.88 1m [141]
56Fe: 1.6 Gy 1 12m [142]

Deficits to proliferation and differentiation
28Si: 0.2, 1 Gy 1 24 h, 3m [143]
56Fe: 0.3, 1Gy 0.01–1 48 h, 1m [144]

Changes to dendritic, axonal, and
synaptic properties

GCR (H+He+O): 0.5Gy 0.0616 100+ d [145]
16O, 48Ti: 0.05, 0.3 Gy 0.05, 0.25 15w [146]

1H: 1Gy 0.55 3m [147]
16O, 28Si, 4He: 0.3Gy 6w [148]

56Fe: 0.5 Gy 3m [149]

1H: 0.5 Gy + 16O: 0.1 Gy
1H: 0.18–0.19
16O: 0.18–0.33

3m [150]

Glia

Astrocyte activation 56Fe: 1.6 Gy 1 12m [142]

Microglial activation

GCR (H+He+O): 0.5Gy 0.0616 100+ d [145]

16O, 48Ti: 0.05, 0.3 Gy 0.05, 0.25
15w,
27w

[146]

4He: 0.05, 0.3 Gy 0.05 12m [151]

h: hours; d: days; w: weeks; m: months.
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irradiation, which inactivates the DNA DSB repair pathway.
Cell survival was maximal when cells were irradiated during
the early postmitotic (early G1) and premitotic (S to G2)
phases and was minimal during the mitotic (M) and late
G1 or early DNA synthesis (early S) phases. However, the con-
ventional “arrest-and-release”methods using pharmacological
reagents or the mitotic shake-off method cause more or less
adverse cellular perturbations and do not ensure complete
cell cycle synchronization of tumor cells.

Recently, a variety of fluorescent protein- (FP-) based
methods for visualizing cell cycle progression at the single
cell level have been developed, enabling researchers to ana-
lyze cell cycle progression without affecting normal cellular
functions. Fucci (fluorescent ubiquitination-based cell cycle
indicator) harnesses the cell cycle-dependent proteolysis of
Cdt1 and Geminin. Fucci highlights the cell cycle transition
from G1 to S phase with high color contrast, like a traffic sig-
nal: red and green mean “stop” and “go,” respectively, for the
transition (Figure 2) [162, 163]. SCFSkp2 and APCCdh1 E3
ligases are involved in the degradation of Cdt1 and Geminin,
respectively. Over the course of the cell cycle, these two E3
ligase activities oscillate reciprocally and the protein levels
of their direct substrates oscillate accordingly. To label S–
G2–M-phase nuclei green, the Fucci probe has a green-
emitting FP fused to the APCCdh1-mediated ubiquitylation
domain (1–110) of human Geminin (hGem) (Fucci-
S/G2/M-Green); this chimeric protein is the direct substrate
of APCCdh1 E3 ligase. To label G1-phase nuclei red, the probe
has a red-emitting FP fused to residues 30–120 of human
Cdt1 (hCdt1) (Fucci-G1-Red); it contains the Cy motif

(amino acids 68–70), which binds to the SCFSkp2 E3 ligase.
The combination of the RFP-labeled hCdt1(30/120) and
GFP-labeled hGem(1/110) can be called Fucci(SA) because
they monitor the balance between SCFSkp2 and APCCdh1 E3
ligase activities.

Eukaryotic cells spend most of their life in interphase of
the cell cycle. Understanding the rich diversity of genomic
regulation that occurs in interphase requires the demarcation
of precise phase boundaries in situ. Although Fucci(SA)
highlights the G1/S phase transition with yellow fluores-
cence, it does not provide a fluorescent readout for distinct
interphase boundaries. Additionally, Fucci(SA) has a fluores-
cence gap in very early G1 phase, making it difficult to con-
tinuously track cell positions in all phases of the cell cycle.

In 2017, we engineered the hCdt1-based probe to be sen-
sitive to CUL4Ddb1 in addition to or instead of SCFSkp2 [164].
As the PIP box (amino acids 1–10 of hCdt1) is a specific sub-
strate of CUL4Ddb1, hCdt1(1/100), which retains both the PIP
box and Cy motif, is targeted by both SCFSkp2 and CUL4Ddb1.
We also constructed hCdt1(1/100)Cy(–), which is a spe-
cific substrate of CUL4Ddb1. By combining hCdt1(1/100)-
and hCdt1(1/100)Cy(–)-containing red-emitting probes
with hGem(1/110)-containing green/yellow-emitting probes,
we developed Fucci(SCA) and Fucci(CA) probes, respec-
tively, which have increased the versatility of the Fucci
technology for new biological studies of cell cycle inter-
phase regulation. Although Fucci(CA) monitors the balance
between CUL4Ddb1 and APCCdh1 E3 ligase activities, Fuc-
ci(CA) can distinguish clear interphase boundaries between
G1, S, and G2 phases.

CUL4Ddb1

S S S/G2/M S/G2/M

S/G2/M

Late M/G1

Late M/G1

hGem(1/110)hCdt1(30/120)

Cyclin-CDK
complexes

SCFSkp2 APCCdh1

PCNADNA

hCdt1(1/100)
PCNADNA

PCNADNA

hCdt1(1/100)Cy(–)

hCdt1(1/100)Cy(–) hCdt1(1/100) hCdt1(30/120)

Fucci(SA) Fucci(CA) Fucci(SCA)

P
P

G1S

G2
M

NEB NER

G1S

G2
M

NEB NEB
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G2
M

Figure 2: Cell cycle-phasing capabilities of the Fucci technology. Cell cycle regulations involving E3 ligase activities of CUL4Ddb1, SCFSkp2,
and APCCdh1. Molecules whose intracellular concentrations or enzymatic activities change in a cell cycle-dependent manner are shown in
color. PCNADNA: DNA-bound PCNA. Data adapted from Sakaue-Sawano et al. [164].
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We have demonstrated that Fucci(CA) can be used to

(1) fully highlight the short G1 phase of rapidly prolifer-
ating mESCs

(2) continuously track cell positions in all phases of the
cell cycle

(3) detect cell cycle- (S phase) specific sensitivity (HeLa
cells) to UV irradiation

(4) explore cell cycle-specific intracellular signaling

(5) visualize a cell cycle-specific response or homeostatic
balance to space radiation

To investigate the impact of space radiation and μG on
“Living in Space,” a variety of FP-based approaches had been
launched. Harada et al. introduced an EGFP-53BP1M FP
probe to visualize the diversity of the radiation-induced
DNA damage responses in real time [165]. Ishii’s group
reported that B16BL6 cells in the early S phase were the most
susceptible to radiotherapy [166]. Live imaging technology
using FPs is expected to make significant contributions to
the direct visualization and detailed understanding of radia-
tion adverse events.

5. Combined Biological Effects

5.1. Radiation and μG. The biological effects of radiation and
μG in space experiments are summarized in Table 2. In a pre-
vious short mission, there was no appreciable difference in
results between space and ground samples because exposure
to space radiation occurred at a low dose. Therefore, various
living systems have been irradiated before spaceflight to clar-
ify the effect of μG on the radiation-induced DNA damage
response, but there was no appreciable difference in results
[167–171]. However, synergistic effects between radiation
and μG have been reported [172–177], and they can sup-

press each other’s effects [172, 178]. There is the still no con-
sensus on whether radiation and μG have combined effects
[179, 180]. JAXA developed not only the Cell Biology Equip-
ment Facility (CBEF) [181] but also a mouse habitat unit
cage (MHU) [182], which provides long-term artificial grav-
ity for control experiments in space. This experimental plat-
form provides the opportunity to investigate the specific
impacts of space radiation and μG for future human space
exploration [181].

The biological effects of radiation and simulated μG in
ground experiments are summarized in Table 3. To clarify
the effects of μG at ground level, researchers have used rotat-
ing devices, such as a rotating wall vessel bioreactor (RWV;
Synthecone, Houston, TX, USA) and the random positioning
machine (RPM; Dutch Space, Netherlands), which are pieces
of equipment that continuously rotate a sample. These
devices can equalize the gravity vector and cancel the effect
of gravity, thereby simulating μG. However, there are two
major limitations associated with this approach: (i) it is nec-
essary to stop rotation during irradiation as the sample was
exposed to radiation outside the incubator after or before
rotation with a RWV [183–188] and (ii) nonuniformity of
dose flatness in the irradiation area occurs because of chron-
ical irradiation of a rotating sample with a RPM [189, 190].
To address these problems, we have developed a system of
simultaneous irradiation in simulated-μG (SSS) using 3D
clinostat [191, 192]. Our SSS is based on technologies related
to X-ray irradiation with a high-speed shutter [191] and C-
ion radiotherapy such as accelerator systems and respiratory
gating systems [192].

Using this SSS, we reported that simultaneous exposure
of human fibroblasts to simulated μG and radiation results
in a greater frequency of chromosomal aberration than in
cells exposed to radiation alone [193]. The expression of cell
cycle-suppressing genes decreased and that of cell cycle-
promoting genes increased after C-ion irradiation under sim-
ulated μG [194]. Assessment of the cancer risk associated

Table 2: Biological effects of radiation and μG in space experiments.

Interactive effects Species Biological index Flight time Irradiationa Ref.

No

Human blood Chromosomal aberration 12 h + 32P, β-rays [167]

E. coli, S. cerevisiae DSB and SSB repair 14 d Pre-X-rays [168]

S. cerevisiae DSB repair 10 d Pre-X-rays [169]

E. coli, S. cerevisiae SOS response 2–4 d Pre-X-rays [170]

Human blood Chromosomal aberration 8 d Pre- and post-γ-rays [171]

Yes, ↑

D. melanogaster Larval mortality 45 h + 85Sr, γ-rays [172]

C. morosus Abnormality 7 d No [173]

S. cerevisiae DSB repair 9 d No [174]

D. melanogaster Mutation 8 d No [175]

D. discoideum Spore formation 9 d No [176]

Human blood Chromosomal aberration 10–485 d Pre- and post-X-rays [177]

Yes, ↓
N. crassa Cell killing, mutation 45 h + 85Sr, γ-rays [172]

D. radiodurans Cell killing 14 d Pre-γ-rays [178]

E. coli: Escherichia coli; S. cerevisiae: Saccharomyces cerevisiae; D. melanogaster: Drosophila melanogaster; C. morosus: Carausius morosus; D. discoideum:
Dictyostelium discoideum; N. crassa: Neurospora crassa; D. radiodurans: Deinococcus radiodurans; DSB: DNA double-strand breaks; SSB: DNA single-strand
breaks; h: hours; d: days. a+ means simultaneous irradiation with spaceflight.
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with space radiation in the conventional manner based on
data of radiation quality and quantity from cells irradiated
under static conditions might underestimate the potential
risk to astronauts. Nonetheless, examination of endpoints
and in vivo model systems under the combined effects of
radiation and μG are required.

In the near future, there is also a need to investigate the
biological effect of partial gravity such as 1/6G and 3/8G on
the response to radiation for manned missions to the Moon
and Mars. Two simulated partial gravity devices using the
RPM, one by applying specific software protocols to drive
the RPMmotors and the other involving integrating a centri-
fuge into the RPM, should become useful tools [195]. The
actual effects should be tested either in a proper centrifuge
experiment on the ISS, such as CBEF [181] and MHU
[182], or actually on the surfaces of the Moon and Mars.

5.2. Combined Effects of μG and UV Radiation on Plants.
Plants supply nutrients and oxygen to humans under a
resource-recycling system on Earth and also in space. All
organisms, including plants, have evolved protection mecha-
nisms against environmental stresses. However, the environ-
ment in space differs dramatically from that on Earth. Can all
organisms adapt to the environment in space and live
healthy? In addition, there is the possibility that the higher
intensity of UV radiation, which is a driving force of evolu-
tion, and the complex cosmic IR in space could lead to an
increase in the mutation frequency. Currently, μG has been
reported to cause cellular oxidative stress that leads to pro-
duction of ROS and endoplasmic reticulum stress in experi-
mental animals [196–198]. In addition, Sugimoto et al.
reported that the environment during spaceflight induces
oxidative stress and ROS gene network activation in the
space-grown Mizuna plant [199]. The mechanisms by
which μG elicits these cellular responses remain poorly
understood, although very interesting results have been
reported recently. For example, simulated μG induces autoph-
agy via mitochondrial dysfunction in human Hodgkin’s
lymphoma cells [196] and TCam-2 cells [197]. The results

of proteomic and metabolomics analysis of human primary
osteoblasts exposed to simulated μG suggest that μG sup-
presses bone cell function, impairing mitochondrial energy
potential and the energy state of the cell [200].

To plan cultivation of plants in space including Mars, we
need to identify what plants to use and whether to use sun-
light or an artificial light source for growth. Negative effects
of UV radiation can be avoided if plants are grown under
artificial light without sunlight. However, we need to address
some issues. For example, (1) it is difficult to grow plants uni-
formly in the same growth chamber, because the optimal
wavelength and light intensity differ for different vegetable
plants; and (2) growing plants in a growth chamber under
artificial light is very costly because of the consumption of
electric power. Conversely, if plants are grown using sunlight,
the potential negative effects from UV radiation are unavoid-
able. It is unclear whether various UV-B protection mecha-
nisms, which have evolved under 1G, would function
properly under lower gravity. It is thus important to investi-
gate the potential ability of plants to adapt to the environ-
ment of space. For this purpose, utilization of facilities on
orbiting space platforms such as the ISS is essential, although
we cannot repeatedly and frequently conduct experiments on
the ISS. To disturb the gravity direction or produce simulated
μG on the ground, a 3D clinostat is useful and convenient
(Figure 3).

Therefore, it is necessary to understand the combined
environmental effects of space on plants at the molecular,
cellular, and whole-plant levels and understand not only
the transient, short-term (one generation) effects but also
long-term (next, subsequent generations) effects under space
environmental conditions through space experiments or
experiments using equipment such as a 3D clinostat. Such
experiments clarify direct and/or indirect gravity effects
on vegetative and reproductive growth, provide new evi-
dence of antigravity reactions, and possibly find not only
novel biological knowledge, such as molecular mechanisms
in gravity reactions, but also novel growth controls in crop
production on Earth. In addition, experiments that include

Table 3: Biological effects of radiation and simulated μG in ground experiments.

Interactive effects Cells Biological index Devices Irradiationa Ref.

Yes, ↑

Lymphoblastoid Mutation, micronuclei RWV Pre-60Co, γ-rays [183]

Lymphocyte Mutation RWV Pre-60Co, γ-rays [184]

Lymphocyte γ-H2AX RWV Pre-137Cs, γ-rays [185]

Lymphoblast Apoptosis, ROS RWV Post-C-ion [186]

Fibroblast Gene induction RPM + 252Cf, neutron [189]

Neuron Apoptosis, gene induction RPM + 252Cf, neutron [190]

Fibroblast Chromosomal aberration SSS + X-rays, + C-ion [193]

Fibroblast Cell cycle-promoting genes SSS + C-ion [194]

Yes, ↓

Lymphocyte Apoptosis RWV Pre-137Cs, γ-rays [187]

Lymphoblastoid Apoptosis RWV Pre-60Co, γ-rays [183]

Lymphocyte Micro-RNA RWV Pre-137Cs, γ-rays [188]

Fibroblast Cell cycle-suppressing genes SSS + C-ion [194]

ROS: reactive oxygen species; RWV: rotating wall vessel bioreactor; RPM: random positioning machine; SSS: system of simultaneous irradiation in simulated-
microgravity. a+ means simultaneous irradiation with spaceflight.
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the space-specific radiation environment will help elucidate
the combined influence of low gravity and high-level visible
UV and space radiations on plant growth and regeneration in
a whole growth stage. However, a study about such combined
effects on organisms as well as plants has only recently been
initiated. Such studies, both on the ground and on orbiting
space platforms such as the ISS, should be promoted to estab-
lish sustainable life support systems for securing long-term
human life in space and on the Moon and Mars.

5.3. Radiation and Stress. Stress refers to conditions where an
environmental demand exceeds the natural regulatory capac-
ity of an organism, in particular situations that include unpre-
dictability and uncontrollability, and psychological stress is
one of two basic kinds of stress [201]. Psychological stress
and radiation are known to cause various adverse effects on
humans. Radiation is a carcinogen, and long-lasting psycho-
logical stress may affect the overall health and ability to cope
with cancer. Whether psychological stress influences suscepti-
bility to radiation, radiocarcinogenesis in particular, is of
great concern for both academia and the public [202].
Using a laboratory mouse model for chronic restraint-
induced psychological stress, the pioneering work on con-
current exposure of Trp53 heterozygous C57BL/6 mice to
psychological stress and total body γ-rays showed that psycho-
logical stress modulates susceptibility to radiation, causing
increased susceptibility to radiocarcinogenesis in Trp53-het-
erozygous mice underlying the mechanism of Trp53 function
attenuation [203]. In recent years, studies using the same
chronic restraint system, wild-type C57BL/6J male mice aged
5 weeks and total body exposure to 4Gy X-rays, showed that
psychological stress has minimal modifying effects on
radiation-induced hematopoietic toxicity and genotoxicity
measured as a peripheral blood histogram,MN in the erythro-
cytes of bone marrow, and splenocyte CAs (insertions, dicen-
trics, and fragments), suggesting that chronic restraint-

induced psychological stress does not appear to synergize with
the clastogenicity of low-LET radiation in wild-type animals
[204, 205]. Interestingly, in the animal model for psychosocial
stress using 6- or 8-week-old male ddYmice (model mouse for
spontaneous IgA nephropathy) and SAMP10 mice (model
mouse for accelerated senescence), results of concurrent expo-
sure to both psychosocial stress and X-rays at a dose of 3–6Gy
showed increased acute damage, namely, reduced 30-day sur-
vival, and decreased erythrocyte and leukocyte counts in the
peripheral blood and hypocellular bone marrow, indicating
psychological stress promotes radiosensitivity of bone marrow
in these particular mice [206]. Interestingly, investigation
using the mouse model for chronic restraint-induced psycho-
logical stress, Trp53 heterozygous C57BL/6Nmalemice aged 6
weeks, and high-LET Fe particle irradiation at 0.1 or 2Gy
showed that concurrent exposure to psychological stress and
0.1Gy Fe irradiation resulted in increased hematopoietic tox-
icity and genotoxicity measured as MN in the erythrocytes of
the bone marrow and splenocyte CAs [207–209]. In contrast,
in the mouse testis, concurrent exposure to 0.1Gy Fe irradia-
tion did not induce any increased apoptosis and autophagy
inhibition [210]. These results indicate that psychological
stress does not exacerbate radiation effects. These findings
also suggest that studies on concurrent exposure should be
performed using different endpoints in different tissues in
both short- and long-term models for chronic restraint-
induced psychological stress. In summary, concurrent expo-
sure of wild-type mice to psychological stress and low-LET
radiation did not suggest an additive effect for induction of
hematopoietic toxicity and genotoxicity but promoted radio-
sensitivity of the bone marrow in some disease-prone mice.
In contrast, concurrent exposure of Trp53 heterozygous mice
to psychological stress and high-LET radiation suggested an
additive effect for induction of hematopoietic toxicity and
genotoxicity. To reduce health risks from exposure to radia-
tion by active intervention, further investigations are needed
to collect more data that provide insights into the mecha-
nisms underlying the alterations in susceptibility due to psy-
chological stress modulation.

6. Radiation Exposure Management

To prevent IR-induced carcinogenesis, the exposure dose
in spaceflight is limited to a level that will not result in
exposure-induced death (REID) from fatal cancer over a
career of more than 3%, at the 95% upper confidence interval
of the risk calculation [129]. Based on this concept, missions
in space are currently planned to last less than 180 days [211].
However, it has been suggested that there are individual dif-
ferences in the IR-induced cancer risk within human popula-
tions [212]. Three factors that underlie individual IR-induced
cancer risk, i.e., age, sex, and smoking, are already considered
when determining the safe number of days in spaceflight
[213]. Here, we review genetic variants in the DNA repair
genes as an important factor underlying the individual differ-
ences in IR-induced cancer risk.

In human cells, DNA repair systems monitor and repair
DNADSBs to maintain genomic integrity. If IR-inducedDSBs
are left unrepaired, they can alter the information stored in the

Figure 3: A 3D clinostat quipped with a UV-visible light unit. The
UV-visible light unit is composed of white and UV-B- (280 nm)
light-emitting diodes (LEDs).
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genome to cause carcinogenesis. It is thus useful to measure
the capacity of cells to repair DSBs to understand how prone
individuals are to IR-induced carcinogenesis. The
cytokinesis-blocked MN assay, a procedure established to
evaluate the capacity of cells to repair DSBs by counting MN
derived from unrepaired DSB-induced chromosomal frag-
ments, has revealed the existence of cases in which the capacity
to repair DSBs has been slightly decreased by IR within
healthy individuals and those with breast cancer [214]. The
FISH painting analysis, which monitors IR-induced unstable
ring and multicentric chromosomes, also demonstrated the
heterogeneity of the capacity to repair DSBs after IR within
human populations [215]. Interestingly, genome-wide associ-
ation studies (GWASs) have revealed that many nucleotide
variants in DNA repair genes are linked to an enhanced risk
of cancer in normal individuals [216]. These findings in the
fields of radiation biology and epidemiology have suggested
that the personalized risk of cancer after IR exposure might
be attributable to variants in DNA repair genes.

To clarify whether variants in DNA repair genes are
involved in the risk of IR-induced cancer, it is informative to
compare chromosomal instability after IR exposure of
primary cells with or without the variant of interest, such as
skin fibroblasts and peripheral blood lymphocytes. However,
the capacity of primary cells to repair DSBs is affected by the
diverse genetic backgrounds within human populations [217].
It is therefore essential to evaluate the effects of candidate
variants on the capacity of cells to repair DSBs in a uniform
genetic background. Genome-editing technology is beneficial
in this regard because it enables the introduction of candi-
date variants into human cultured cells with a uniform
genetic background. Comparison of IR-induced chromo-
somal abnormalities in genome-edited cells can then reveal
whether a candidate variant is able to repair DSBs within
human populations. Previously, we used this approach to
demonstrate that ataxia-telangiectasia mutated (ATM) het-
erozygous mutations, which are present at a rate of around
1% in human populations, are indeed associated with the indi-
vidual capacity of cells to repair DSBs [217]. Besides ATM gene
mutations, germline mutations of DNA repair genes in human
populations have been reported, such as MRE11A, NBS1,
Rad50, Artemis, and DNA Lig-IV [212]. These mutations are
generally rare, while heterozygous BRCA1 and BRCA2 muta-
tions for hereditary breast and ovarian cancers are estimated
to be present at a rate of 0.05–1% in human populations
[218, 219]. The extent to which these mutations contribute
to the capacity to repair DSBs remains unclear but should
be resolved to achieve personalized radiation exposure man-
agement. Further studies using an approach combining the
fields of epidemiology and functional genomics are needed
to understand the genetic basis of individual differences in
IR-induced cancer risk.

7. Protection from Radiation

7.1. Protective Agents. Many biological effects such as cell
death and inflammatory responses due to radiation exposure
are caused by DNA damage [71, 72, 75, 76]. Therefore, vari-
ous drugs that aimed at decreasing induced DNA damage

have been studied as radioprotective agents. Radiation
induces DNA damage both directly and indirectly through
radicals generated in response to intracellular water mole-
cules. Thus, there are numerous studies evaluating antioxi-
dants that suppress radiation-induced radical generation
[220–224]. In particular, the effects of vitamin C and vitamin
E have been studied for many years as antioxidants with
radioprotective effects. Our group has assessed radioprotec-
tive effects of ascorbic acid (AA) to patients before cardiac
catheterization (CC) for diagnostic purposes. Although we
did not find satisfactory evidence to show that AA treatment
reduces γ-H2AX foci formation immediately after CC, a
slight decrease in DNA damage in the group of AA treatment
was detected [225]. However, the results vary depending on
the animal model used, the radiation dose, and the method
for evaluating the protective effect [226–230]. In addition to
vitamins C and E, radioprotective effects of nitroxide com-
pounds as strong radical scavengers have also been analyzed
[220, 231–233].

Currently developed radioprotective drugs are unsuitable
as radioprotectants in outer space because the situation of
radiation exposure differs to that of previous ideas. In outer
space, suitable radioprotective drugs should protect against
chronic exposure to low dose and a low dose rate of high-
LET radiation, and not the acute high-dose radiation expo-
sure found in radiotherapy. Drugs suitable for humans living
in space must treat both unexpected high-dose radiation
exposure due to solar flares and the suppression of DNA
damage by space radiation that occurs constantly. Therefore,
it is necessary to validate a radioprotective drug that can be
taken daily with minimal side effects. For this purpose, it
may be effective to develop functional space foods with a
radioprotective effect that can be ingested continuously in
outer space [234, 235]. Currently, our group is examining
the radioprotective effect of piceatannol, which is an ingredi-
ent of passion fruit and displays strong antioxidant activity.
We have confirmed that suppression of DSB after not only
low-LET radiation exposure but also various high-LET radi-
ation exposures occurs when using piceatannol (unpublished
data). The development of various radiation protection
agents is expected to progress in the future. We emphasize
that there is a need for the development of protective agents
against not just space radiation but also various space envi-
ronmental risks.

7.2. Historical Overview and Perspective of Basic Research for
the Development of Biological Strategies. Unfortunately, the
development of a biological strategy for protection of our
body from space radiation has not been achieved. To accom-
plish this, a basic knowledge about adverse effects of space
radiation toward human health is required. In particular,
we need to understand the radiosensitivity of each tissue. A
French oncologist, Jean Alban Bergonié, and a French der-
matologist, Louis Tribondeau, worked together between
1904 and 1906 and formulated a fundamental law in the field
of radiation biology regarding the difference in radiosensitiv-
ity of normal tissues. They observed damage in the testis of
male rats under a microscope after whole -body X-ray irradi-
ation and found that biological effects of radiation were
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severer in the order of spermatogonia, spermatocyte, sper-
matid, and sperm. They generalized the result and formu-
lated the so-called the Law of Bergonié and Tribondeau,
which theorized that radiation causes severer damage to a tis-
sue (1) when reproductive activity of cells in the tissue is
greater, (2) when the karyokinetic fate of cells is longer (in
other words, when the length of time that cells proliferate
actively is longer), and (3) when morphology and function
of cells are less differentiated. Based on this, radiosensitivity
of representative tissues is classified as a summary in Table 4.

Accumulating evidence has demonstrated that the law
certainly applies to many tissues; however, there are some
exceptions. For example, Regaud claimed that spermatogo-
nia in young rats are less radiosensitive than those in
adults, though their proliferation rates are similar [236].
Using tobacco leaves, whose cell division rate significantly
decreases as they grow, Haber and Rothstein demonstrated
that radiosensitivity was almost the same between dividing
and nondividing tissues [237]. Meyn and Jenkins measured
the efficiency of DNA strand break formation in normal tis-
sues of mice after whole-body irradiation and found that the
least breaks were produced in the gut when compared with
those of other tissues such as the bone marrow, spleen, brain,
kidney, testis, and liver [238]. Ueno et al. recently found
that quiescent melanocyte stem cells (McSCs) were more
radiosensitive than coexisting nonquiescent McSCs and
suggested that tissue radiosensitivity depends on the state
of somatic stem cells under their microenvironment [239].
The law of Bergonié and Tribondeau needs to be revisited
to integrate current knowledge about differences in radio-
sensitivity between various tissues.

Adverse effects of space radiation have been investigated
under the various limitations of experimental settings; there
is no way to separately evaluate radiosensitivity of each tissue
using acute and monoenergetic beams [240]. To conduct
more integrated analyses, our efforts in establishing a plat-
form for in vivo animal studies are required. We can then
analyze the effect of multiple factors (including low gravity
and tissue microenvironment) on the efficiency of repair of
DNA damage caused by space radiation. In particular,
in vivo research using imaging techniques or genetically
modified animals should provide spatiotemporal informa-
tion about these factors. Moreover, we should conduct this
research under various kinds of radiation that mimic space

radiation with complex energy spectra and diverse ionic
compositions. These approaches are expected to give us
important information about radiosensitive tissues that
should be protected from space radiation during ultralong
spaceflights. Additionally, these approaches may lead to the
development of radioprotective agents and also a system to
select an astronaut who is potentially radioresistant.

8. Radioresistant Organisms

Organisms on Earth are protected from harmful space radia-
tion by the electromagnetic field of our planet, most organ-
isms including us are vulnerable to radiation, and radiation
damage is one of the most severe risks to human health in
long-term space flights. Some species on our planet, however,
exhibit extraordinary resistance against high doses of radia-
tion. Elucidating the molecular machinery responsible for
these extraordinary radioresistance may aid the development
of novel technologies that alleviate biological damage caused
by radiation.

Most of the well-known radioresistant organisms are
single-cellular prokaryotic organisms, such as archaea and
bacteria. Deinococcus radiodurans, one of the most famous
radioresistant bacteria, is reported to survive without loss of
viability even after irradiation with 5,000Gy of γ-rays [241,
242]. Although the genome DNA ofD. radiodurans is heavily
fragmented by high-dose irradiation, the DNA fragments are
rapidly repaired to a complete circular genome by extensive
DNA repair processes likely using their polyploid genome
[243]. Mutation in the DNA repair pathways drastically com-
promises the radioresistance of D. radiodurans, suggesting
that DNA is the most vulnerable target to radiation, and
the powerful DNA repair system plays important roles in
the high radioresistant capacity of this bacterium [243]. In
addition to unicellular organisms, some animals such as tar-
digrades, bdelloid rotifers, and a sleeping chironomid, also
exhibit exceptional tolerance against high doses of irradiation
[244–248]. Intriguingly, these radioresistant animals also
exhibit tolerance against almost complete dehydration. In a
dehydrated state also known as “anhydrobiosis,” they can
withstand several thousand Gy of γ-irradiation. Some tardi-
grade species and a sleeping chironomid were reported to
survive direct exposure to space in a desiccated state, suggest-
ing that they are resistant even against space radiation [249,

Table 4: Classification of tissues based on their radiosensitivity.

Frequency of cell division Tissue Radiosensitivity

++
Lymphoid tissue, hematopoietic tissue (bone marrow), testicular epithelium,

follicular epithelium, and intestinal epithelium
Extremely high

+
Oropharyngeal oral epithelium, skin epidermis, hair follicle epithelium, sebaceous
gland epithelium, bladder epithelium, esophageal epithelium, lens epithelium,

gastric gland epithelium, and ureteral epithelium
High

+/– Connective tissue, small vessel tissue, and growing cartilage/bone tissue Intermediate

–
Mature cartilage/bone tissue, mucous serous epithelium, sweat gland epithelium,
nasopharyngeal epithelium, lung epithelium, renal epithelium, liver epithelium,

pancreatic epithelium, pituitary epithelium, thyroid epithelium, and adrenal epithelium
Low

– – Nerve tissue and muscle tissue Extremely low
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250]. Because biological damage by radiation, e.g., DNA
lesions, partly overlaps with damage caused by desiccation,
similar resistance machinery may be used to mitigate these
two stressors, and coevolution of radioresistance and desicca-
tion tolerance has been proposed [246].

Unlike other radioresistant animals, tardigrades exhibit
high radiotolerance either in a hydrated state or in a dehy-
drated state, suggesting the presence of specific machinery
that relieves the indirect effects of radiation in this animal
group. Ramazzottius varieornatus is one of the most radioto-
lerant species in tardigrades [244]. A recent study identified a
tardigrade-unique DNA-associating protein, termed damage
suppressor (Dsup) as a DNA-protecting agent from a chro-
matin fraction of R. varieornatus [251]. Intriguingly, in a
human cultured cell line engineered to express the Dsup pro-
tein, DNA damage caused by X-ray radiation (1–10Gy) was
reduced to nearly half of those in nonengineered cells
(Figure 4). In addition, Dsup can also reduce DNA fragmen-
tation in human cells treated with H2O2 significantly. Thus,
Dsup is capable of protecting DNA from both X-ray irradia-
tion and attack by ROS. The ability of Dsup to protect DNA
from ROS could explain the high radiation resistance of
tardigrades even in wet conditions in which radiation causes
biological damage via generation of ROS, which is known as
indirect effects. After irradiation with a near lethal dose
(4Gy) of X-ray, nonengineered human cultured cells lose
their proliferative ability (Figure 4), but surprisingly, Dsup-
expressing cells survive the irradiation and even retain prolif-
erative ability that is comparable with those of nonirradiated
cells (Figure 4) [251]. Considering these results, Dsup is able
to not only confer DNA protection but also improve radioto-
lerance to human cultured cells. A recent in vitro study also
confirmed that Dsup can protect chromatin DNA from
hydroxyl radicals [252]. Currently, a Dsup homolog has only

been found in another tardigrade species, Hypsibius exem-
plaris, which belongs to the same taxonomic family of R. var-
ieornatus [252–254]. These findings indicate that tardigrades
have evolved their own stress-resistant machinery in their
lineages and such unique machinery can also function in
human cells. Radiation-resistant organisms including tardi-
grades are a valuable resource of undiscovered resistance
genes and machineries, which might be used to enhance radi-
ation resistance in other animal species including human.

9. Conclusions

In this review, discussion started with the environment of
space radiation followed by a variety of simulated space
radiation environments. Then, various adverse events by
space radiation were discussed. In that chapter, state-of-
the-art visualization technology of adverse events was dis-
cussed. Next, combined biological effects were discussed,
and we reported that a newly developed 3D clinostat with
synchronized irradiation capability would enable us to exam-
ine combined effects of radiation and μG. Radiation exposure
management and radiation protection were then discussed.
Finally, radioprotective organisms were presented because
these organisms may aid the development of novel technolo-
gies that alleviate biological damage caused by radiation.

Understanding these topics in greater detail should facil-
itate better prediction of the risks and provide risk-mitigating
strategies for future exploration space missions. In addition,
meticulous use of available astronaut data, in particular
long-duration mission crew members, should be beneficial.
Furthermore, the use of rodent models in a Gateway program
around the Moon orbit, for example, should provide impor-
tant information required for a future human Mars mission.
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The mechanical properties of cells are closely related to their physiological functions and states. Analyzing and measuring these
properties are beneficial to understanding cell mechanisms. However, most measurement methods only involve the
unidirectional analysis of cellular mechanical properties and thus result in the incomplete measurement of these properties. In
this study, a microfluidic platform was established, and an innovative microfluidic chip was designed to measure the multiangle
cellular mechanical properties by using dielectrophoresis (DEP) force. Three unsymmetrical indium tin oxide (ITO)
microelectrodes were designed and combined with the microfluidic chip, which were utilized to generate DEP force and stretch
cell from different angles. A series of experiments was performed to measure and analyze the multiangle mechanical properties
of red blood cells of mice. This work provided a new tool for the comprehensive and accurate measurement of multiangle
cellular mechanical properties. The results may contribute to the exploration of the internal physiological structures of cells and
the building of accurate cell models.

1. Introduction

The mechanical properties of cells affect cellular growth,
differentiation, division, and apoptosis [1, 2]. Changes in
these properties are the external manifestations of a decline
in cell physiological functions; this decline eventually leads
to various diseases [3–5]. Numerous advanced technologies
and equipment, such as atomic force microscope, microin-
jection, micropipette, and optical tweezers, are used to mea-
sure cellular mechanical properties [1, 6–9]. Among these
methods, devices and equipment are in direct contact with
cells, which may cause damage. Dielectrophoresis (DEP)
has attracted increasing attention because of its advantages,
such as label-free, low cost, high throughput, and minimal
damage [10, 11].

In many experiments that use DEP to measure the cellu-
lar mechanical properties, precious metal electrodes, such as
gold and platinum, require magnetron sputtering, which is
complex and expensive. Indium tin oxide (ITO) electrodes
have low cost and are simple to manufacture and thus widely
used in measuring the mechanical properties of cells, such as

red blood cells and NB4 [12–14]. However, the majority of
previous studies only performed a unidirectional measure-
ment of the cellular mechanical properties and therefore
resulted in incomprehensive measured data. In addition,
the cytoplasm and nucleus are not completely symmetrical
because of the nonuniformity of the physiological structures
of the cells [15–17], and cellular mechanical properties in
different directions may be inconsistent. Measuring the mul-
tiangle cellular mechanical properties can provide compre-
hensive and accurate data, and this process is convenient
for studying the physiological structures of cells and building
cell models. Therefore, a method that can quickly and accu-
rately measure multiangle cellular mechanical properties
must be developed.

In this study, an innovative platform based on the princi-
ple of DEP that can measure the multiangle mechanical
properties of cells was built. This platform mainly included
a microscope, a voltage signal generator, two microfluidic
pumps, and a microfluidic chip. The microfluidic chip
contained three ITO electrodes to form nonuniform electric
fields in different directions for the measurement of
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multiangle cellular mechanical properties. A series of experi-
ments were performed to stretch the red blood cells of mice
by using ITO electrodes. The analytical results showed that
the mechanical properties of the red blood cell were almost
the same in different directions. The proposed method also
provides a new technique for studying the cellular mecha-
nisms at the single-cell level, which helps to explore the inter-
nal physiological structure of cells. The designed microfluidic
chip increases the DEP force (resultant force) at low voltages,
thereby reducing damage in cells and increasing the effi-
ciency of cell manipulation processes, such as cell rotation,
separation, and transportation.

2. Materials and Methods

2.1. Sample Preparation. Blood samples were collected from
the veins of healthy mice, and ethylenediaminetetraacetic
acid anticoagulant was added to the samples to prevent blood
clotting. Then, the samples were stored in a sterile environ-
ment at 4°C before the experiment. Appropriate amounts of
red blood cells were added to the DEP buffer, which con-
tained 8.5% w/w sucrose, 0.3% w/w glucose, and 20mg/L
CaCl2. The electrical conductivity and relative permittivity
were 10mS/m and 78, respectively [18, 19]. Prior to the
experiment, the microchannels were rinsed with deionized
water and absolute ethanol and treated with 1% BSA to pre-
vent cell adhesion. Experiments were completed within 2 h
for the maintenance of cell viability.

2.2. Design and Manufacture of Microfluidic Chip. The
microfluidic chip can be divided into two functional regions,
namely, the cell focusing and stretching regions (Figure 1).
Three inlets were designed in the cell focusing region. The
middle microchannel was the cell injection microchannel,
while the other two microchannels on both sides were used
to inject the DEP buffer. The cell microchannel has a height
of 50μm, a width of 600μm, and a length of 3 cm. The buffer
microchannel has a height of 50μm, a width of 200μm, and a
length of 600μm. The appropriate flow rate was adjusted.
The cells were made to continuously flow in the middle of
the microchannel because of the laminar flow, which facili-
tated a more efficient capture of the cells at the edge of the
ITO electrodes. The cell stretching region mainly included
three ITO electrodes, in which sine wave signals were applied
in different ways between the three ITO electrodes to gener-
ate a multidirectional DEP force to measure and analyze the
multiangle cellular mechanical properties.

The manufacture of the microfluidic chips was mainly
based on soft photolithography. First, a mask version of the
ITO electrode and polydimethylsiloxane (PDMS) micro-
channel was designed with CAD 2014. The PDMS micro-
channel was manufactured as follows. First, the negative
photoresist (SU-8 2050) was uniformly poured onto a silicon
wafer, spin-coated at 800 rpm for 10 s through a homoge-
nizer, and spin-coated for 30 s at 2500 rpm to produce a
50μm high PDMS microchannel. After spin-coating, the
silicon wafer was baked on a hot plate at 65°C for 2min
and 95°C for 7min. After baking, the silicon wafer was
exposed under 365nm UV light of the lithography machine

for 10 s. The energy density was 12.4mJ/cm2. Then, the sili-
con wafer was baked with the same parameters on a hot plate.
Finally, the wafer was washed twice in the developing solu-
tion and dried with nitrogen to obtain a PDMSmicrochannel
mold. Then, 30g of PDMS and the curing agent were mixed in
a weight ratio of 10 : 1. PDMS was poured into the mold,
which was then placed in a vacuum oven for 5min. After bak-
ing at 85°C for 30min, the PDMS microchannels were sepa-
rated from the mold and cut to the appropriate size. The
ITO electrode was manufactured as follows. First, a positive
photoresist (RZJ-304) was applied to the ITO conductive glass
at 3500 rpm to produce a 2μm thick photoresist layer. The
electrode was baked at 100°C for 3min and then exposed to
365nm UV for 2 s at an energy density of 12.4mJ/cm2. After
exposure, the electrode was placed in a developer (RZX-
3038) for 2min and blow dried with nitrogen. The exposed
ITO conductive glass was then etched away with hydrochloric
acid and blown dry with nitrogen to make a patterned elec-
trode. Finally, the PDMS microchannel and ITO electrode
were placed in a plasma cleaner for 2min by oxygen plasma
treatment and then baked at 95°C for 15min to ensure tight
bonding. The inlet and outlet of the microfluidic chip were
connected to a polytetrafluoroethylene tube.

2.3. Manipulation System. The experimental system for mea-
suring and analyzing the multiangle cellular mechanical
properties mainly included the following parts (Figure 2).
First, a PDMS-based microfluidic chip was designed and
manufactured for the cell stretching experiments. Second, a
microfluidic pump (longer pump) was used to inject cells
into the microchannels, and then, a signal generator (BK
4014B) was used to generate a sinusoidal voltage waveform.
Third, the cell deformation was observed and recorded using
a microscope (Nikon) and a CCD camera.

2.4. Theoretical Analysis. The DEP force FDEP can be esti-
mated by the following formula, in which the red blood cells
stretched by DEP were assumed to have an ellipsoid structure
[20, 21]:

FDEP = πabcεm Re f CM½ �∇E2
rms, ð1Þ

Buffer 
microchannel

Cell microchannel
ITO

PDMS ITO1

ITO3ITO2

Figure 1: Scheme of microfluidic chip. Microfluidic chip consisting
of three ITO electrodes and three microchannels.
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where a and b denote the major and minor radii of the red
blood cell, respectively; c denotes the thickness of the red
blood cell. Radii a and b were measured by a CCD camera,
and c was assumed as constant (2μm) [21]. f CM denotes
the Clausius–Mossotti factor, εm denotes the permittivity of
the suspending medium, Re ½ f CM� denotes the actual compo-

nent of f CM, and ∇E2
rms denotes the gradient of the square of

the applied electric field E. The effective permittivity of the
red blood cell was estimated with a single-shell structure
model as follows [22, 23]:

where ω denotes the angular frequency; ε denotes the dielec-
tric permittivity; j =

ffiffiffiffiffiffi

−1
p

; the subscripts cyto, mem, and m
represent the cytoplasm, membrane, and medium,
respectively; and ε∗ = ε − jσ/ω. The electrical conductivity
is ρ = ða − tÞðb − tÞ2/ab2, where t denotes the thickness of
the cell membrane, which was set to 4.5 nm in this
study. εmem = 4:44, εcyto = 59, σmem = 10−6 S/m, and σcyto =
0:31 S/m [24]. Ai is the depolarization factor which can
be given as follows:

Ai =
1 − e2i
2e3i

log 1 − ei
1 + ei

− 2ei
� �

, i = 1, 2, ð3Þ

where e1 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ðb/aÞ2
q

and e2 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ððb − 2tÞ/ða − 2tÞÞ2
q

.

The values of Re (f CM) with the change in the electric field fre-
quency for the red blood cells were calculated by MATLAB
R2014a (Figure 3). Therefore, stretching the red blood cell
with a frequency of megahertz is more efficient.

2.5. Cell Stretching Protocol. Themultiangle stretching of cells
could be divided into the following parts. First, the DEP
buffer containing red blood cells was passed through the
middle microchannel at a flow rate of 5μl/min, whereas the
DEP buffer without red blood cells was passed through the
microchannels at both sides at a flow rate of 10μl/min. This
flow rate could concentrate the cells in the middle part of the
microchannel and improve the capture efficiency of the cells.

Second, a sine wave with a frequency of 1.5MHz and a peak-
to-peak value of 2Vpp was applied between ITO electrodes 1
and 2. The flow direction of the cells was from right to left
(Figure 4(a)). First, ITO electrodes 1 and 2 were connected
to increase the probability of capturing red blood cells at
the middle edge of ITO electrode 1. The cells were prevented
from being caught at the edges of the ITO electrode 2 or 3.
When one red blood cell was captured at the edge of the
ITO electrode 1, the microflow pump was turned off. The
injection of red blood cells and DEP buffer was stopped.
Then, the voltage between ITO electrodes 1 and 2 was
increased from 2Vpp to 10Vpp, and the deformation of
the cell between the ITO electrodes 1 and 2 was recorded
by a CCD (Figure 4(b)). Second, the voltage applied between
ITO electrodes 1 and 2 was turned off. Then, a sine wave sig-
nal with a frequency of 1.5MHz and a peak-to-peak value of
2Vpp was applied between ITO electrodes 1 and 3. The volt-
age was increased from 2Vpp to 10Vpp. The deformation of
the cells in the other direction was recorded by the CCD
(Figure 4(c)). Finally, a sine wave signal with the same
parameters was applied simultaneously between ITO elec-
trodes 1 and 2 and between ITO electrodes 1 and 3
(Figure 4(d)). Then, the voltage was increased from 2Vpp
to 10Vpp to record the deformation of the cells in the third
direction.

Figure 5(a) shows the connection between the three ITO
electrodes. ITO electrode 1 was connected to ITO electrodes
2 and 3. Figures 5(b)–5(d) illustrate the simulated electric
field gradients of the three ITO electrodes under different

3
–0.5

0.5

1

1.5

2

0

4 5
lg frequency (Hz)

Re
 (f

cm
)

6 7 8

Figure 3: Values of Re (f CM) with electrical frequency between
1 kHz and 100MHz.

Microscope

Signal generator

Microfluidic
pump 

Computer

Microfluidic chip

Figure 2: Manipulation system consisting of a signal generator, a
microscope, and two microfluidic pumps.

f CM = 1
3

ε∗mem − ε∗mð Þ ε∗mem + A1ð ε∗cyto − ε∗mem

� �h i

+ ρ ε∗cyto − ε∗mem

� �

ε∗mem − A1 ε∗mem − ε∗mð Þð½ �
ε∗m + A1 ε∗mem − ε∗mð Þð Þ ε∗mem + A1 ε∗cyto − ε∗mem

À ÁÀÂ Ã

+ ρA2 1 − A1ð Þ ε∗cyto − ε∗mem

À Á

ε∗mem − ε∗mð Þ , ð2Þ
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ITO 1

Flow direction

Voltage:2Vpp

Red blood cell

ITO 2 ITO 3

(a)

Voltage:6Vpp

Stop injection

ITO 1

ITO 2 ITO 3

Red blood cell

(b)

Voltage:6Vpp

Stop injection

ITO 1

ITO 2 ITO 3

Red blood cell

(c)

Voltage:6Vpp

Stop injection

ITO 1

ITO 2 ITO 3

Red blood cell

(d)

Figure 4: Scheme of the cell-stretching process: (a) the microfluidic syringe pump was on, and a sine wave with 2Vpp and a frequency of
1.5MHz was applied to capture the red blood cell on the middle of ITO electrode 1; (b–d) injection of DEP buffer was stopped, and the
voltage was increased to stretch the cell in different directions.
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Figure 5: Simulation of the electric field gradient between the ITO electrodes and the direction of the DEP force.

4 BioMed Research International



RE
TR
AC
TE
D

connection states. When a sine wave with a frequency of
1.5MHz and a peak-to-peak value of 6Vpp was applied
between ITO electrodes 1 and 2, the direction of the DEP
force applied to the cell was deviated to ITO electrode 2 at
this time. Similarly, when the same voltage was applied
between ITO electrodes 1 and 3, the direction of the DEP
force applied to the cells was deviated to ITO electrode 3.
When a sine wave with a frequency of 1.5MHz and a peak-
to-peak value of 6Vpp was simultaneously applied between
ITO electrodes 1 and 2 and between ITO electrodes 1 and
3, the cell received a resultant force on the directions of
ITO electrodes 2 and 3.

3. Results and Discussion

3.1. Analysis of ITO Electrode Layout. The width of the ITO
electrodes and the distance between them affect the efficiency
of cell capture and stretching. Therefore, the arrangement of
the ITO electrodes should be specially designed according to
the type and size of the cells (Figure 6). In this experiment,
the diameter of the red blood cells was approximately 6μm.
Therefore, the width of the ITO electrode was set to 40μm,
which could increase the efficiency of capturing and stretch-
ing at the single-cell level. We defined an angle α to quantita-
tively describe the distance between the three ITO electrodes.
When α > 90°, the distance between ITO electrodes 1 and 2
was too large. When a sine wave with a frequency of
1.5MHz and a peak-to-peak value of 2Vpp was applied
between ITO electrodes 1 and 2, the cells in the middle of
ITO electrode 1 were difficult to capture. By contrast, the cells
were more easily captured on the left side of ITO electrode 1,
affecting the efficiency of the multiangle stretch measure-
ment of the cells. When α < 90°, the cells were easy to capture
in the middle of the ITO electrode 1. However, the fabrica-
tion of the ITO electrode became more difficult, because the
distance between ITO electrodes 2 and 3 was very close.
The direction of the DEP force changed slightly, and the
effect of the multiangle stretching was not obvious. In sum-
mary, we set α to 90°, in which the fabrication of the ITO
electrodes was relatively simple. When a sine wave with a fre-

quency of 1.5MHz and a peak-to-peak value of 2Vpp was
applied between ITO electrodes 1 and 2, the cells were easily
captured in the middle of the ITO electrode 1. The effect of
multiangle stretching on the cells was more obvious.

The ITO electrode parameters in this experiment are
shown in Figure 7. The width of the ITO electrode is
40μm, the distance between the ITO electrode 2 and the
ITO electrode 3 is 40μm, and the distance between the upper
and lower ITO electrodes is also 40μm.

When α = 90°, the electric field at the center and the cor-
ners of the ITO electrode 1 is approximately the same, which
facilitates capturing cells at the center of the ITO electrode 1.
If the cells are not captured in the middle of the ITO elec-
trode 1, the DEP force applied on the cell would be different,
which makes it difficult to evaluate the mechanical properties
of cells at different angles. When the cell type and size
change, it is flexible to adjust the voltage and frequency by
using this electrode arrangement. Meanwhile, this electrode
form is more convenient for measuring three-angle mechan-
ical properties of cells.

As is shown in Figure 8, the distance between the upper
and lower ITO electrodes is 40μm. When the width of the

ITO

20 𝜇m
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Figure 6: Schematic diagram of the distance between ITO electrodes (scale bar was 20μm).

ITO 1

40 𝜇m
Distance

0 80

𝛼 = 90°

ITO 2 ITO 3 

40 𝜇m

40
 𝜇

m

Electric field ⨯105V/m

3

2.5

1.5

0.5

0

2

1

Figure 7: Diagram of the electric field between ITO electrodes when
α = 90°.
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ITO electrode is 20μm and 40μm, the electric field at the
center and the corners of the ITO electrode 1 is approxi-
mately the same when α = 90°, which facilitates capturing
cells at the center of the ITO electrode 1. As the width of
the ITO electrode 1 is increased to 80μm, it can be found that
the electric field at the corners of the ITO electrode 1 is
greater than that of the center. At this time, the distance
between the upper and lower electrodes needs to be increased
to make α = 90°. However, according to the size of the red

blood cells (6-8μm) in this experiment, if the ITO electrode
is too wide, many cells may be captured at the edge of the
ITO electrode at the same time, and higher voltage is needed
to stretch the cells. Therefore, we set α to 90°, the width of the
ITO electrode to 40μm, the distance between the ITO elec-
trode 2 and the ITO electrode 3 to 40μm, and the distance
between the upper and lower ITO electrodes to 40μm.

Figure 9(a) shows the simulation diagram of the electric
field gradient in the middle of the ITO electrode 1 at α =
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Figure 8: Diagram of the electric field between ITO electrodes. The width of the ITO electrode was set to (a) 20 μm, (b) 40 μm, and (c) 80μm.
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Figure 9: (a) Simulation diagram of the electric field in the middle part of ITO electrode 1; (b) diagram of the resultant electric field and the
electric field in one direction.
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90°. The yellow polyline in Figure 9(b) denoted the electric
field gradient in the middle of ITO electrode 1 when a sine
wave with the same parameters was applied between ITO
electrodes 1 and 2 or 3. The magnitude of the electric field
gradient at the center of ITO electrode 1 was almost the same
because ITO electrodes 2 and 3 were symmetrically arranged
at both sides of ITO electrode 1. As the peak-to-peak voltage
increased from 1Vpp to 10Vpp, the electric field increased
from 2:5 × 104V/m to 2:5 × 105V/m. The blue polyline in
Figure 9(b) denotes the resultant electric field t that two sine
waves with a frequency of 1.5MHz were applied between
ITO electrodes 1 and 2 and between ITO electrodes 1 and
3. As the peak-to-peak voltage increased from 1Vpp to

10Vpp, the resultant electric field increased from 4 × 104
V/m to 3:6 × 105V/m.

3.2. Cell Stretching Experiments. Figure 10 shows the experi-
mental process of the multiangle stretching of cells. First, a
red blood cell was captured in the middle of ITO electrode
1. A sine wave with a frequency of 1.5MHz was applied
between ITO electrodes 1 and 2. Then, the peak-to-peak volt-
age was gradually increased from 1Vpp to 10Vpp.
Figures 10(b)–10(d) show the deformation of the red blood
cell when the voltage was set to 9Vpp. As the voltage
increased, the DEP force on the red blood cells located in
the middle of the ITO electrode 1 also gradually increased.

ITO 1

(a)

ITO 2

(b)

ITO 3

(c)

20 𝜇m

(d)

Figure 10: Experimental images of cell stretching. (a) A red blood cell was captured in the middle of ITO electrode 1. (b) A sine wave with
9Vpp and a frequency of 1.5MHz was applied between ITO electrodes 1 and 2. (c) A sine wave with the same parameters was applied between
ITO electrodes 1 and 3. (d) Two same sine waves were applied between ITO electrodes 1 and 2 and between ITO electrodes 1 and 3.
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Figure 11: Relationship between the DEP force and voltage. The
blue line represents the DEP force in one direction, and the red
line represents the resultant force.

Table 1: DEP force and cell deformation.

Voltage
(Vpp)

DEP force in
one direction

(pN)
D u1ð Þ D u2ð Þ

Resultant
DEP force

(pN)
D u3ð Þ

1 1 1.0 1.0 2 1.0

2 3 1.02 1.02 6 1.03

3 6 1.04 1.03 12 1.07

4 10 1.05 1.06 20 1.11

5 16 1.10 1.10 36 1.15

6 24 1.13 1.13 48 1.17

7 32 1.15 1.14 68 1.20

8 42 1.16 1.15 88 1.25

9 56 1.19 1.18 108 1.38

10 70 1.21 1.21 136 1.38
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The deformation of the cell along the direction of ITO elec-
trode 2 was recorded by the CCD. Second, a sine wave with
the same frequency was applied between ITO electrodes 1
and 3. The voltage between these electrodes was also
increased from 1Vpp to 10Vpp; the deformation of the cell
along the direction of ITO electrode 3 was recorded. Finally,
two sine waves with a frequency of 1.5MHz were applied
between ITO electrodes 1 and 2 and between ITO electrodes
1 and 3. The deformation of the cell along the direction of the
resultant force was recorded. Figure 11 shows the change in
the DEP force on the red blood cell in the middle of ITO elec-
trode 1 with the increase in voltage. When a sine wave with
the same parameters was applied between ITO electrodes 1
and 2 or 3, the cell was subjected to the same DEP force,
which was increased from 1pN to 70 pN. When two sine
waves with the same parameters were applied between ITO
electrodes 1 and 2 and between ITO electrodes 1 and 3, the
resultant force the cell received increased from 2pN to
136 pN.

The degree of cell deformation was defined as D by the
following formula:

D uð Þ = l uð Þ
l0

, ð4Þ

where u denotes the peak-to-peak voltage of the sine
wave, lðuÞ denotes the length of the cell after deformation at
the voltage of u, and l0 denotes the original length of the cell.
As shown in Table 1, the amount of deformation of the cell
gradually increased as the voltage was increased from 1Vpp
to 10Vpp. D ðu1Þ indicated the deformation of the cell when
a voltage was applied between ITO electrodes 1 and 2. D ðu2Þ
indicated the deformation of the cell when a voltage was
applied between ITO electrodes 1 and 3. D ðu3Þ represented
the deformation of the cell when all three ITO electrodes
were connected. The DEP force in one direction and the
resultant DEP force were also included in Table 1 to show
intuitively the relationship between cell deformation and
DEP force. Analytical results of D ðu1Þ, D ðu2Þ, and D ðu3Þ

show that when the DEP force received by the cell was
below 70pN, the maximum deformation was 1.21. The
deformation of the cell in all directions was proportional
to the value of the DEP force. Hence, the mechanical
properties of the red blood cells were inferred to be almost
the same in all directions. Analysis of D ðu3Þ shows that
when the red blood cell was subjected to a DEP force of
100 pN, the deformation reaches a maximum value of
1.38. When the voltage was continuously increased, the
DEP force was increased, but the cell deformation did
not increase. However, the deformation of the cell contin-
ued to increase when the voltage was increased to above
10Vpp, and this process was irreversible (Figure 12). The
cell did not return to its original state after being
stretched, and the physiological structure of the red blood
cell was destroyed.

4. Conclusions

A microfluidic chip with three unsymmetrical ITO elec-
trodes was innovatively designed to measure and analyze
the multiangle cellular mechanical properties. The designed
chip had wide practicability, and the measurement and
analysis of the multiangle mechanical characteristics of dif-
ferent kinds of cells were achieved by only adjusting the
distance between the ITO electrodes. These properties
enabled an accurate and comprehensive measurement. An
efficient and accurate platform for measuring and analyzing
cellular mechanical properties was established. A series of
experiments was performed to measure and analyze the
multiangle mechanical properties of mouse red blood cells.
The results showed that the mechanical properties of red
blood cells were almost the same in all directions. This
work provides an efficient and low-cost tool for evaluating
the multiangle cellular mechanical properties of cells to
obtain comprehensive and accurate data. In addition, a
new method for generating larger DEP force (resultant
force) at low voltages was proposed. This method may
increase the efficiency of cell manipulation.

Cell

(a)

ITO

(b)

20 𝜇m

(c)

Figure 12: After applying a 10Vpp sine wave to the ITO electrodes to stretch the cell, the cell did not return to its original shape. The scale bar
was 20 μm.
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The magnetic field is the most common element in the universe, and high static magnetic field (HiSMF) has been reported to act as
an inhibited factor for osteoclasts differentiation. Although many studies have indicated the negative role of HiSMF on
osteoclastogenesis of RANKL-induced RAW264.7 cells, the molecular mechanism is still elusive. In this study, the HiSMF-
retarded cycle and weakened differentiation of RAW264.7 cells was identified. Through RNA-seq analysis, RANKL-induced
RAW264.7 cells under HiSMF were analysed, and a total number of 197 differentially expressed genes (DEGs) were discovered.
Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis indicated
that regulators of cell cycle and cell division such as Bub1b, Rbl1, Ube2c, Kif11, and Nusap1 were highly expressed, and CtsK,
the marker gene of osteoclastogenesis was downregulated in HiSMF group. In addition, pathways related to DNA replication,
cell cycle, and metabolic pathways were significantly inhibited in the HiSMF group compared to the Control group. Collectively,
this study describes the negative changes occurring throughout osteoclastogenesis under 16 T HiSMF treatment from the
morphological and molecular perspectives. Our study provides information that may be utilized in improving magnetotherapy
on bone disease.

1. Introduction

The static magnetic fields (SMF) are an important element
of the earth’s mechanical environment. SMF can be clarified
into hypo (lower than 5μT), weak (range from 5μT to
1mT), moderate (range from 1mT to 1T), and high (stron-
ger than 1T) SMF according to the magnetic intensity [1–3].
Each organism on Earth usually lives and sustains in 30-
60μT geomagnetic field (GMF). However, man-made SMF
can produce High-SMF (HiSMF). For example, Magnetic
Resonance Imaging (MRI), one of the most essential medical
equipment, can provide 1.5-3T HiSMF, which is 30,000 to
60,000 times bigger than the natural SMF on earth [4]. To
improve the diagnosis and therapy, efforts have been put
into increasing the intensity of SMF in medical research
areas. Nowogrodzki recently made the world’s strongest

MRI machines with a 10.5T magnetic field [5]. Currently,
the use of MRI with 7T in clinical diagnosis has been
approved by the Food and Drug Administration (FDA)
[6]. At the same time, the high-intensity magnetotherapy, a
noninvasion approach, has been applied in the treatment
of various diseases including osteoporosis [7], rheumatoid
arthritis [8], diabetic wound healing [9], and cancer [10].
Therefore, the application of HiSMF medical equipment is
megatrends in the near future. However, the effect of HiSMF
on biological objects still needs to be established.

Some pioneering studies revealed the multiple effects of
SMF on biological systems, for example, (1) regulate plant
functions, growth, and enhance tolerance against environ-
mental stresses [11]; (2) promote chromosome break repair
[12]; (3) delay the early development of zebrafish [13]; and
(4) accelerate diabetic wound healing [9]. Recently, as a
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crucial mechanical environment, the effect of SMF on the
bone system attracts more attention. Bone is an essential
organ of vertebrates, and the remolding process between
bone formation and bone resorption needs to keep balanced
because the remolding process is sensitive to alterations in
the mechanical environment [14]. Turner reported that in
SMF, magnetic nanocomposite could stimulate osteoblastic
and vasculogenic potentials by mechanically stimulating the
progenitor cell function [15]. Osteoclasts play an important
role in mediating calcium metabolism and bone resorption.
SMF could mediate inhibition of osteoclastogenesis and bone
resorption by Receptor Activator of Nuclear Factor-κ B
Ligand- (RANKL-) induced Akt, GSK3β, MAPK, and NF-
κB pathways by Kim et al. [16]. Our previous works have
revealed the vital role of HiSMF on osteoclasts, such as sup-
pressing human preosteoclasts FLG29.1 cells survival and
differentiation [17] as well as inhibiting NF-κ-Β ligand-
induced osteoclastogenesis via mediating the iron metabo-
lism of RAW264.7 cells [4]. We further found that the effect
of SMF on osteoclasts differentiation varies with the increase
of the magnetic field intensity. Weak and moderate SMF
facilitated osteoclastogenesis and bone resorption activity.
In contrast, HiSMF (16T) had a negative effect, which is
related with the downregulated expression of osteoclas-
togenic genes such as matrix metalloproteinase 9 (MMP9),
V-ATPase, carbonic anhydrase II (Car2), and RANK. Fur-
thermore, HiSMF altered osteoclast cytoskeleton organiza-
tion, which destructed the formation of filamentous actin
ring and downregulated the expression of integrin β3 [18].

To further comprehensively understanding the role of
HiSMF on osteoclastogenesis and bone remolding, next gen-
eration sequencing (NGS) was used to explore the crucial
underlying factor at transcriptome level in this study. By
screening and validating key differentially expressed genes
between RANKL-induced RAW264.7 cells under HiSMF
and normal conditions, the key functional genes profile and
related regulatory networks of HiSMF on osteoclastogenesis
were drawn to build the foundation of HiSMF-based magne-
totherapy on bone metabolic diseases in future. A more
profound knowledge of molecular mechanism of HiSMF-
induced inhibitory effects on osteoclasts and the relationship
between HiSMF and biological responses could render
enhancement in the therapeutic method of bone disorders
and help to extend novel clinical applications.

2. Materials and Methods

2.1. HiSMF Exposure System. The superconducting magnet
(JASTEC, Kobe, Japan) could create a high static magnetic
field (HiSMF) with a corresponding magnetic field intensity
of 16T. In the superconducting magnet, we have established
a cell culture platform, which has been described in previous
studies [4, 19]. The CO2 concentration in the cell culture
platform is controlled at 5%, and the temperature is con-
trolled at 37°C. In this work, RAW264.7 cells were placed in
16T magnetic field.

2.2. Cell Culture. The murine osteoclast precursor RAW264.7
cells (the Cell Collection Center of Shanghai, Shanghai,

China) were cultivated in α-minimum essential medium
(α-MEM; Gibco, Carlsbad, USA) with 100 units/mL penicil-
lin, 0.1mg/mL streptomycin, and 10% fetal bovine serum
(Gibco, Carlsbad, USA) in 5% CO2 atmosphere at 37°C.
The cells were induced with RANKL (50ng/mL, PeproTech,
NJ, USA) to differentiate into mature osteoclasts and were
continuously exposed to 16THiSMF for 3 days. In this study,
it considered RANKL-induced RAW264.7 cells treated with
the 16Tmagnetic field as the HiSMF group and cells cultured
in the ground-based condition as the Control group.

2.3. TRAP Staining. RAW264.7 cells, at the phase of the
logarithmic growth, were seeded into the 96-well plate with
a density of 2 × 105 cells per well, and 100μL of the
medium was added to each well. After the cells adhered to
the plates, the cell culture medium was changed with oste-
oclast differentiation induction medium with 50 ng/mL
RANKL, and the cells were placed to the HiSMF system
for 3 days. TRAP staining assay was applied by using a Leu-
kocyte kit (Sigma-Aldrich, USA) according to the manufac-
turer’s instructions. Briefly, RAW264.7 cells were treated
with 4% formaldehyde for 5min, and 0.1% Triton X-100
was applied for cell permeabilization in 5min. Then, the
cells were stained with the leukocyte acid phosphatase
reagent. Finally, the cells were removed from the wells for
climbing slides and photographed under a microscope.
TRAP-positive cells were defined as cells that have more
than three nuclei and were burgundy.

2.4. Cell Proliferation Assay. For the cell proliferation assay,
RAW264.7 cells were seeded into the 96-well plate with a den-
sity of 1 × 105 cells and 100μL of the medium in each well.
After treatment with the HiSMF system, cell proliferation at
day 1, day 2, and day 3 were detected by the Cell Counting
Kit-8 (CCK8; Beyotime, Shanghai, China) according to the
manufacturer’s instructions. Briefly, RAW264.7 cells were
cultured in the 96-well plate. Then, 20μL of the CCK8 solu-
tion was added to each well (up to 100μL per well), the cells
were continuously incubated at 37°C for 2 hours, and the
optical density (OD) values were recorded at 450nm by a
multifunctional microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA). The average value of duplicate wells
was used as the cell viability value.

2.5. Cell Cycle Assay. RAW264.7 cells, at the phase of the log-
arithmic growth, were seeded in 35mm dishes with 2 × 105
cells per dish. After 24 hours of culture, the cell culture sys-
tem was changed with the serum-free medium and cultured
for 24 hours for cell cycle synchronization. Immediately after,
the medium was changed with induction medium containing
50 ng/mL RANKL, and the cells were placed to the HiSMF
system for 3 days. Then, cells were washed twice with ice-
cold PBS and fixed with 75% ice-cold ethanol overnight. Sub-
sequently, cells were stained by 50μg/mL propidium iodide
(PI; Sigma-Aldrich, Louis, MO, USA) and 1mg/mL RNase
A (Sigma-Aldrich, Louis, MO, USA) for 60min. Finally, the
cell cycle of samples was performed on a flow cytometer
(FACSCalibur, BD, USA).
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2.6. Library Construction and Sequencing. First, total RNA
of RAW264.7 was obtained by using Trizol reagent (Invitro-
gen, Carlsbad, CA, USA). Second, the mRNA was enriched
with magnetic beads and cut into short fragments; the first
strand of cDNA was synthesized. After the end repair, base
A and the sequencing adapter was added, agarose gel elec-
trophoresis was used to recover the target size fragments,
and PCR amplification was performed to complete the
entire library preparation. Finally, the constructed library
was sequenced using the Illumina HiSeq 2000 by GENE
DENOVO (Guangzhou, China).

2.7. RNA-Seq Analysis. Low-quality portions of reads and
adapter sequences were wiped out by using Trimmomatic
(version 0.32) [20]. The amount of paired-end clean reads
of each sample was in Table 1. Cleaned reads to the mouse
reference genome (version: GRCm38) were aligned by using
Bowtie2. Then RSEM program [21, 22] was applied for quan-
tifying the level of gene expression. Differential expression
was determined by using the DESeq2 package [23].

2.8. Gene Ontology and KEGG Pathway Enrichment Analysis.
We used online resources (https://david.ncifcrf.gov) imple-
mented in DAVID to conduct the gene ontology overrepre-
sentation analysis and pathway analysis [24] to associate
the identified DEGs with biological functions and processes
and pathways. Gene ontology functional annotation consists
of three parts, including cellular components (CC), molecu-
lar functions (MF), and biological processes (BP). KEGG
pathway enrichment analysis was carried out by using the
database (https://www.genome.jp/kegg/).

2.9. Quantitative Real-Time PCR Analysis. Ten candidate
DEGs were selected to confirm the RNA-seq results. Total
RNA was isolated from osteoclasts using Trizol (Invitrogen
Corp). After the obtained RNA was reversely transcribed
and qPCR was performed, the relative expression of mRNA
was determined by the CFX96 Touch qPCR system (Bio-
Rad Laboratories, Hercules, CA, USA). SYBR Green Real-
Time PCR Master Mixes (Applied Biosystems, Carlsbad,
CA, USA) were used in this experiment according to the
manufacturer’s instructions. The primers of candidate DEGs
were obtained from the Primer-BLAST online tool [25], and
GAPDH was used as the reference gene [4]. The detailed
sequences were showed in Table 2. The reaction was per-
formed under the following amplification conditions: initial
denaturation at 50°C for 2 minutes, 95°C for 10 minutes, then
40 reaction cycles at 95°C for 15 seconds, and 60 cycles at
60°C. Gene expression was assessed and analyzed by the
2−ΔΔCt method.

2.10. Statistical Analysis. All experiments were biologically
replicated 3 times with 3 technical replicates. The results
of the experiment were represented by the mean values of
three experiments. The data are expressed as mean ± SD.
The Student’s t-test was used to calculate P values, and
P < 0:05 was considered a statistically significant difference.
The graphs and statistical analysis in this paper were gener-
ated by the GraphPad Prism (version 6, GraphPad Software,
California, USA).

3. Results

3.1. HiSMF Inhibited the Osteoclasts Activity, Cell
Proliferation, and Cell Cycle. RAW264.7 cells were inoculated
in 18mm dishes and were induced for 3 days in a HiSMF sys-
tem with osteoclast induction medium to obtain mature oste-
oclasts. The TRAP staining results (Figure 1(a)) showed that
a larger amount of giant TRAP-positive multinucleated cells
were in the Control group than in the HiSMF group. These
results indicated that differentiation of RAW264.7 cells was
inhibited by HiSMF. To determine whether HiSMF had a
negative effect on osteoclastogenesis of RAW264.7 cells, we
primarily observed that HiSMF inhibited the proliferation
of RAW264.7 cells (Figure 1(c)). For further study, cell cycle
distribution was investigated to determine whether it was
associated with this inhibitory effect on cell proliferation. It
showed that the ratio of cells at the G1 phase raised in the
HiSMF group (Figure 1(b)) compared with the Control
group. Inversely, the ratio of cells in the S phase had a signif-
icant reduction in the HiSMF group versus the Control
group. However, the ratio of cells in the G2 phase had no sig-
nificant difference.

3.2. Differentially Expressed Genes (DEGs) Analysis. Initially,
there were six samples sequenced; however, due to contam-
ination, one of the samples in the Control group was not
able to pass the quality control. Therefore, we only used 2
control samples and 3 HiSMF samples sequenced data for
further analysis. DEGs were identified between Control
and HiSMF groups using the DESeq2 package. The signifi-
cance level was defined as a false discovery rate (FDR) less
than 0.01 and log2 fold change (log2FC) larger than ±0.5.
In total, a number of 197 DEGs were obtained. Upregulated
and downregulated DEGs were showed in volcano plots
(Figure 2(a)). After identifying the DEGs, we first did a hier-
archical cluster analysis and the upregulated and downregu-
lated genes were showed in a heatmap (Figure 2(b)). Gene
counts were log10 transformed and normalized as Z-score.
In Figure 2(b), two clusters were clearly displayed; all con-
trol groups were in one cluster and the HiSMF groups in
another cluster, which showed high intragroup consistency
and high intergroup variability.

Table 1: The number of clean reads in the Control and 16T-HiSMF
treated group.

Sample Number of reads

CONTROL1_R1.clean.fastq 14253190

CONTROL1_R2.clean.fastq 14253190

CONTROL2_R1.clean.fastq 14084434

CONTROL2_R2.clean.fastq 14084434

EXP1_R1.clean.fastq 14394195

EXP1_R2.clean.fastq 14394195

EXP2_R1.clean.fastq 14270708

EXP2_R2.clean.fastq 14270708

EXP3_R1.clean.fastq 13193553

EXP3_R2.clean.fastq 13193553
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3.3. Enriched GO Ontology and Pathway Analysis of DEGs.
The GO function annotation and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway provide background
knowledge on gene function classification and gene function
research. We performed GO analysis and pathway analysis

on DEGs, taking P < 0:05 as a significance threshold. Based
on the GO analysis results, a GO enrichment classification
map of DEGs was drawn (Figure 3). From Figure 3, the
GO function enrichment results showed that significant
biological process (BP) in our analysis were cell cycle, cell
division, and mitotic nuclear division. DEGs involved in
these processes were Benzimidazoles 1 homolog beta (Bub1b),
Retinoblastoma-like protein 1 (Rbl1), Ubiquitin-conjugating
enzyme E2C (Ube2c), Kinesin family member 11 (Kif11),
and Nucleolar spindle associated protein 1 (Nusap1). These
genes have been considered as the important factors in regu-
lating cell cycle and spindle assembly processes. Therefore,
we chose these genes as candidate genes for validation of
RNA-seq results. In cellular component (CC), the nucleo-
plasm had the highest number of genes. In Molecular Func-
tion (MF), it was mainly concentrated in DNA binding,
ATP binding, and protein homodimerization activity.

In the KEGG enrichment analysis, significant pathways
were plotted in the bubble diagram, which shows that DEGs
were mainly in the cell cycle and DNA replication-related
pathways (Figure 4). Genes involved in these pathways are
considered to be candidate DEGs for validation. Therefore,
proliferating cell nuclear antigen (Pcna, the DNA replication
related gene) and cathepsin K (CtsK, the marker gene of oste-
oclastogenesis), which were vital genes in cell proliferating
and differentiation, were selected for further confirmation
analysis. Besides these well-known genes, there were also
some new genes which refer to the sequence known, but its
biological function has not been experimentally confirmed.
Therefore, we were interested in testing these new DEGs,
and then the top 3 new genes in DEGs were also selected as
the candidate genes for validation.

3.4. Validation of the DEGs. Based on DEGs analysis, Go
ontology, and pathway analysis, ten candidate genes were
selected (Table 3) for further qPCR validation. In these
selected 10 DEGs, 7 were upregulated and 3 were downregu-
lated. The qPCR assay was applied on these mRNAs to verify
the results of RNA-seq. The results of qPCR confirmed that
the expression trends of 9 DEGs coincided to the RNA-seq
results except for one gene, indicating that the RNA-seq
results were reliable (Figure 5), which provides valuable
information for the downstream analysis. The gene not con-
firmed by qPCR was Pcna. We further took a closer look at
this gene and found that the expression of this gene showed
large variances across three replicates (large SD in the HiSMF
group), leading to the failure of confirmation.

4. Discussion

The research on the use of HiSMF technology in magne-
totherapy in clinics has been increasing due to its useful
effects in many diseases, including cancers, edema, inflam-
mation, wounds healing, and bone disorders [7–10, 26].
Due to its safety and noninvasiveness, magnetotherapy has
been approved as an instructive novel strategy by the US
Food and Drug Administration (FDA) [16]. Especially,
HiSMF has been considered as a regulator in bone metabo-
lism, such as bone formation and bone resorption [27]. Bone

Table 2: Primer sequences of selected 10 target genes used for
quantitative real time PCR [4, 25].

Gene name Primer sequences (5′-3′)

CtsK
(ENSMUST00000015664)

Forward:
TTCTGCTGCTACCCATGGTG

Reverse:
TGCACGTATTGGAAGGCAGT

Ube2c
(ENSMUST00000088248)

Forward:
GTTGCCGCGGTTCGAAAAG

Reverse:
TCAGGGATCTTGGCTGGAGA

Kif11
(ENSMUST00000012587)

Forward:
GCAGAGCGGAAAGCTAATGC

Reverse:
CAAGGTTGCTGCAGTTGTCC

Nusap1
(ENSMUST00000068225)

Forward:
GTGACCCCAGTTCCTCCAAG

Reverse:
CACCCAGGTTTCTTCGAGCT

Bub1b
(ENSMUST00000038341)

Forward:
GCCCAGAGAAGACCCCTTTC

Reverse:
CGGTCGGTCTTCCACAGAAA

Rbl1
(ENSMUST00000029170)

Forward:
AAGCCCTGGATGACTTCACG

Reverse:
AGATCAGGTCCAAGCAGCAC

Pcna
(ENSMUST00000028817)

Forward:
CCTGAAGAAGGTGCTGGAGG

Reverse:
TGTTCCCATTGCCAAGCTCT

Gm10696
(ENSMUST00000161475)

Forward:
TGCCAAGTGAGCATAGTGGG

Reverse:
TGCTTCAGCTACCAAGTGGG

Gm4737
(ENSMUST00000059524)

Forward:
TCTGTCAGGCATCCGAGGTA

Reverse:
CCTGGGGCTTGATGTTCACT

Gm8994
(ENSMUSG00000094973)

Forward:
CACACAGGTCGTTCTCGTCA

Reverse:
CGATGTCCCTGAGAATCCGG

GAPDH
(ENSMUST00000073605)

Forward:
TGCACCACCAACTGCTTAG

Reverse:
GGATGCAGGGATGATGTTC
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Figure 1: Continued.
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remodeling, a dynamic equilibrium between degradation by
osteoclasts and formation by osteoblasts, maintains the struc-
tural integrity of the bone. Accumulated studies indicated
that HiSMF enhanced activities of osteoblasts and inhibited

differentiation of osteoclasts [18, 28]. However, most studies
focused on osteoblast because of its important role in bone
formation, and few studies were related to osteoclast, which
is responsible for bone resorption. Recently, our previous
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Figure 1: Effect of HiSMF on osteoclastogenesis, cell proliferation, and cell cycle of preosteoclast RAW264.7 cells. (a) TRAP staining of
mature osteoclasts generated by RANKL-induced preosteoclast RAW264.7 cells at day 3 (n = 3), Bar = 100 μm. (b) Cell cycle distribution
of RAW264.7 cells in HiSMF. Cell cycle distribution was determined by flow cytometry with PI staining (n = 3). (c) Proliferation of
RAW264.7 cells in the Control and HiSMF group. Proliferation of RAW264.7 cells were examined by CCK8 assay, and the results were
shown as OD450. (d) The percentage of RAW264.7 cell cycle distribution in the bar graph. All groups were compared with the Control
group (n = 3). Data shown are mean ± SD, ∗P < 0:05, ∗∗P < 0:01.
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studies in vitro have suggested that HiSMF could suppress
the osteoclast formation in preosteoclast FLG29.1 and
RAW264.7 cells [4, 17, 18, 28]. Although, there were a few
studies that reported the differential expression genes of oste-
oclasts responding to HiSMF exposure, the systematical gene
expression change at the transcriptome level was not clear.
Therefore, we used RNA-seq analysis to identify the molecu-
lar mechanisms of HiSMF towards osteoclastogenesis.

In this study, a well-characterized cell linage, RAW264.7
cells were used as the osteoclast precursor cell line because
the primary osteoclast precursor cells which originated from
bonemarrowmay raise some issues including availability and
variation in response pattern for cellular study [29, 30]. In
addition to primary osteoclast precursor cells, RAW264.7
cells had been proved to respond to stimuli in vitro and differ-
entiate to mature osteoclasts with the hallmark characteris-
tics, so it offered advantages of the cellular model system
compared to the primary osteoclast precursor cells [31].
Because of these reasons, we initially performed cytological
assays on RANKL-induced RAW264.7 cells to determine
whether HiSMF can cause different cellular phenotypes of
RAW264.7 cells. Consistent with our previous results [4, 18,
28], the amount of TRAP-positive RAW264.7 cells signifi-

cantly reduced in HiSMF. Moreover, the RAW264.7 cells
proliferation was also decreased in HiSMF associated with
the G1 phase arresting. These data confirmed that osteoclas-
tic differentiation and maturation were negatively regulated
by HiSMF.

The high throughput NGS has been considered the most
comprehensive method for transcriptome analysis and
exploring molecular mechanisms [32]. In our transcriptome
study, we observed significant changes in the expression levels
of 197 genes of RANKL-induced RAW264.7 cells after expo-
sure to HiSMF, of which 133 genes were upregulated, and 64
genes were downregulated (FDR less than 0.01, and log2FC
larger than ±0.5). Among these DEGs, some of them are new
genes. It is important and interesting to identify new genes
because the genome of mouse was sequenced, and one of the
annotation was predicting genes. As a result, there are many
genes predicted by bioinformatics tools, but their functions
have not been confirmed by biological experiments. There-
fore, these new genes, which the sequence is known, but its
biological function has not been experimentally confirmed,
were identified to be associated withHiSMF in our study. This
provides new information and knowledge of understanding
the regulatory network/pathway under HiSMF.
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Table 3: Differential expression of selected 10 target genes in control and HiSMF treated group.

Gene name Description Con-expression HiSMF-expression log2FoldChange
Adjusted
P value

CtsK Cathepsin K 201359 137884 -0.528987973 0.0000315

Ube2c Ubiquitin-conjugating enzyme E2C 270.5 490.4 0.654515154 0.0000886

Kif11 Kinesin family member 11 315.5 542.7 0.603638084 0.000208588

Nusap1 Nucleolar and spindle associated protein 1 166 312.3 0.674634071 0.000104789

Bub1b BUB1B mitotic checkpoint serine/threonine kinase 442 846 0.726751612 0.0000085

Rbl1 RB transcriptional corepressor like 1 176.5 336.3 0.702550004 0.0000322

Pcna Cell proliferation proliferating cell nuclear antigen 1390.5 2320.3 0.61344962 0.0000102

Gm10696 Predicted gene 10696 453.2 216.34 -0.880892972 0.000000216

Gm4737 Predicted gene 4737 623.7 1047.2 0.619442963 0.00000731

Gm8994 Predicted gene 8994 407.5 216.4 -0.708009712 0.000119099

8 BioMed Research International



In GO and pathway analysis, the most significant term
was cell cycle, indicating that this cellular process was altered
in HiSMF. It was consistent with our cytological results. In
the GO category of molecular functions, DEGs were mainly
involved in DNA binding and ATP binding, suggesting that
many factors took part in the transcriptional regulation of
RAW264.7 cells. As the primary public pathway-related
database, KEGG analysis could effectively enrich signal
transduction pathways and metabolic pathways in DEGs
[33]. Analogously, in the KEGG pathway analysis, 8 path-
ways were significantly enriched, including cell cycle, DNA
replication, ECM-receptor interaction, lysosome, purine
metabolism, metabolic pathways, pyrimidine metabolism,
and p53 signaling pathway. Among them, cell cycle was the
most significantly pathway and played a vital role in cell
growth and differentiation.

Cell cycle has multiple functions in physiological pro-
cesses, including embryonic morphogenesis, cell prolifera-
tion and differentiation, and stem cell pluripotency [34, 35].
It commonly appeared that cell cycle arrest temporally cou-
ple with cell differentiation [36]. For the differentiation of
osteoclasts, this process is also mediated by cell cycle related
genes, such as cyclin-dependent kinase (Cdk), Cdk inhibitors,
and checkpoint factors [37]. Previous result showed that
RANKL could induce osteoclastogenic via arresting cell
cycle at the G1 phase in connection with overexpression
of the CDK inhibitor p27 [38]. Another work showed that
RANKL-induced cell cycle arrest with both upregulation of
two Cdk inhibitors (p21 and p27) may be relevant to oste-
oclastogenesis [39, 40]. In this study, the inhibition effect
of HiSMF on cell cycle was coordinated with osteoclast
differentiation in cytological and RNA-Seq results.

Through RNA-seq analysis, 10 DEGs involved in cell
cycle (Bub1b, Rbl1, Ube2c, Kif11, and Nusap1), cell prolifera-
tion (Pcna), cell differentiation (CtsK), and newly predicted

genes (Gm10696, Gm4737, and Gm8994) were selected for
validation by qPCR. Nine out of ten DEGs were confirmed
the expression trend. However, one gene, Pcna, was not sig-
nificantly upregulated in qPCR results. It might be due to
the inconsistent expression level among replicates, which
produces the difficulty of repeating RNA-seq results. In
the present study, cell cycle was more systematically ana-
lyzed, and the DEGs involved in cell cycle were investigated
and validated, which could provide more information for
further study.

The five cell cycle related genes in the validated DEGs
were all upregulated in the HiSMF group. Among them,
Benzimidazoles 1 homolog beta (Bub1b), an important spin-
dle checkpoint gene, regulates multiple functional domains,
including mitotic timing and mitotic checkpoint control
[41]. The upregulation of Bub1b may result in chromosomal
aneuploidy and instability and finally affect cell cycle process
[42, 43]. Ubiquitin-conjugating enzyme E2C (Ube2c) could
interact with the anaphase-promoting complex/cyclostome
(APC/C) to regulate the cell cycle progression [44]. Overex-
pression of Ube2c may participate in the transition of G1
phase to G2 phase [45]. Kinesin family member 11 (Kif11),
a molecular motor, regulates the separation of centrosome
and development of the bipolar mitotic spindle [46]. Upreg-
ulated Kif11 can cause inordinate cell cycle arrest and cell
division in mitosis process [47]. Nucleolar spindle associated
protein 1 (Nusap1), a microtubule-associated molecular,
plays an important role in the aggregation of microtubule
with mitotic chromosomes during cell cycle regulation [48].
Retinoblastoma-like protein 1 (Rbl1), an important control-
ler of entry into cell division [49], has been demonstrated that
its phosphorylation status was in the transition from S to M
phase, and its dephosphorylation status was in the G1 phase
[50]. Future work needs to explore the phosphorylation sta-
tus of Rbl1 in osteoclastogenesis.
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Besides genes involved in cell cycle, we also identified an
osteoclast-specific marker gene, CtsK, which was significantly
downregulated in the HiSMF group. The previous study has
provided evidence for the expression of the osteoclast-
specific markers in SMF condition, such as TRAP and CtsK
[4]. Our results supported and confirmed that the CtsKmight
be a critical molecular target in HiSMF. What is more, CtsK
could be further investigated in this process, which may dem-
onstrate the molecular mechanism of HiSMF toward osteo-
clast differentiation.

Based on our findings, there are several experiments to do
in the future. Initially, the data measured by cytological
experiments could apply as an in vivo study, which is the
advanced level to verify the molecular functions in osteoclas-
togenesis under HiSMF. In addition to cell cycle, other path-
ways such as DNA replication and metabolic have been
proved to be related to essential DEGs, but not further stud-
ied. How to explore the other DEGs in combination with
multiple processes during osteoclastogenesis is the focus of
future work. Thirdly, the function of the predicted genes in
our results needs to be further validated and may provide
more biological information for the mechanism for the
osteoclastogenesis under HiSMF. Finally, current studies
mainly analyze the dynamic changes of genes in time
series based on RNA-seq technology. In future, it is neces-
sary to apply a more comprehensive gene expression map
by using advanced technology, such as single-cell sequenc-
ing, which reflects more detail in the intracellular network
[51, 52]. We firmly believe that single-cell sequencing data
will effectively build more reliable and accurate networks
for future work.

5. Conclusion

Here, we employed NGS to identify, at the transcriptome
level, significant DEGs related to cell cycle, cell division,
and osteoclasts differentiation in HiSMF condition. The GO
and KEGG functional enrichment analyses of the DEGs
revealed that the cell cycle, cell division, and DNA replication
play a vital role in the regulation of HiSMF on osteoclasts dif-
ferentiation. The cell cycle was significantly inhibited. Fur-
thermore, nine out of ten DEGs were confirmed the result,
and three of them were new genes, which may be related to
the differentiation of RAW264.7 cells into mature osteoclasts.
Taken together, these findings provided potential new
molecular targets for studying the mechanism of the oste-
oclast differentiation, which may contribute to improving
magnetotherapy on bone disease in the future.
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Physiological changes in humans are evident under environmental conditions similar to those on a Mars mission involving both a
space factor (long-term isolation) and a time factor (the Mars solar day). However, very few studies have investigated the response
of the liver to those conditions. Serum protein levels, bilirubin levels, aminotransferase activities, blood alkaline phosphatase,
gamma-glutamyltransferase, lipid levels, and serum cytokines interleukin-6 and interferon-γ levels were analyzed 30 days before
the mock mission; on days 2, 30, 60, 75, 90, 105, 120, 150, and 175 of the mission; and 30 days after the mission, in four subjects
in 4-person 180-day Controlled Ecological Life Support System Experiment. Serum protein levels (total protein and globulin)
decreased and bilirubin increased under the isolation environment from day 2 and exhibited chronic acclimatization from days
30 to 175. Effects of the Mars solar day were evident on day 75. Blood lipid levels were somewhat affected. No obvious peak in
any enzyme level was detected during the mission. The change tendency of these results indicated that future studies should
explore whether protein parameters especially globulin could serve as indicators of immunological function exposure to the
stress of a Mars mission.

1. Introduction

During a future manned mission to Mars, long-term isola-
tion [1] and the Mars solar day [2] will be major stressors
of astronauts. Long-term isolation impairs sleep, mood,
and alertness [3]; compromises muscle strength [4]; induces
changes in stress hormone levels and glucose metabolism
[5, 6]; weakens the extent of healthy qi; triggers a free-fall
in “Gan” (liver) failure; and disrupts the relationship
between “Gan” and “Wei” (the stomach) [7]. The human
circadian system evolved to synchronize strictly to the
24 h Earth day, but must entrain to the Mars solar day,
almost 40min longer than the Earth day, during a Mars
mission [2]. Failure to entrain to the Mars solar day over
several days will disrupt sleep; compromise endocrine phys-

iology; impair cognition, alertness, mood, and vigilance;
and predispose to poor performance [8–11]. The liver, a
complex multifunctional organ, maintains bodily homeo-
stasis [12], regulates substance and energy metabolism
[13], and plays a front-line role in removing microbial
components and toxins from portal blood [14]. However,
the response of protein as well as bilirubin to long-term iso-
lation, and the Mars solar day has not been characterized.
To investigate changes in human liver function under such
conditions, we evaluated human liver function markers in
four subjects in the Controlled Ecological Life Support Sys-
tem (CELSS) experiment, which commenced in June 2016
to explore physiological, psychological, and behavioral
changes during long-term isolation and exposure to the
Mars solar day [15].
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2. Materials and Methods

2.1. Subjects and Experiments. Four subjects (three males and
one female, aged 29–43 years) participated in 4-person 180-
day CELSS Experiment at the SPACEnter Space Science
and Technology Institute (Shenzhen, China) from June to
December 2016; this featured 180 days of isolation and a
Mars solar day from 10 : 30 PM on day 71 to 10 : 30PM on
day 108. The CELSS featured six cabins. A cabin for crew
and life support system facilitated daily work, cooking, and
sleeping, and a cabin for resource system was used to dispose
of nonedible plant materials and to produce CO2, and four
Greenhouses used to cultivate 25 kinds of plants including
wheat, potatoes, sweet potatoes, soybeans, peanuts, lettuce,
cabbage, edible amaranth, cherry radish, tomatoes, and
strawberries. The indoor air of each cabin was usually not
ventilated, but was when the oxygen ratio became lower than
19.0% or the CO2 level lower than 500 ppm. The subjects and
experimental environment have been described in detail else-
where [15, 16].

2.2. Sample Collection and Storage. Serum were collected
from the four (fasting) subjects 30 days before the mission
(−30d); on days 2, 30, 60, 75, 90, 105, 120, 150, and 175 dur-
ing the mission (2d, 30d, 60d, 75d, 90d, 105d, 120d, 150d,
175d); and 30 days after the mission (+30d) (Figure 1). There
was no smoking or alcohol consumption in the four subjects.
Food, physical activity, temperature, and wakefulness cycle
were all controlled well before each blood collection. All sam-
ples were stored at −80°C prior to analysis.

2.3. Measurement of Proteins, Enzymes, Bilirubins, and
Lipids. The serum levels of total protein (TP), albumin
(ALB), and globulin (GLB); the activities of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), alka-
line phosphatase (ALP), and gamma-glutamyltransferase
(GGT); and the levels of bilirubin (BIL), total bilirubin
(TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL),
and total triglycerides (TG) were measured. The levels of
total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C)
were analyzed via the hexokinase method using a Hitachi
7600 Autoanalyzer (Hitachi Ltd., Tokyo, Japan).

2.4. Detection of Serum IL-6 and IFN-γ. The serum level of
interleukin-6 (IL-6) was detected with enzyme-linked immu-
nosorbent assay (ELISA) Kit (R&D, D6050, USA) and that of
interferon-γ (IFN-γ) was detected with ELISA Kit (R&D,
DIF50, USA).

2.5. Data Analysis. Data are presented as mean ± SEM.
The small sample (four subjects) with mixed gender (three
males and one female) limited the utility of statistical tests,
so we only use average value to locate the difference in
those time points and provide descriptive statistics and
descriptive analyses.

3. Results

3.1. Protein Levels. The tendency of average total protein (TP)
and globulin (GLB) levels was lower from 2d to 60d (mini-
mum value was 88% or 62% of that on −30d, respectively),
recovered to −30d levels by 75d, and lower again from 90d
onwards (86% or 70% of that on −30d, respectively). How-
ever, the ALB level remained constant before, during, and
after the mission, except for brief rises on 2d (1.1 fold of that
on −30d) and 75d (1.1 fold of that on -30d). Therefore, the
changes in the ALB to GLB (A/G) ratios showed exactly the
opposite tendency in contrast with the observed results in
the TP and GLB levels: the ratio was very high on 2d (1.8 fold
of that on −30d), relatively lower on 75d, and relatively
higher from 90d onwards (1.3 fold of that on −30d)
(Figures 2(a)–2(d)).

3.2. Bilirubin Levels. The tendency of average total bilirubin
(TBIL) level increased on 2d (to 2.3-fold −30d level) and
175d (to 1.6-fold −30d level). The direct bilirubin (DBIL)
and indirect bilirubin (IBIL) levels exhibited similar changes
(Figure 2(e)).

3.3. Serum Aminotransferase Activities. Tendency of alanine
aminotransferase (ALT) activity was decreased from 105d
to 150d (minimum value was 65% of that on −30d), but
was reactivated on +30d (to 1.5-fold that on −30d). Similarly,
aspartate aminotransferase (AST) activity was reduced
on 30d, 105d, and 150d during the mission (minimum
value was 73% of that on −30d), but then rose to the
level of −30d. The AST to ALT (AST/ALT) ratio did not
change during or after the mission (Figures 3(a) and 3(b)).

3.4. Serum ALP and GGT Activities. Similar to the AST activ-
ity, the alkaline phosphatase (ALP) activity fell on 30d and
after 90d; the minimum level was 68.9% that on −30d.
Gamma-glutamyltransferase (GGT) activity was also low
on 30d, 120d, and 175d (minimum value was 75% of that
on −30d) (Figures 3(c) and 3(d)).

3.5. Blood Lipid Levels. Except for a low total triglycerides
(TG) concentration on 120d (86% of that on −30d) and
high-density lipoprotein cholesterol (HDL-C) level on +30d

Pre isolation Post isolation

0 d

–30 d 2 d 30 d 60 d 75 d 90 d 105 d 120 d 150 d 175 d +30 d

71 d 108 d
Mars solar day

During the CELSS isolation

180 d

Figure 1: Experiment timeline and serum collecting time points.
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(1.2 fold of that on −30d), we found no change in blood lipid
levels during or after the mission (Figure 4).

3.6. Serum IL-6 and IFN-γ Levels. Both of them decreased
from 2d to 60d (minimum value was 49% or 93% of that
on −30d, respectively), recovered to −30d levels by 75d (for
interleukin-6 (IL-6)) or by 90d (for interferon-γ (IFN-γ)),
and decreased again after 90d (60% of that on −30d for IL-6)
or on 105d (61% of that on −30d for IFN-γ) (Figure 5).

4. Discussion

We found that both protein and bilirubin level changes under
long-term (180-day) isolation might reflect the probable
adaptation to isolation. Initial effects were followed by a
recovery toward baseline; this persisted for a short time,
followed by chronic acclimatization to a new steady state.
We found decreases in TP and GLB levels, but increases in

ALB and BIL levels and the A/G ratio, on day 2; blood
homeostasis, in terms of both protein and bilirubin levels,
was changed. These functions then rapidly recovered. How-
ever, long-term isolation (from day 30 to 175) was associated
with new steady-state levels (between the normal and initial
levels). Similar effects were evident for blood lipids (TG,
TC, HDL-C, or LDL-C). The observed “initial effects–recov-
ery–chronic acclimatization” process is similar to the effect of
gravity on circadian timing [17].

The intrinsic human circadian period averages 24.2 h
[18, 19], about 0.45 h less than the Mars solar day
(24.67 h). Protein levels such as TP, ALB, and GLB rose
and triggered effects exposure to the Mars solar day. How-
ever, the human circadian period can entrain to the Mars
solar day, avoiding disturbance of the circadian rhythm,
which can impair sleep, alertness, mood, and cognitive func-
tion [8, 9, 20]. We used fluorescent lamps in the six cabins
and LED lamps [15, 16] to assist entrainment to the Mars
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Figure 3: Enzymes. (a) ALT and AST; (b) AST/ALT; (c) ALP; (d) GGT. Data are expressed asmeans ± SEM. Presentation of results for ALT
and AST with 8 time points has been permitted by Frontiers in Physiology.
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Figure 4: Blood lipid levels. (a) TG; (b) TC; (c) HDL-C; (d) LDL-C. Data are expressed asmeans ± SEM. Presentation of results for lipids with
8 time points has been permitted by Frontiers in Physiology.
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solar day, and the effects on protein levels disappeared soon
after day 75 of the mission.

A reduction in GLB level and an increase in the A/G ratio
are indicators of poor immunological status and high suscep-
tibility to infection. As a decrease in GLB level and a high
A/G ratio were observed during the mission, the immunolog-
ical profile may diverge from that characteristic of life on
Earth. A prior report found a decrease in leukocyte numbers
and increases in lymphocyte and monocyte numbers during
131 days of isolation [21].

To verify the relationship between GLB change and
immunological function, we detected the serum IL-6 and
IFN-γ levels and found that IL-6 change was consistent with
the change of GLB. It was reported that IL-6 could promote
GLB production and in particular regulate immunoglobulin
synthesis through facilitating T-follicular helper-cell differ-
entiation and IL-21 production [22, 23]. In addition, ALB
could be used to predict the prognosis of cancer patients.
Patients with high A/G ratio have better survival than
patients with low A/G ratio [23]. Moreover, as both proin-
flammatory and anti-inflammatory cytokine, IL-6 might
probably predominantly present anti-inflammatory effect
opposite to that of IFN-γ. This intriguing phenomenon needs
to be further studied.

Hepatocyte enzymes such as ALT and AST are released
into the bloodstream when hepatocytes are injured or cell
membrane integrity is compromised. Therefore, high serum
ALT or AST activity levels reflect liver damage [24]. The
serum activities of ALT, AST, ALP, and GGT did not change
during the mission; thus, neither 180-day isolation nor the
Mars solar day caused liver damage. Unexpectedly, ALT
was activated on day +30, possibly associated with a burden-
some postmission task.

A recent short-term study found no obvious changes in
neurophysiological, neuropsychological, or cognitive func-
tion during 30 days of isolation [25]. However, this does
not indicate that behavioral, psychological, physiological,
and/or biochemical changes will not develop during long-
term isolation (>100 days). Further research is needed.

Yuan et al. [26] showed that body weight decreased
(mainly lean mass) on the 6th month during the isolation
environment. We found that concentration of TP as well as

GLB also reduced on 175th day. This suggested that the
change of protein level was in accordance with that of lean
mass, which may be multiple factors including isolation, diet,
workload, and training. However, there may be no relation-
ship between lipid change and fat mass change, because fat
mass was without clear trends under isolation station, as
shown in the results of Yuan et al.

A limitation of the study is that we included only four
subjects. We thus lack data of proteins, bilirubins, and lipids
on a large sample and only give a descriptive analysis for the
change tendency instead of statistical analysis. Additionally,
we did not measure BIL concentration or GGT activity on
day 75 of the mission, as the samples were lost. Another lim-
itation is that we did not investigate the daily rhythmic
changes of the proteins, bilirubins, enzymes, and lipids dur-
ing Earth solar day and Mars solar day.

In summary, this study provides useful insights into how
the protein and bilirubin react to long-term isolation and the
Mars solar day. Our findings will contribute to planning a
manned Mars mission. Future studies are required to clarify
whether protein and bilirubin parameters especially GLB
can serve as indicators of immunological function changes
during a prolonged Mars mission.

Data Availability

All data are available.

Ethical Approval

All procedures involving human participants were in accor-
dance with the ethical standards of the China Astronaut
Research and Training Center Medical Ethics Committee
and those of the 1964 Helsinki declaration and later
amendments or comparable ethical standards. All volun-
teers provided written informed consent prior to participa-
tion in the experiment.

Consent

Informed consent was obtained from all participants in
the study.
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Figure 5: Serum IL-6 and IFN-γ levels. (a) IL-6; (b) IFN-γ. Data are expressed as means ± SEM.

5BioMed Research International



Conflicts of Interest

No author has any conflict of interest.

Authors’ Contributions

Hailong Chen and Ke Lv equally contributed to this work.

Acknowledgments

This work was supported by the Foundation of Advanced
Space Medico-Engineering Research Project of China
(2015SY54A0501), the National Instrumentation Program
of China (2013YQ190467), the Space Medical Experiment
Project of China Manned Space Program (HYZHXM03006),
the Foundation of State Key Laboratory of Space Medicine
Fundamentals and Application, China Astronaut Research
and Training Center (SMFA17A03 and SMFA18B03), and
the National Natural Science Foundation of China
(31800998).

References

[1] L. A. Palinkas, “Psychosocial issues in long-term space flight:
overview,” Gravitational and Space Research, vol. 14, no. 2,
p. 14, 2007.

[2] L. K. Barger, J. P. Sullivan, A. S. Vincent et al., “Learning to live
on a Mars day: fatigue countermeasures during the Phoenix
Mars Lander mission,” Sleep, vol. 35, no. 10, pp. 1423–1435,
2012.

[3] M. Basner, D. F. Dinges, D. J. Mollicone et al., “Psychological
and behavioral changes during confinement in a 520-day sim-
ulated interplanetary mission to mars,” PLoS One, vol. 9, no. 3,
article e93298, 2014.

[4] C. J. Gaffney, E. Fomina, D. Babich, V. Kitov, K. Uskov, and
D. A. Green, “The effect of long-term confinement and the effi-
cacy of exercise countermeasures on muscle strength during a
simulated mission to Mars: data from the Mars500 study,”
Sports Medicine - Open, vol. 3, no. 1, 2017.

[5] F. Strollo, G. Vassilieva, M. Ruscica et al., “Changes in stress
hormones and metabolism during a 105-day simulated Mars
mission,” Aviation, Space, and Environmental Medicine,
vol. 85, no. 8, pp. 793–797, 2014.

[6] F. Strollo, C. Macchi, I. Eberini et al., “Body composition and
metabolic changes during a 520-day mission simulation to
Mars,” Journal of Endocrinological Investigation, vol. 41,
no. 11, pp. 1267–1273, 2018.

[7] H.-z. Shi, Q.-c. Fan, J.-y. Gao et al., “Evaluation of the health
status of six volunteers from the Mars 500 project using pulse
analysis,” Chinese Journal of Integrative Medicine, vol. 23,
no. 8, pp. 574–580, 2017.

[8] K. P. Wright Jr., R. Hughes, R. E. Kronauer, D. J. Dijk, and
C. A. Czeisler, “Intrinsic near-24-h pacemaker period deter-
mines limits of circadian entrainment to a weak synchronizer
in humans,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 98, no. 24, pp. 14027–
14032, 2001.

[9] K. P. Wright Jr., J. T. Hull, R. J. Hughes, J. M. Ronda, and C. A.
Czeisler, “Sleep and wakefulness out of phase with internal
biological time impairs learning in humans,” Journal of Cogni-
tive Neuroscience, vol. 18, no. 4, pp. 508–521, 2006.

[10] F. A. J. L. Scheer, K. P. Wright, R. E. Kronauer, and C. A. Czeis-
ler, “Plasticity of the intrinsic period of the human circadian
timing system,” PLoS One, vol. 2, no. 8, article e721, 2007.

[11] C. Gronfier, K. P. Wright, R. E. Kronauer, and C. A. Czeisler,
“Entrainment of the human circadian pacemaker to longer-
than-24h days,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 104, no. 21,
pp. 9081–9086, 2007.

[12] S. Ghosh, C. Kruger, S. Wicks et al., “Short chain acyl-CoA
dehydrogenase deficiency and short-term high-fat diet perturb
mitochondrial energy metabolism and transcriptional control
of lipid-handling in liver,” Nutrition & Metabolism, vol. 13,
no. 1, p. 17, 2016.

[13] L. D. Fonseca, J. P. Eler, M. A. Pereira et al., “Liver proteomics
unravel the metabolic pathways related to feed efficiency in
beef cattle,” Scientific Reports, vol. 9, no. 1, p. 5364, 2019.

[14] A. Abu-Shanab and E. M. Quigley, “The role of the gut micro-
biota in nonalcoholic fatty liver disease,” Nature Reviews Gas-
troenterology & Hepatology, vol. 7, no. 12, pp. 691–701, 2010.

[15] Z. Xu, Q. N. Yu, L. C. Zhang, J. H. Xiong, W. D. Ai, and L. N.
Qu, “Overview of 4-person 180-day integrated experiment in
controlled ecological life support system,” Space Medicine &
Medical Engineering, vol. 31, no. 2, pp. 264–272, 2018.

[16] K. Dai, Q. Yu, Z. Zhang, Y. Wang, and X. Wang, “Aromatic
hydrocarbons in a controlled ecological life support system
during a 4-person-180-day integrated experiment,” Science of
The Total Environment, vol. 610-611, pp. 905–911, 2018.

[17] C. A. Fuller, T. M. Hoban-Higgins, D. W. Griffin, and D. M.
Murakami, “Influence of gravity on the circadian timing sys-
tem,” Advances in Space Research, vol. 14, no. 8, pp. 399–
408, 1994.

[18] C. A. Czeisler, J. F. Duffy, T. L. Shanahan et al., “Stability, pre-
cision, and near-24-hour period of the human circadian pace-
maker,” Science, vol. 284, no. 5423, pp. 2177–2181, 1999.

[19] J. F. Duffy, S.W. Cain, A. M. Chang et al., “Sex difference in the
near-24-hour intrinsic period of the human circadian timing
system,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 108, Supplement 3,
pp. 15602–15608, 2011.

[20] C. Gronfier, K. P. Wright, R. E. Kronauer, and C. A. Czeisler,
“Entrainment of the human circadian pacemaker to longer-
than-24-h days,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 104, no. 21,
pp. 9081–9086, 2007.

[21] G. Sonnenfeld, J. Measel, M. R. Loken et al., “Effects of isola-
tion on interferon production and hematological and immu-
nological parameters,” Journal of Interferon Research, vol. 12,
no. 2, pp. 75–81, 1992.

[22] T. Tanaka, M. Narazaki, and T. Kishimoto, “IL-6 in inflamma-
tion, immunity, and disease,” Cold Spring Harbor Perspectives
in Biology, vol. 6, no. 10, p. a016295, 2014.

[23] M. Gundog and H. Basaran, “Pretreatment low prognostic
nutritional index and low albumin-globulin ratio are predic-
tive for overall survival in nasopharyngeal cancer,” European
Archives of Oto-Rhino-Laryngology, vol. 276, no. 11,
pp. 3221–3230, 2019.

[24] M. L. G. M. L. de Araujo, G. G. P. de Carvalho, M. C. C. Ayres
et al., “Assessment of the metabolic, protein, energy, and liver
profiles of lambs finished in a feedlot and receiving diets con-
taining groundnut cake,” Tropical Animal Health and Produc-
tion, vol. 46, no. 2, pp. 433–437, 2014.

6 BioMed Research International



[25] J. Weber, F. Javelle, T. Klein et al., “Neurophysiological, neuro-
psychological, and cognitive effects of 30 days of isolation,”
Experimental Brain Research, vol. 237, no. 6, pp. 1563–1573,
2019.

[26] M. Yuan, M. A. Custaud, Z. Xu et al., “Multi-system adapta-
tion to confinement during the 180-day controlled ecological
life support system (CELSS) experiment,” Frontiers in Physiol-
ogy, vol. 10, p. 575, 2019.

7BioMed Research International



Research Article
The Potential Regulatory Roles of lncRNAs in DNA Damage
Response in Human Lymphocytes Exposed to UVC Irradiation

Dan Xu , Yue Wang, Jia Wang, Fei Qi, and Yeqing Sun

Institute of Environmental Systems Biology, College of Environmental Science and Engineering, Dalian Maritime University, Dalian,
Liaoning, Linghai Road 1, 116026, China

Correspondence should be addressed to Dan Xu; jotan1995@163.com

Received 20 November 2019; Revised 5 February 2020; Accepted 20 February 2020; Published 13 March 2020

Guest Editor: Zhongquan Dai

Copyright © 2020 Dan Xu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Long noncoding RNAs (lncRNAs) are a class of noncoding RNAs that modulate gene expression, thereby participating in the
regulation of various cellular processes. However, it is not clear about the expression and underlying mechanism of lncRNAs in
irradiation-induced DNA damage response. In the present study, we performed integrative analysis of lncRNA-mRNA
expression profile in human lymphocytes irradiated with ultraviolet-C (UVC). The results showed that exposure to UVC
irradiation dose-dependently increased the fluorescence intensity of γ-H2AX and induced cell death. Microarray analysis
revealed that up-regulated lncRNAs were more common than down-regulated lncRNAs with the increase of radiation dose in
UVC-radiated cells. Stem analysis demonstrated the relationship between lncRNA expression level and radiation dose. qPCR
results confirmed that LOC338799 and its coexpressed genes such as LCE1F and ISCU showed the increase in expression levels
with the increase of UVC radiation dose. We utilized Cytoscape to screen out 5 lncRNAs and 13 coexpressed genes linking to
p53, which might participate in the regulation of DNA damage, cell cycle arrest, apoptosis, and cell death. These findings
suggest that lncRNAs might play a role in UVC-induced DNA damage response through regulating expression of genes in p53
signaling pathway.

1. Introduction

Ultraviolet (UV) radiation belongs to the nonionizing part of
the electromagnetic spectrum, which is subdivided into UVA
(wavelengths 315-400nm), UVB (280-315nm), and UVC
(200-280 nm). Recently, UVC radiation gained more
attention because UVC has direct damaging effects to cellular
DNA and results in DNA single- and double-strand breaks
[1, 2]. Cellular DNA has a higher absorption peak at
260nm within the UVC band, so UVC is often used as the
easiest and fastest way to produce DNA damage. UVC can
induce immediate DNA damage and energy-dependent
biological effects in a variety of cells. It is reported that
UVC radiation-induced DNA damage provoked highly
divergent responses in human skin fibroblasts exposed to
low (10 J/m2) and high doses (50 J/m2) of UVC radiation
[3]. Another report showed that UVC could affect the tran-
scriptional profile in human primary cultured fibroblasts
irradiated with even a low dose (0.5 or 5 J/m2) of UVC [4].

Cell viability and apoptosis of mouse embryonic fibroblasts
were investigated after exposure to three doses (50, 75, and
300 J/m2) of UVC radiation [5].

When cells are exposed to environmental stress, DNA
damage often occurs and subsequently causes DNA-
damage response (DDR) including cell cycle arrest, apopto-
sis, and DNA repair [6]. DNA damage can also result in
cell death unless it is repaired or tolerated [7]. TP53 is
one of the major regulators in DDR after irradiation, which
can activate many downstream genes including p21WAF1/-
CIP1 (CDKN1A), Bcl-2-Associated X Protein (BAX), Bcl-2-
Binding Component 3 (BBC3), Cyclin Dependent Kinase 6
(CDK6), DNA Damage 45 alpha (GADD45A), and Late
Cornified Envelope Group I (LCE1) family [8–12]. It is
reported that most of p53 target genes together construct
the p53 network in response to irradiation [13, 14]. There-
fore, p53 signaling pathway is considered to be the most
important pathway and a number of genes have been sug-
gested to become potential radiation dosimeters [15].
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Long noncoding RNAs (lncRNAs) are defined as RNA
molecules longer than 200 nucleotides in length, which can
modulate gene expression through a variety of mechanism
[16]. A number of reports revealed that lncRNAs could affect
not only gene expression but also protein translation and
stability [17]. LncRNAs are less conserved in sequence and
only about 12% of lncRNAs can be found other than humans.
Deep sequencing recently has been utilized to discover novel
lncRNAs. LincRNA-p21 is first identified as a direct tran-
scriptional target of p53. The induction of lincRNA-21 by
UVB irradiation was primarily through a p53-dependent
pathway and had a proapoptotic function in keratinocytes
[18]. It is reported that HULC promoted UVB-induced cell
injury via the activation of JAK/STAT (1/3) signaling
pathway in HaCaT cells [19]. HOTAIR resulted in apoptosis
and inflammation in UVB-exposed keratinocytes [20].
However, it is not clear about the expression and underly-
ing mechanism of lncRNAs in DDR induced by UVC
irradiation.

Human lymphocytes have been widely used in the field of
radiation research about DNA damage. We select human
CD4+ T lymphocytes (CD4) because they are nucleated cells
and easily separated from human blood. Here, we aimed to
study the dose-dependent expression changes of lncRNAs
in CD4 cells exposed to UVC irradiation. We performed
coexpression network analysis of lncRNA-mRNA and
revealed that novel lncRNAs might play a crucial role in
DDR induced by UVC through p53 signaling pathway. Our
study will provide important experimental guide for screen-
ing lncRNAs as new radiation dosimeters in the future.

2. Materials and Methods

2.1. Cell Culture and UVC Radiation. The human CD4+ T
lymphocytes (CD4) (ATCC, Manassas, VA) were cultured
in RPMI 1640 Medium (GIBCO, Carlsbad, CA) containing
10% fetal bovine serum (GIBCO) and antibiotic in an incuba-
tor. CD4 cells were cultured in T25 flasks and passaged every
4 days.

CD4 cells were suspended in 1ml culture medium, evenly
covering with the bottom of 60mm petri dish. The lid was
open when cells were irradiated with 4-64 J/m2 UVC light
(0.11 J/m2/s at 254nm) in a dark box. Control cells were
treated similarly with the exception that they did not undergo
UVC irradiation. Subsequent to UVC exposure, the cells
were placed in an incubator for indicated time until their use.

2.2. γ-H2AX Fluorescence Assay. CD4 cells were untreated or
radiated with UVC at different doses, and then cultured in an
incubator for 30min. Phosphorylated histone H2AX (γ-
H2AX) was detected by γ-H2AX Fluorescence Assay Kit
according to the manufacturer’s instructions (Upstate Bio-
technology Inc., NY, USA). In brief, the cells were collected,
fixed, permeabilized, and stained with FITC-conjugated
antiphospho-histone H2AX (Ser139). Cells are then scanned
in a flow cytometer (BD Biosciences, San Jose, CA) to quanti-
tate the number of cells staining positive for γ-H2AX. The rel-
ative fluorescence intensity was used to reflect the appearance
of γ-H2AX in comparison to nonradiated samples.

2.3. Quantitative PCR (qPCR). Total RNA was extracted
using the TRIzol reagent. The expression levels of mRNAs
and lncRNAs were quantified by qPCR. Real-time PCR reac-
tions were performed with SYBR Green Master Mix using a
Light Cycler®48 II real-time PCR system (Applied Biosys-
tems, CA). The primer sequences in qPCR were listed in
Table. S1. The relative expression level was calculated using
the comparative delta CT method (2-△△Ct) after normaliza-
tion with reference to the expression of GAPDH.

2.4. LncRNA-mRNA Microarray Analysis. After UVC irradi-
ation, CD4 cells were placed in an incubator for 24 hours and
then used for microarray analysis using Affymetrix Human
HTA2.0. LncRNA-mRNA microarray analysis was supplied
by Shanghai OE Biotechnology Company. The sample treat-
ments were based on the manufacturer’s standard protocols.
The expression level of each lncRNA or mRNA was pre-
sented as fold change. Differentially expressed lncRNAs or
mRNAs (≥2-fold) were identified to be significant. A filtering
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Figure 1: The effects of UVC on DNA damage and cell death in CD4 cells. (a) The percentage of dead cells was calculated in CD4 cells at 24 h
after UVC irradiation. (b) The relative fluorescence intensity of γ-H2AX was examined in CD4 cells at 30min after UVC irradiation. The
straight line indicates a linear relationship between the fluorescence intensity of γ-H2AX and the radiation dose within the dose range of
4-32 J/m2. The results are displayed as the mean ± SD (n = 3). ∗P < 0:05, ∗∗P < 0:01 compared with the control group.
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step was applied to reduce the number of multiple hypothe-
ses. Only those genes annotated with NM_numbers or
ENST-numbers, and those lncRNAs annotated with NR_
numbers or ENST-numbers, were included in the final
analysis.

2.5. Stem Analysis and Coexpression Analysis of lncRNA-
mRNA. Stem analysis and coexpression analysis for
lncRNA-mRNA were supplied by Shanghai OE Biotechnol-
ogy Company. In stem analysis, differentially expressed
genes or lncRNAs were divided into 30 categories and the
upper left-hand digit of each small graph was the category
number. No. 21 and No. 4 had significant differences (fold
changes ≥2 and P ≤ 0:05), whereas the others had no signifi-
cant differences.

The Pearson correlation between expression value of
each lncRNA and expression value of its coexpressed mRNA
was calculated. When P value of the coefficient correlation
was not higher than 0.05 and the absolute value of correlation
was not less than 0.7, they were considered to be relevant.

The top 30 coexpressed mRNAs of each lncRNA were
selected to discuss the regulatory relationship between
lncRNA and coexpressed mRNA using Cytoscape 3.6.1
(https://cytoscape.org/) [21].

2.6. Statistical Analysis. All data are presented as means ±
standard deviations (SD). Regression analysis and Student’s
T-test analysis were performed using SPSS version 17.0.
P < 0:05 were considered statistically significant.

3. Results

3.1. Effect of UVC Irradiation on DNA Damage and Cell
Death in CD4 Cells. We firstly identified that the optimal
radiation dose range of UVC was 4-64 J/m2, within which
the percentage of dead cells was 30-70% in CD4 cells at
24 h after UVC irradiation. UVC irradiation caused cell death
in a dose-dependent manner, showing the significant
increase in the percentage of dead cells in the 16, 32, and
64 J/m2 groups compared with the control group
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Figure 2: Microarray analysis of gene and lncRNA expression profiles under UVC irradiation. (a, b) The number of differentially expressed
genes (a) and lncRNAs (b) was shown in the five radiation dose groups. (c) Function analysis of down-regulated genes and up-regulated
genes.
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(Figure 1(a)). We then examined relative fluorescent inten-
sity of γ-H2AX in CD4 cells at 30min after UVC radiation.
The results showed that UVC radiation increased relative
fluorescent intensity of γ-H2AX in a dose-dependent man-
ner. There was a linear relationship (R2 = 0:9894) between
the fluorescence intensity of γ-H2AX and the radiation dose
within the dose range of 4-32 J/m2 (Figure 1(b)).

3.2. Effect of UVC Radiation on Differentially Expressed
mRNA and lncRNAs. We performed microarray analysis of
gene and lncRNA expression profiles. The results showed
that UVC radiation induced the increase in the number of
differentially expressed genes and lncRNAs (≥2-fold) in a
dose-dependent manner (Figures 2(a) and 2(b)). The num-
ber of 2-5-fold up- or down-regulated genes (Table. S2) and
lncRNAs (Table. S3) was listed in detail. We observed that
there were much more up-regulated genes in lower dose
groups and much more down-regulated genes in higher dose
groups (Figure 2(a)). In contrast, most of lncRNAs were up-
regulated in all UVC-radiated groups (Figure 2(b)). GO anal-
ysis showed that most of down-regulated genes function on
cell division, protein phosphorylation, transcription, and cel-
lular response to DNA damage stimulus. Those up-regulated
genes may be involved in various translation processes
(Figure 2(c)).

3.3. Relationship Analysis between Expression Alteration and
Radiation Dose. To observe the relationship between expres-
sion alteration of gene or lncRNA and radiation dose, we per-
formed stem analysis. The results showed that the expression
of 729 genes and 797 lncRNAs increased significantly with
the increase of UVC radiation dose whereas 1372 genes and

133 lncRNAs showed the significant decrease in expression
levels with the increase of UVC radiation dose (Fig. S1 and
Figure 3(a)).

UV radiation is an environmental hazard and mutagen,
leading to an increased risk of human cancers. We utilized
lncRNA disease database, and found that three lncRNAs
including GAS6 antisense RNA 1 (GAS6-AS1), TP53 target
1 (TP53TG1), and Telomerase RNA component (TERC)
were known to be associated with human cancers [22–24].
qPCR results confirmed the up-regulation of GAS6-AS1
and TP53TG1 in 4-32 J/m2 dose groups (Figure 3(b)),
although the expression of TERC showed an increased trend
with the increase of radiation dose without statistical
significance (data not shown). Notably, the expression of
LOC338799 increased significantly with the increase of
UVC radiation dose whereas TP53TG1 expression showed
the significant increase in 4 and 8 J/m2 dose groups.

3.4. Coexpression Network Analysis of lncRNA-mRNA. Each
lncRNA had a positive or negative regulation relationship
with coexpressed gene. We searched for some lncRNAs such
as LOC338799, TERC, and USP17L6P from significantly up-
regulated lncRNAs with the increase of UVC radiation dose,
based on the results from stem analysis. We focused on
LOC338799, which had positive regulation relationship with
20 genes while it had negative regulation relationship with 10
genes (Figure 4(a)). The up-regulation of LCE1F and ISCU
showed an exponential trend with the increase of radiation
dose (Figure 4(b)). qPCR results confirmed the up-
regulation of LCE1F and ISCU in a dose-dependent manner
within the dose range of 4-32 J/m2 (Figure 4(c)). Similarly, we
found that TERC had a positive regulation relationship with
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Figure 3: Stem analysis and validation of lncRNA expression alterations. (a) Differentially expressed lncRNAs are divided into 30 categories,
and the category number No. 21 represents the expression of lncRNAs increased significantly with the increase of UVC radiation dose, No.4
represents the expression of lncRNAs decreased significantly with the increase of UVC radiation dose. (b) qPCR results confirmed the
expression alterations of three lncRNAs in CD4 cells at 24 h after UVC irradiation. ∗P < 0:05 compared with control group.
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15 genes such as apoptotic regulator 1 (MOAP1) and eukary-
otic translation initiation factor 3 subunit D (EIF3D) that
were reported to regulate cell cycle, apoptosis, and cell death
[25, 26]. USP17L6P had a positive regulation relationship
with TP53-regulated inhibitor of apoptosis (TRIAP1) that
was associated with apoptosis and cell death [27].

Further, Cytoscape were utilized for coexpression net-
work analysis of lncRNA-mRNA. We wonder how many
coexpressed genes of lncRNAs may be regulated by p53.
We screened out 13 coexpressed genes of 5 lncRNAs,
possibly involved in DDR via p53 signaling pathway
(Figure 5). All the lncRNAs were up-regulated and most of
the genes except CDK6 showed the increase in expression
levels in UVC-radiated groups although the induction levels
varied (Table 1). GAS6-AS1 had 4 coexpressed genes includ-
ing GADD45A, MDM2, Tumor Protein P53 Inducible

Protein 3 (TP53I3), and inhibitor of DNA binding 3 (ID3).
LOC338799 had 8 coexpressed genes including GADD45A,
TP53I3, CDK6, BAX, CDKN1A, LCE1C, LCE1F, and ISCU.
TRIAP1 is coexpressed gene of USP17L6P. TP53I3 and ID3
are coexpressed genes of LOC644656. qPCR results
confirmed the up-regulation of CDKN1A, GADD45A, and
TRIAP1 within the dose range of 4-32 J/m2 (Fig. S2). Taken
together, these genes may participate in the regulation of
DDR including cell cycle arrest, DNA damage, cell death,
and apoptosis.

4. Discussion

In the present study, we investigated the expression alter-
ations of lncRNAs in human lymphocytes exposed to five
doses of UVC radiation. We found that most of lncRNAs

TRIM2
HEXIM1

FNDC7

LCE1F
USP17L23

ARHGAP31

GNPDA2

BCL2L1

LCE1C

USP17L2

C12orf73

CTNND2

MAB21L1

SLC1A5

SLC25A25

TSPYL2

REEP2ISCU

GSTP1

RPL8

USP17

LAMP3

FAXDC2
RNF20

EPN2-IT1

RCOR1
METTL12 FLG2

TXNDC15

LOC338799

lncRNA
mRNA with positive relationship
mRNA with negative relationship

RPL31

(a)

y = 4.241e0.3946x

R2 = 0.991
0
5

10
15
20
25

4 8 16 32

Fo
ld

 ch
an

ge

LCE1F

y = 2.1407e0.192x

R2 = 0.9798
0

2

4

6

Fo
ld

 ch
an

ge

ISCU 

Radiation dose (J/m2)
4 8 16 32
Radiation dose (J/m2)

(b)

0

1

2

3

4

5

6

7

8

LCE1F ISCU

Re
la

tiv
e e

xp
re

ss
io

n 
le

ve
l

0 J/m2

4 J/m2

8 J/m2

16 J/m2

32 J/m2

⁎⁎

⁎⁎
⁎⁎

⁎⁎

⁎

⁎

(c)

Figure 4: Regulation network of LOC338799 and coexpressed mRNAs. (a) LOC338799 has 30 coexpressed genes, including 20 positively
regulated genes (red) and 10 negatively regulated genes (green). (b) Regression analyses of coexpressed genes LCE1F and ISCU show
dose-dependent relationships between gene expression alteration and the radiation dose within the dose range of 4-32 J/m2. (c) qRT-PCR
results confirmed the expression alterations of LCE1F and ISCU in CD4 cells at 24 h after UVC irradiation. ∗P < 0:05, ∗∗P < 0:01
compared with the control group.
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were up-regulated at 24h after UVC irradiation. We per-
formed lncRNA-mRNA coexpression network analysis,
demonstrating the potential regulatory role of lncRNAs in
UVC-induced DDR via p53 signaling pathway. Especially,
LOC338799 and coexpressed genes such as LCE1F and ISCU
showed the increase in expression levels with the increase of
UVC radiation dose. We suppose that five candidate
lncRNAs including LOC338799, LOC644656, GAS6-AS1,
TERC, and USP17L6P could be involved in DNA damage,
cell cycle, apoptosis, and cell death through the regulation
of coexpressed genes.

We selected the optimal dose range of UVC radiation,
based on determining the status of live and dead cells after
UVC radiation. We identified the percentage of dead cells
was 30-70% in CD4 cells at 24 h after 4-64 J/m2 of UVC irra-
diation. Therefore, the optimal dose range of UVC radiation
was 4-64 J/m2 in our experimental settings. It is known that
γ-H2AX is a highly specific and sensitive molecular marker
for the detection of DNA damage. The detection of γ-
H2AX foci in DNA strand break (DSB) sites or the increase
in γ-H2AX fluorescent intensity indicates the occurrence of
DNA damage [28]. We found that UVC increased the
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Figure 5: Regulatory network diagram of lncRNAs and coexpressed genes linking to p53. Regulatory network diagram of 5 lncRNAs and 13
coexpressed genes linking to p53 were constructed. They together play important roles in UVC-induced DDR including DNA damage, cell
cycle arrest, cell death, and apoptosis.

Table 1: Coexpressed genes of lncRNAs function in DDR via p53 signaling pathway.

LncRNAs Gene symbol
4 8 16 32 64 (J/m2)

Function
Fold change

GAS6-AS1
GADD45A 2.28 2.54 1.86 2.08 1.47 DNA damage, cell cycle, apoptosis

LOC338799

GAS6-AS1
ID3 1.10 1.29 1.75 1.49 1.57 DNA damage

LOC644656

GAS6-AS1

TP53I3 3.18 4.23 3.73 2.29 1.82 Cell deathLOC338799

LOC644656

GAS6-AS1 MDM2 3.49 3.35 3.30 2.26 1.21 Cell cycle arrest, apoptosis

LOC338799 BAX 1.71 2.4 2.45 2.46 1.99 Apoptosis

LOC338799 CDKN1A 2.28 3.56 3.04 2.50 1.95 Cell cycle arrest, apoptosis

LOC338799 CDK6 -1.03 -1.25 -1.96 -2.75 -3.46 G1 arrest

LOC338799 ISCU 2.63 3.17 3.62 4.76 4.10 -

LOC338799 LCE1C 3.92 7.72 6.48 9.92 5.15 DNA damage

LOC338799 LCE1F 6.01 9.96 14 20 13.6 DNA damage

USP17L6P TRIAP1 3.74 6.56 8.69 18.5 13.4 Apoptosis

TERC MOAP1 1.12 1.18 1.31 1.55 1.65 Cell death, apoptosis

TERC EIF3D 1.12 1.47 1.51 1.94 1.99 Cell death, apoptosis

Genes in bold show more than 2-fold increase in expression levels in at least three groups.
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relative fluorescence intensity of γ-H2AX in a dose-
dependent manner within the dose range of 4-32 J/m2 except
64 J/m2, suggesting that 4-32 J/m2 may be the optimal dose
range to study the dose-dependent expression alterations
and regulation mechanisms of lncRNAs in the further
experiments.

PLK2 plays a key role in cell cycle progression, which is
activated at the G1-S transition of cell cycle [29]. TRIAP1
overexpression inhibited cell death and apoptosis by inhibit-
ing p21, which contributed to mitochondrial-dependent apo-
ptosis resistance [27]. In this study, we found that PLK2 and
TRIAP1 were up-regulated in UVC-irradiated CD4 cells and
qPCR results confirmed the increase in their expression levels
with the increase of UVC radiation dose (Fig. S2). ISCU is the
main scaffold protein for Fe-S cluster assembly, involved in
the regulation of cell metabolism [30]. LCE1F belongs to
LCE1 family, which are target genes of p53. LCE1F protein
interacts with protein arginine methyltransferase 5 (PRMT5)
in response to DNA damage [10]. MOAP1 participates in the
internal and external pathways of cell death and activates the
apoptotic protein BAX of Bcl-2 family [25]. Studies have
shown that knockout of EIF3D significantly induces G2/M
arrest and apoptosis by down-regulating cyclin B1 and up-
regulating p21 [26].

Among the top 30 coexpressed genes of GAS6-AS1,
GADD45A, MDM2, TP53I3, and ID3 have been reported
to maintain genomic stability. GADD45A is known down-
stream gene of p53 and regulate many cellular processes such
as DNA damage, cell cycle, and apoptosis [31, 32]. MDM2 is
a key regulator of the expression and function of p53, which
inhibits p53-mediated cell cycle arrest and apoptosis [33].
TP53I3 is induced by p53 and involved in p53-mediated cell
death [34]. It is reported that knockout of ID3 resulted in a
significant increase in DNA damage accumulation and
chromosomal aberration. After ionizing radiation, ID3 is
phosphorylated by ATM andMDC1, resulting in the recruit-
ment of additional DDR factor at DSB sites [35].

In this study, we found that LOC338799 showed the
increase in expression levels with the increase of UVC radia-
tion dose. LOC338799 had 8 coexpressed genes, among
which most of the genes showed the increased expression
levels (≥2-fold) except LCE1C whereas CDK6 was down-
regulated in a dose-dependent manner. qPCR results also
confirmed positive relationship between LOC338799 and
coexpressed genes such as ISCU and LCE1F. CDK6 pro-
motes cell cycle progression from G1 to S, inhibited by
CDKN1A [36]. BAX induces apoptosis as a direct transcrip-
tional target of p53 [37]. LCE1C and LCE1F belong to LCE1
family as p53 downstream targets. It is reported that induc-
tion of LCE1 expressions was caused by UV irradiation in a
p53-dependent manner and might have functions on DNA
damage through modulation of the PRMT5 activity [10].
Taken together, LOC338799 might play a critical role in
p53-mediated DDR through regulating the expression of its
coexpressed genes.

It is known that some lncRNAs have been associated with
human diseases, implicated in the progression of human can-
cer. GAS6-AS1 was down-regulated in 50 cases of non-small-
cell lung cancer, negatively correlated with lymph node

metastasis and advanced lymph node metastasis [22].
The expression of TP53TG1 was significantly increased
in human glioma tissues or cell lines. In the case of sugar
deficiency, TP53TG1 knockout decreased cell proliferation
and migration [23].

Although the number of novel lncRNAs is increasing,
cellular functions of many lncRNAs remain unknown. Our
results suggest that specific lncRNAs might be involved in
DDR induced by UVC irradiation via p53 signaling pathway.
We also performed sequence analysis of lncRNA and coex-
pressed genes, and confirmed that there were the same short
sequences (>10nt) between some lncRNAs and their coex-
pressed genes (data not shown), indicating that they might
work together to participate in DDR. Further, it is necessary
to do knockout or overexpression experiments to understand
their contributions to DDR in the near future.

5. Conclusions

In this study, we at the first time investigated the expression
alterations of mRNAs and lncRNAs in CD4 cells after UVC
radiation. We propose an integrated molecular mechanism
of lncRNAs in UVC-induced DNA damage in human lym-
phocytes. LOC338799 showed the increase in expression
levels with the increase of UVC radiation dose. LOC338799
and 8 coexpressed genes were most likely involved in the reg-
ulation of DNA damage, cell cycle, apoptosis, and cell death
via p53 signaling pathway.
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Introduction. Environmental exposure of the developing offspring to cigarette smoke or nicotine is an important predisposing
factor for many chronic respiratory conditions, such as asthma, emphysema, pulmonary fibrosis, and so forth, in the exposed
offspring. Studies showed that electroacupuncture (EA) applied to maternal “Zusanli” (ST36) acupoints during pregnancy and
lactation protects against perinatal nicotine exposure- (PNE-) induced lung damage. However, the most effective time period, that
is, prenatal vs. postnatal, to attain this effect has not been determined. Objective. To determine the most effective developmental
timing of EA’s protective effect against PNE-induced lung phenotype in the exposed offspring.Methods. Pregnant rats were given
(1) saline (“S” group); (2) nicotine (“N” group); (3) nicotine + EA, exclusively prenatally (“Pre-EA” group); (4) nicotine + EA,
exclusively postnatally (“Post-EA,” group); and (5) nicotine + EA, administered both prenatally and postnatally (“Pre- and Post-
EA” group). Nicotine was injected once daily (1mg/kg, 100 μl) and EA was administered to bilateral ST36 acupoints once daily
during the specified time-periods. At the end of the experimental periods, key hypothalamic pituitary adrenal (HPA) axis markers
in pups and dams, and lung function, morphometry, and the central molecular markers of lung development in the offspring were
determined. Results. After nicotine exposure, alveolar mean linear intercept (MLI) increased, but mean alveolar number (MAN)
decreased and lung PPARc level decreased, but glucocorticoid receptor (GR) and serum corticosterone (Cort) levels increased, in
line with the known PNE-induced lung phenotype. In the nicotine exposed group, maternal hypothalamic corticotropin releasing
hormone (CRH) level decreased, but pituitary adrenocorticotropic hormone (ACTH) and serum Cort levels increased. In the
“Pre- and Post-EA” groups, PNE-induced alterations in lung morphometry, lung development markers, and HPA axis were
blocked. In the “Pre-EA” group, PNE-induced changes in lungmorphometry, GR, and maternal HPA axis improved; lung PPARc

and serum Cort levels were slightly but not significantly improved. In contrast, the exclusive “Post-EA” group showed none of
these benefits. Conclusions. Maternal EA applied to ST36 acupoints during both pre- and postnatal periods preserves offspring
lung structure and function despite perinatal exposure to nicotine. EA applied during the “prenatal period” affords only limited
benefits, whereas EA applied during the “postnatal period” is ineffective, suggesting that the EA’s effects in modulating PNE-
induced lung phenotype are limited to specific time-periods during lung development.

1. Introduction

Despite well-established dangers of tobacco to human
health, exposure of pregnant women to mainstream or
sidestream smoke remains extremely high [1]. Although

among the high-income women, the number of smokers is
decreasing, among low-income women, this number is in-
creasing [2]. Importantly, over half of the smokers continue
to smoke while pregnant [3]. Considerable evidence sup-
ports that nicotine is the main harmful substance in

Hindawi
BioMed Research International
Volume 2020, Article ID 8030972, 10 pages
https://doi.org/10.1155/2020/8030972

mailto:jibo678@163.com
mailto:vrehan@lundquist.org
https://orcid.org/0000-0002-8784-7487
https://orcid.org/0000-0001-5443-8698
https://orcid.org/0000-0002-0407-8548
https://orcid.org/0000-0001-8133-320X
https://orcid.org/0000-0002-8948-8967
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/8030972


cigarettes, which rapidly crosses the placenta and accu-
mulates in the fetus in concentrations much higher than
maternal serum concentrations [4]. Prenatal exposure to
nicotine not only affects the survival and birth weight of
infants [5, 6], but also adversely affects many developing
systems including but not limited to the nervous, circu-
latory, immune, and respiratory systems [7–10]. Its effects
are especially pronounced on the developing lung [11], as
it predisposes the exposed offspring to many chronic
respiratory conditions such as asthma, emphysema,
pulmonary fibrosis, and so forth. [12–15]. 0ese effects
appear to be permanent, lasting to adulthood and some
can even be potentially transmitted to future generations
[16, 17].

Nicotine’s effects on the developing lung have been
largely attributed to a disruption in epithelial-mesenchymal
paracrine signaling, the central component of which is the
nuclear transcription factor peroxisome proliferator-acti-
vated receptor-c (PPARc). PPARc is centrally involved in
alveolar and airway development [18–20] and is a key de-
terminant of the alveolar fibroblast differentiation to lip-
ofibroblasts, which are essential for alveolar development,
homeostasis, and injury repair [18, 21]. Lung-specific PPARc

knockout mice show enlarged alveolar sacs, increased ap-
optotic cells, and an enlarged lung volume, highlighting
PPARc’s indispensable role in lung development [19, 20].
Nicotine, by down-regulating PPARc, drives alveolar lip-
ofibroblasts to transdifferentiate to myofibroblasts, which
are the hallmarks of all chronic lung conditions including
the perinatal nicotine exposure- (PNE-) induced lung
damage [22, 23]. Supporting these observations, in experi-
mental animal models, blocking lipofibroblast-to-myofi-
broblast differentiation, using PPARc agonists blocks and/or
reverses the PNE-induced lung damage in the exposed
offspring [24, 25].

Hypothalamic pituitary adrenal (HPA) axis, by regu-
lating the production of glucocorticoids, also performs an
essential role in lung development and maturation [26].
Glucocorticoids act on the glucocorticoid receptor (GR),
expressed in the developing lung, stimulating alveolar epi-
thelial-mesenchymal cross-talk, and increase surfactant
production. However, excessive glucocorticoids, either en-
dogenous or administered exogenously, can hinder lung
development, predisposing to conditions such as childhood
asthma [27] and emphysema [28]. Evidence suggests that
perinatal nicotine exposure disrupts maternal and offspring
HPA axes, increasing maternal and offspring serum corti-
costerone (Cort) levels, which impacts offspring growth and
development negatively [29–32]. 0ereby, PNE-induced
lung damage, at least, in part, can be attributed to altered
maternal and offspring HPA axes.

Currently, there is no clinically safe and effective
pharmacologic intervention to prevent or treat PNE-
induced lung damage [25, 33–39]. Interestingly, elec-
troacupuncture (EA) is known to treat a number of re-
spiratory conditions, such as allergic asthma and acute
lung injury [40, 41]. By regulating HPA axis, EA also
improves airway inflammation associated with asthma
[42]. More importantly, experimentally, we have recently

shown that EA applied to maternal “Zusanli” (ST36)
acupoints during pregnancy and lactation (from em-
bryonic day 6 [E6] to postnatal day 21 [PND21]) protects
against PNE-induced lung damage [31, 32]. However, the
most effective time-period, that is, prenatal vs. postnatal,
to attain this effect has not been determined. Since lung
morphogenesis is a complex, finely orchestrated program
with specific signaling pathways involved at specific
stages during development, we hypothesize that the EA’s
effect in modulating PNE-induced lung phenotype is
limited to specific time-periods during lung develop-
ment. Here we compare EA’s protective effect against
nicotine-induced lung phenotype, when it is adminis-
tered exclusively “prenatally” (embryonic, pseudo-
glandular, canalicular, and early saccular stages of lung
development), exclusively “postnatally” (late saccular and
alveolar stages of lung development), or both “pre- and
postnatally” (all stages of lung development).

2. Materials and Methods

2.1. Animals. Approval was obtained from the Beijing
University of Chinese Medicine experimental animal
Ethics Committee in 2017 and all animal procedures were
performed in accordance with the “Guide to the Care and
Use of Experimental Animals” of the China Animal
Welfare Commission. 0irty female and ten male specific
pathogen-free Sprague-Dawley rats (11 weeks old) without
prior mating history were obtained (SPF, Beijing, Bio-
technology Co., Ltd., production license number: SCXK
(Beijing) 2006-0002). Animals were housed at a constant
temperature and humidity environment with 12 hours of
alternate light and dark cycle, with the provision of ad lib
food and water. 0e feeding cages and water bottles were
regularly disinfected.

2.2. Experimental Protocol. In line with a well-established
model [31, 32], saline or nicotine injections (saline: 100 μl
volume once daily and nicotine: 1mg/kg in 100 μl volume
once daily) were started on E6, and continued throughout
pregnancy and lactation, that is, up to PND21 (except on the
day of delivery). 0e saline group (“S” group) was injected
saline once daily. 0e nicotine group (“N” group) was in-
jected nicotine once daily. For the prenatal EA group (“Pre-
EA group”), nicotine injection was the same as in the “N”
group, but these dams were also administered EA to bilateral
ST36 acupoints from E6 to the day of delivery. For the
postnatal EA group (“Post-EA” group), nicotine injection
was the same as in the “N” group, but these animals were
administered EA to bilateral ST36 acupoints from PND1 to
PND21. 0e prenatal and postnatal EA group (“Pre- and
Post-EA” group) was administered nicotine similar to the
“N” group, but these animals also received EA at bilateral
ST36 acupoints from E6 to PND21 (except on the day of
delivery). On PND21, pulmonary function testing was
performed before sacrificing pups for lung tissue and serum
collection and dams for the hypothalamus, pituitary, and
serum collection.
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2.3. Electroacupuncture Protocol. 0e ST36 acupoints were
identified at the posterolateral side of knee-joint about 5mm
below the head of the fibula, as detailed in “Experimental
Acupuncture Science” [43]. Disposable sterile acupuncture
needles (0.20mm× 13mm, Beijing Hanyi Medical Instru-
ments Centre, China) were pierced to a depth of ∼0.7 cm at
bilateral ST36 acupoints (connecting to negative pole) and
horizontally to a depth of ∼0.2 cm into the skin below ST36
(connecting to positive pole). 0e EA parameters were,
frequency 2/15Hz; intensity 1mA; and duration 20 minutes,
administered once a day. For consistency, acupuncture was
performed by the same operator between 10 a.m. to twelve
noon throughout the study period.

2.4. Pulmonary Function Testing. Pulmonary function test-
ing was performed by the Respiratory Function Instrument
with Buxco FinePointe software (Buxco, USA). 0e pups
were intraperitoneally injected with 2% pentobarbital
(5.5mg/100g) for anesthesia, tracheotomized, cannulated,
and connected to a ventilator for plethysmography. After a
period of steady breaths, the lung resistance (RL), dynamic
compliance (Cdyn), minute ventilation volume (MV), and
peak expiratory flow (PEF) were recorded.

2.5. Lung Morphology. At sacrifice, pup lungs were fully
inflated with 4% paraformaldehyde (PFA) in PBS with
constant pressure; after ligation, the lungs were sub-
merged in 4% PFA for about 5 h, followed by immersion in
30% sucrose in PBS. 0e left lung was used for paraffin
embedding, cut into 5 μm slices, which for lung mor-
phometry were stained with hematoxylin and eosin
(H&E). Subsequently, lung tissue morphology was
assessed by determining mean linear intercepts (MLI) and
mean alveolar numbers (MAN) using previously de-
scribed methods [44].

2.6. Offspring Lung PPARc and Glucocorticoid Receptor and
Maternal Hypothalamic Corticotropic Releasing Hormone
and Pituitary Adrenocorticotropic Hormone ELISA.
Offspring lung tissue and maternal hypothalamic and pitu-
itary tissues were homogenized and the supernatants were
collected for detecting PPARc (Cusabio, China, Catalog#:
CSBE08624r), GR (Cusabio, China, Catalog#: CSB-E08747r),
CRH (Immunoway, USA, Catalog#: KE1318), and ACTH
(Raybiotech, USA, Catalog#: EIAR-ACTH 0524197055) using
ELISA as per manufacturer’s instructions.

2.7. Radioimmunoassay for Serum Corticosterone Levels in
Offspring and Mother. Serum Cort levels in the mother and
offspring rats were performed using radioimmunoassay as
manufacturer’s instructions (BioSino Bio-Technology and
Science Inc. Catalog#: HY-068B).

2.8. Offspring Lung PPARc mRNA Expression by Real-Time
PCR. 0e method for RNA extraction, Real-time PCR, and

the primers information of PPARc and GAPDH have been
described previously [31].

2.9. StatisticalAnalysis. 0edata are expressed as mean± SD.
Statistical analysis was performed using SPSS statistical
software (SPSS Inc., USA). One-Way ANOVA-Bonferroni
test was used for the comparison of differences between
groups, and P< 0.05 was considered statistically significant.

3. Results

3.1. Effect of Maternal EA during Different Developmental
Time-Periods on PNE-Induced Changes in Offspring Lung
Function. Compared with the “S” group, in the “N” group,
Cdyn, MV, and PEF decreased (P< 0.01, <0.01, and <0.05,
respectively), while RL increased (P< 0.01) significantly.
Compared with the “N” group, in the “Pre-EA” group, Cdyn
increased (P< 0.01) and RL decreased (P< 0.01) signifi-
cantly; however, the MV and PEF were not different
(P> 0.05). Compared with the “N” group, the RL decreased
significantly (P< 0.01) in the “Post-EA” group; however, the
Cdyn, MV, and PEF were not significantly different
(P> 0.05). Furthermore, the Cdyn, MV, and PEF increased
(P< 0.01, <0.05, and <0.05, respectively), while RL decreased
(P< 0.01) significantly, in “Pre- and Post-EA” group vs. the
“N” group (Figure 1).

3.2. Effect of Maternal EA during Different Developmental
Time-Periods on PNE-Induced Changes in Offspring Lung
Morphometry. 0e photomicrographs of the H&E-stained
sections showed that the alveolar structure in group “S” was
intact and the alveolar septum relatively complete. Com-
pared with the “S” group, the alveolar volume in the “N”
group was significantly larger, as determined by the greater
MLI (P< 0.01), accompanying a lower MAN (P< 0.01), and
in parts ruptured and fused alveolar walls. Compared with
the “N” group, the “Pre-EA” and the “Pre- and Post-EA”
group had smaller alveolar volumes (P< 0.05 and <0.01,
respectively, vs. the “N” group) andmore alveoli (P< 0.01 vs.
the “N” group), the rupture and fusion of alveolar walls
improved; however, the “Post-EA” group was not different
from the “N” group (P> 0.05 vs. the “N” group) (Figure 2).

3.3. Effect of Maternal EA during Different Developmental
Time-Periods on PNE-Induced Changes in Offspring Lung
PPARcmRNAandProtein Levels. Using Real-time PCR and
ELISA, compared to the “S” group, PPARc mRNA
(Figure 3(a)) and protein (Figure 3(b)) levels decreased
significantly in the “N” group (P< 0.05, and <0.01, re-
spectively). Both of these changes were blocked in the “Pre-
and Post-EA” group (P< 0.05, and<0.01 vs. the “N” group);
although the “Pre-EA” group showed a significant increase,
it did not reach statistical significance (P> 0.05 vs. the “N”
group); however, the “Post-EA” group was not different
from the “N” group in both PPARc mRNA and protein
levels (P> 0.05 for both).
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3.4. Effect of Maternal EA during Different Developmental
Time-Periods on PNE-Induced Changes in Offspring HPA
Axis. 0e results showed that serum Cort (Figure 4(a)) and
lung GR (Figure 4(b)) levels in the “N” group were sig-
nificantly higher than in the “S” group (P< 0.05, and <0.01,
respectively), which normalized in the “Pre- and Post-EA”
group (P< 0.05, and <0.01 vs. the “N” group). Furthermore,
in the “Pre-EA” group, compared with the “N” group,
though the lung GR decreased significantly (P< 0.05), serum
Cort was not significantly different (P> 0.05). Furthermore,
the “Post-EA” group was not different from the “N” group in
both (lung GR and serum Cort levels) of these parameters
(P> 0.05).

3.5. Effect of Maternal EA during Different Developmental
Time-Periods on PNE-Induced Changes in Maternal HPA
Axis. 0e results showed that compared to the “S” group,
the levels of maternal hypothalamic CRH decreased
(P< 0.05, Figure 5(a)), while the pituitary ACTH (P< 0.01,
Figure 5(b)) and serum Cort (P< 0.01, Figure 5(c)) levels
increased significantly in “N” group. 0ese changes were
blocked in the “Pre-EA” (P< 0.01, <0.05, and <0.05, re-
spectively), “Post-EA” (P< 0.05, <0.05, and<0.01, respec-
tively), and “Pre- and Post-EA” (P< 0.01, <0.01, and <0.01,
respectively) group.

4. Discussion

Exposure to mainstream or sidestream smoke during
pregnancy is an important healthcare risk worldwide. It
adversely affects offspring development, especially having a
long-term detrimental effect on the respiratory health of the
exposed offspring [45–47]. Considering nicotine’s strong
addictive effect and the extensive advertising by the tobacco
companies to target teens, the problem of smoke exposure
during pregnancy is unlikely to go away soon. Hence,
finding novel, safe, and effective intervention strategies to
mitigate the impact of perinatal tobacco exposure is of great
public health significance.

Electroacupuncture is a modification of acupuncture that
stimulates acupoints with low-frequency pulsed electrical
current. Biologically, it is a combination of acupuncture
stimulation and its consequent electrophysiological effects. As
a nonpharmacologic therapy, EA is easy to operate and has
minimal side effects [48]. ST36 is an acupoint of the “Stomach
Meridian” and has been identified to be important for general
improvement in health. It is effective in treating diseases of
many organ systems, including the respiratory system
[49, 50]. It also modulates HPA axis stability [51]. In general,
the effects of acupuncture are determined by factors, such as
the functional state of the body, stimulation parameters,
acupoint selection, and the timing and duration of treatment.
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Figure 1: Effect of maternal EA during different developmental time-periods on PNE-induced changes in offspring pulmonary function.
(a) RL. (b) Cdyn. (c)MV. (d) PEF. Values are mean± SD; n� 6 per group. ∗P< 0.05, ∗∗P< 0.01 vs. control; #P< 0.05, ##P< 0.01 vs. nicotine.
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Regarding the timing of treatment, it was demonstrated that
acupuncture treatment 4–7 days after the onset of facial
paralysis is better than its administration either within the first
1–3 days or after 8–10 days of the onset of facial paralysis [52].
Similarly, for establishing a more efficient bladder control of a
neurogenic urinary bladder following spinal cord injury,
earlier intervention is better than later [53]. 0ese studies
indicate that the efficacy of acupuncture at different disease
stages is different.

Mammalian lung morphogenesis is a complex, finely
orchestrated program, which progresses through well de-
fined, sequential stages to result in fully functional lung; for
example, the rat lung development proceeds through the
embryonic (E11–13), pseudoglandular (E13–18.5), canalic-
ular (E18.5–20), saccular (E20-PND4), and alveolar
(PND4–21) stages. Specific growth factors and signaling
mechanisms regulate each stage and drive its progression to

the next stage [54]. By comparing EA’s protective effects
against nicotine-induced lung phenotype, administered
exclusively during the “prenatal period” (embryonic,
psuedoglandular, canalicular, and early saccular stage of
lung development), “postnatal period” (late saccular and
alveolar stages of lung development), or both “prenatal and
postnatal periods” (all stages of lung development), we
found that the PNE-induced lung morphometric (MLI and
MAN) and functional (Cdyn, PEF, MV, and RL) changes
were effectively blocked only when EA was administered
during both “prenatal and postnatal periods.” 0is is in line
with our previous findings [31, 32]. However, its application
exclusively during the “prenatal period” resulted in in-
complete mitigation of perinatal nicotine-induced pulmo-
nary functional changes, for example, nicotine’s effects on
Cdyn and RL were blocked, but not on PEF and MV. 0e
application of EA exclusively during the “postnatal period”
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Figure 2: Effect of maternal EA during different developmental time-periods on PNE-induced changes in offspring lung morphometry. (a)
Representative H&E-stained lung sections. Magnification ×20; arrows point to the integrity and/or rupture of alveolar walls. (b) MLI. (c)
MAN. Values are mean± SD; n� 5 per group; ∗∗P< 0.01 vs. control; #P< 0.05, ##P< 0.01 vs. nicotine.
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had even fewer effects; that is, it only blocked PNE-induced
changes in RL but not in other pulmonary functional in-
dices. 0ese data suggest a graded efficacy of EA’s beneficial
effects when administered during both “prenatal and
postnatal periods,” exclusively “prenatal period,” or exclu-
sively “postnatal period,” with administration during both
“pre- and postnatal periods” providing the maximum
beneficial effect, while its administration exclusively during
the “postnatal period” had the least beneficial effect.

PPARc is a ligand-activated transcription factor that
plays a key role in regulating lipid storage and metabolism in
various organs including the lung [55–57]. Experimentally,
in a rat model, PNE down-regulated PPARc expression in
the developing lung along with the associated nicotine-in-
duced pulmonary structural and functional phenotype
[25, 58]. EA applied to maternal ST36 acupoints during
“pre- and postnatal periods” completely prevented the
nicotine-induced decrease in pulmonary PPARc protein
levels, in conjunction with blockage of the perinatal nico-
tine-induced pulmonary structural and functional changes.

Interestingly, EA applied exclusively during the “prenatal
period” only slightly blocked the PNE-induced decrease in
pulmonary PPARc protein levels, which, not surprisingly,
was accompanied by incomplete protection against PNE-
induced pulmonary effects; that is, although the lung
morphology improved, it only partially blocked nicotine’s
effects on pulmonary function. In contrast, administration
of EA exclusively during the “postnatal period,” neither
improved pulmonary PPARc protein levels nor nicotine’s
effects on lung structure and function.

To understand the mechanism of EA’s effects on nic-
otine-induced pulmonary morbidity in the developing
lung, it is important to understand nicotine’s effects on
maternal and fetal HPA axes and how these are affected by
EA. Glucocorticoids are key players in mediating stress
response on the HPA axis, both before and after birth
[59, 60]. In general, maternal and fetal/neonatal gluco-
corticoid levels correlate closely. High maternal gluco-
corticoid levels can result in high blood circulatory levels in
the fetus and infant through the placenta and breast milk,
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respectively [61, 62]. Nicotine increases glucocorticoid syn-
thesis in maternal adrenals, decreases placental 11β-HSD-2
activity, and compromises the placental barrier to maternal
glucocorticoids, which leads to fetal overexposure to maternal
glucocorticoids, which in turn affects fetal HPA axis and
growth [29, 30]. In line with our previous studies, with
nicotine exposure, we found decreased maternal hypotha-
lamic CRH, but increased pituitary ACTH and serum Cort
levels; in addition, fetal serum Cort and lung GR levels in-
creased [31, 32]. Previously, it has been shown that the
negative feedback from elevated serumCort and ACTH levels
during pregnancy results in inhibited maternal hypothalamic
CRH secretion, which normalizes after delivery [63]. It is
likely that perinatal smoke/nicotine-induced lung injury in
the exposed offspring, at least in part, is causally related to
maternal glucocorticoid overexposure. In contrast, EA ap-
plied at ST36 throughout pregnancy and lactation results in
increased maternal hypothalamic CRH, but decreased pitu-
itary ACTH and serum Cort levels. 0is effectively restores
the maternal HPA axis, avoiding offspring overexposure to
maternal glucocorticoids, which normalizes the offspring’s
serum Cort and lung GR levels, thereby preventing nicotine-
induced lung injury.

Our data suggest that maternal EA during pregnancy can
have lasting effects on the maternal HPA axis, that is, at least
until the end of lactation. Long lasting effects after

acupuncture have been demonstrated in other conditions as
well [64, 65]. For example, in a rat model, it has been
demonstrated that inhibition of morphine withdrawal
syndrome lasted 7 days after the end of the treatment [64].
As another example, the beneficial effects of acupuncture
anesthesia have been shown to last well into the postop-
erative recovery period [65]. However, these effects grad-
ually wane, which might explain the lack of beneficial effects
in pulmonary function and in PPARc and serum Cort levels
at PND21 following prenatal EA. We also found that al-
though EA applied to ST36 acupoints during lactation
modulated maternal HPA axis, it had no apparent effect on
offspring rats. It is likely to be due to relatively limited
transfer to maternal glucocorticoids via breast milk to off-
spring. A previous study showed that PPARc agonists ad-
ministered during lactation (PND1- PND21) could reverse
nicotine-induced lung damage in rat offspring [24]. 0e
contrasting data from that study and our present study are
possibly related to the fact that in the previous study the
PPARc agonist was directly administered to rat pups,
whereas in the present study, the protective effect was de-
pendent upon transmission of protective factors via breast
milk. Overall, our data support that for the optimal benefit of
EA at ST36 acupoints against perinatal nicotine-induced
lung damage, it needs to be administered both pre- and
postnatally.
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5. Conclusion

In conclusion, in an experimental rat model, maternal EA
applied to ST36 acupoints, during both “pre- and postnatal
periods,” preserves offspring lung structure and function
despite perinatal exposure to nicotine. 0is effect is ac-
companied by blockage of PNE-induced changes in HPA
axes in both the mother and the offspring, thus preventing
offspring exposure to excessive maternal glucocorticoids,
which occurs with perinatal nicotine exposure. Maternal EA
at ST36, administered exclusively during the “prenatal pe-
riod,” affords only limited benefit, while its administration
exclusively during the “postnatal period” does not afford
obvious protection.
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Background. Maternal smoking and/or exposure to environmental tobacco smoke continue to be significant factors in fetal and
childhood morbidity and are a serious public health issue worldwide. Nicotine passes through the placenta easily with minimal
biotransformation, entering fetal circulation, where it results in many harmful effects on the developing offspring, especially on
the developing respiratory system. Objectives. Recently, in a rat model, electroacupuncture (EA) at maternal acupoints ST 36 has
been shown to block perinatal nicotine-induced pulmonary damage; however, the underlying mechanism and the specificity of ST
36 acupoints for this effect are unknown. Here, we tested the hypothesis that compared with EA at ST 36, EA at LU 5 acupoints,
which are on lung-specific meridian, will be equally or more effective in preventing perinatal nicotine-induced pulmonary
changes.Methods. Twenty-four pregnant rat dams were randomly divided into 4 groups: saline (“S”), nicotine (“N”), nicotine + ST
36 (N+ ST 36), and nicotine + LU 5 (N+LU 5) groups. Nicotine (1mg/kg, subcutaneously) and EA (at ST 36 or LU 5 acupoints,
bilaterally) were administered from embryonic day 6 to postnatal day 21 once daily. /e “S” group was injected saline. As needed,
using ELISA, western analysis, q-RT-PCR, lung histopathology, maternal and offspring hypothalamic pituitary adrenal axes,
offspring key lung developmental markers, and lung morphometry were determined. Results. With nicotine exposure, alveolar
count decreased, but mean linear intercept and septal thickness increased. It also led to a decrease in pulmonary function and
PPARc and an increase of β-catenin and glucocorticoid receptor expression in lung tissue and corticosterone in the serum of
offspring rats. Electroacupuncture at ST 36 normalized all of these changes, whereas EA at LU 5 had no obvious effect. Conclusion.
Electroacupuncture applied to ST 36 acupoints provided effective protection against perinatal nicotine-induced lung changes,
whereas EA applied at LU 5 acupoints was ineffective, suggesting mechanistic specificity and HPA axis’ involvement in mediating
EA at ST 36 acupoints’ effects in mitigating perinatal nicotine-induced pulmonary phenotype./is opens the possibility that other
acupoints, besides ST 36, can have similar or even more robust beneficial effects on the developing lung against the harmful effect
of perinatal nicotine exposure. /e approach proposed by us is simple, cheap, quick, easy to administer, and is devoid of any
significant side effects.

1. Introduction

/e concept that smoking is harmful to health has been
deeply rooted among the populace, but tobacco smoking
continues to hurt, particularly, the most vulnerable members
of the society, i.e., fetuses and newborns. Maternal smoking

and/or exposure to environmental tobacco smoke continue
to be significant factors in fetal and childhoodmorbidity and
are a serious public health problem worldwide. According to
the World Health Organization, more than 1 billion people
around the world smoke, and 5 million die from cigarettes
each year. In China, the current smoking rate for adults, aged
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15 and over, is 27.7, percent and the total number of smokers
is more than 300 million (China Adult Tobacco Survey,
2015). Even though the rate of active smoking during
pregnancy in China is relatively low, the exposure rate to
secondhand smoke during pregnancy is alarmingly high
(>50%) [1]. Globally, the rate of smoking during pregnancy
varies from 5% to 40% in European countries [2], and about
10% of women in the United States smoke during pregnancy
[3]. Currently, many people choose e-cigarettes instead of
traditional tobacco products, but the harm caused by nic-
otine is almost equivalent [4, 5].

/ere are hundreds of toxicants in tobacco smoke,
among which nicotine is the main chemical with known
toxicity for the developing lungs and brain [6, 7]. Nicotine
easily crosses placenta with minimal biotransformation, and
it enters fetal circulation, potentially exceeding 15% of
maternal circulation levels. Nicotine levels in the amniotic
fluid can exceed maternal plasma levels by 88% [8, 9].
Perinatal nicotine exposure is harmful to the health of the
offspring in many aspects; it results in low birth weight,
preterm delivery, stillbirth, neurobehavioral deficits, sudden
infant death syndrome, and a range of neuroendocrine,
craniofacial, and immune system abnormalities [10–16]. In
addition to these problems, it is especially harmful to the
developing respiratory system. Previous studies have shown
lifelong and even transgenerational pulmonary structural
and functional changes, consistent with asthma phenotype,
among other respiratory morbidities [17].

Despite aforementioned concerns, at present, other than
smoking cessation and avoiding cigarette smoke exposure
altogether, there is no effective preventive or therapeutic
option. Unfortunately, due to aggressive advertising strat-
egies from the tobacco industry, especially towards the
youth, and the highly addictive property of nicotine and
negative reinforcement of withdrawal symptoms [18, 19], it
is unlikely that the problem of smoke/nicotine exposure will
go away anytime soon. /erefore, newer, effective ap-
proaches are needed to deal with a public health issue of
huge clinical, financial, and societal implications.

While pharmacological interventions remain far-
fetched, interestingly, perinatal electroacupuncture (EA)
offers a promising, practical approach that can be, safely and
relatively easily, translated to clinical practice. Using a rat
model, we recently showed that EA at ST 36 acupoints
(Zusanli) effectively blocked perinatal nicotine-induced
pulmonary phenotype in the exposed offspring [20, 21].
However, the specificity of the acupoints ST 36 in blocking
perinatal nicotine-induced pulmonary phenotype is not
established.

Zusanli (ST 36) is a commonly used acupuncture mo-
dality, utilized mainly, for general well-being and gastro-
intestinal ailments, although it has been also shown to be
effective against respiratory conditions such as allergic
asthma [22], chronic obstructive pulmonary disease [23],
lung injury [24], and pulmonary fibrosis [25]. ST 36 acu-
point is located on the Stomach Meridian of Hand-
Yangming. In contrast, Chize (LU 5) belongs to the Lung
Meridian of Hand-Taiyin (LU), which connects with the
lung. Ancient and modern literature studies confirm that LU

5 can treat pulmonary diseases. Although LU 5 and ST 36
belong to different meridians, located on corresponding
locations on elbow and knee joints, respectively, both can
treat lung diseases. /e purpose of this study was to de-
termine whether EA applied at LU 5 acupoints could rep-
licate or surpass the protective effect of EA at ST 36 on
perinatal nicotine-induced lung phenotype. By examining
the specificity of the beneficial effects of EA at ST 36 acu-
points on perinatal nicotine-induced lung phenotype, we
hope to gain better mechanistic insights and advance acu-
puncture’s clinical translation for its potential benefits. We
hypothesized that compared with EA at ST 36, EA at LU 5
acupoints would be equally or more effective in preventing
perinatal nicotine-induced pulmonary phenotype.

1.1. Experimental Equipment and Reagents. Nicotine bitar-
trate (99% purity) and pentobarbital (2%) were purchased
from Sigma-Aldrich, USA. HAN’s acupoint stimulation
equipment (LH202H) was obtained from Beijing Huawei
Industrial Development Co., Ltd., and Huatuo brand aseptic
acupuncture needles (0.20mm× 13mm) were acquired
from Suzhou Medical supplies Factory Co., Ltd. Pulmonary
function studies were performed using AniRes2005 animal
lung function analysis system.

1.2. Animal Model and Grouping. Twenty-four specific
pathogen-free (SPF) Sprague Dawley female (11-weeks old,
weighing 210± 20 g) and eight male (11-weeks old, weighing
240± 30 g) rats were purchased from Beijing Weitong Lihua
Experimental Animal Technology Co., Ltd. (certificate no.
SCXK (Beijing) 2006-0009). /e experiments were per-
formed in the barrier animal room of the SPF Animal
Research Center of Beijing University of Chinese Medicine.
Before the experiment, the animals were allowed to accli-
matize for 72 h at room temperature (23± 1)°C in 55± 5%
relative humidity and 12 :12 h light:dark cycle. All animal
procedures were conducted in accordance with the
Guidelines for the Animal Care and Use advocated by the U.
S. National Institutes of Health, as well as the “3R” principle
of animal experimentation with reduction, substitution, and
optimization. /e animal protocol passed the Ethics
Committee of Beijing University of Chinese Medicine.

In line with our previously described model [26],
pregnant dams were randomly divided to the saline (“S”),
nicotine (“N”), nicotine plus Zusanli (N + ST 36), and
nicotine plus LU 5 (N+LU 5) groups with 6 dams in each
group. At term, dams delivered vaginally. /e pups were
culled to eight pups/litter and allowed to breast feed ad
libitum. Nicotine (1mg/kg/day∼moderate cigarette expo-
sure) in 100 µL volumes was administered to dams subcu-
taneously from embryonic day (E) 6 to postnatal day (PND)
21 except on the day of delivery. /e “S” group was ad-
ministered the same amount of saline subcutaneously as the
“N” group from E6 to PND 21. /e N+ ST 36 group, in
addition to nicotine, was administered acupuncture at
acupoints ST 36, which are located in the posterolateral
aspect of the knee joint, 5mm below the fibulae capitulum
(Figure 1). Similarly, the N+ LU 5 group was administered
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acupuncture at LU 5 acupoints, which are located in the
transverse cubital crease, on the radial side of the tendon of
biceps brachii, i.e., located in the depression of the elbow
transverse line on the radial side (Figure 1). /e treatment
method of EA was the same as that of N+ ST 36 group.

For EA application, rat dams were held in a locally made
restraining bag with head and legs outside of the bag at
opposite ends, taped in prone position on a tabletop. When
the dam was quiet, the Huatuo brand acupuncture needles
(0.20mm× 13mm) were inserted perpendicularly 7mm
into ST 36 or LU 5 acupoints (connected to the EA negative

electrode) and 2mm subcutaneously below ST 36 or LU 5
(connected to the EA positive electrode). /e EA parameters
were set as follows: Sparse-dense wave frequency, 2/15Hz;
intensity, 1mA; and duration, 20 minutes, administered by
the same operator, once a day between 10 AM–12 noon
every day.

1.3. Pulmonary Function Testing. For pulmonary function
studies, on PND 21, after instrument calibration for airway
pressure and lung volume, rat pups were weighed and
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Figure 1: Effects of maternal EA on the lung function in perinatal nicotine exposure offspring (n� 8; ∗<0.05 vs. control; #<0.05 vs. nicotine;
∗∗<0.01 vs. control; ##<0.01 vs. nicotine).
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anesthetized using 2% pentobarbital sodium (55mg/kg),
followed by tracheostomy, cannulation, and ventilation for
plethysmography. After respiratory stability was achieved,
using AniRes2005 software, airway resistance (RL), peak
inspiratory flow (PIF), peak expiratory flow (PEF), forced
vital capacity (FVC), and dynamic pulmonary compliance
(Cdyn) were derived.

1.4. Sample Collection and Processing

1.4.1. Lung Tissue Morphology. At sacrifice, the lungs were
collected and instilled with ice-cold 4% paraformaldehyde
(PFA) dissolved in 1×PBS./ese were kept immersed in 4%
PFA for 4-5 hours and then moved to 30% sucrose dissolved
in PBS. When settled to the bottom of the container, the
lungs were removed, and the left lung was paraffin-em-
bedded. An investigator unaware of experimental groups
performed lung morphometry on 5 μm thickness hema-
toxylin and eosin-stained tissue slices from different ex-
perimental groups. Using Image-Pro Plus 6.0 software,
alveolar count, mean linear intercept, and septal thickness
were determined as described by us previously [27].

1.4.2. Determination of Lung PPARc, β-Catenin, Serum
Corticosterone (Cort), and Pituitary Glucocorticoid Receptor
(GR) Levels in Offspring and Pituitary Adrenocorticotropic
Hormone (ACTH), Adrenal Melanocortin 2 Receptor
(MC2R), and Serum Cort inMaternal Rats. At the end of the
experimental period (PND 21), dams and pups were eu-
thanized (pentobarbital 200mg/kg, injected intraperitone-
ally), and blood was collected via cardiac puncture. Serum
was separated by centrifugation, and samples were frozen at
− 80°C until processing. Offspring lungs and maternal pi-
tuitary and adrenal glands were collected and immediately
flash-frozen in liquid nitrogen. Lung PPARc and β-catenin,
serum Cort, and pituitary GR, ACTH, and adrenal MC2R
levels were determined using ELISA according to manu-
facturers’ instructions. As needed, the lung tissue, pituitary,
and adrenal glands were ground, lysed, and centrifuged.
ELISA kits used were PPARc from LifeSpan BioSciences Co.,
Ltd. (LS-F15392); β-catenin from Enzo Life Sciences Co.,
Ltd. (ADI-900-135); ACTH, MC2R, and GR fromWUHAN
CUSABIO Co., Ltd. (CSB-E06875r; CSB-E013559RA; and
CSB-E08747r, respectively).

1.4.3. Detection of PPARc and β-Catenin in Offspring Lung
by Quantitative RT-PCR. RNA extraction was performed
using Qiagen RNAeasy Mini kit (category no. 74106) ob-
tained from Life Technologies. /e extracted RNA was
qualitatively analyzed using Agilent nucleic acid and protein
analyzer (Agilent 2100, Germany) and quantified using
Nanodrop micronucleic acid protein analyzer (UVS-99ASP-
3700ASP, USA) and stored at − 80°C until needed for assay.
Reverse transcription of RNA to cDNAwas performed using
SuperScript VILOTM cDNA Synthesis Kit (category no.
11754) for qRT-PCR System (Life Technologies, USA) and
the PCR automatic analyzer (PX2/ermal, USA). Real-time

PCR was performed using the upstream and downstream
primers, obtained from Sangon Biotech Co., Ltd., Shanghai,
China (Table 1). SYBR Green PCR Master Mix of PPARc

and β-catenin were obtained from Invitrogen (USA) and
amplified by the real-time fluorescence quantitative PCR
(GeneAmp 7000 Sequence Detection System, Applied
Biosystems). /e reaction was carried out by activating the
DNA polymerase at 95°C for 10 minutes, and then up to 40
PCR denaturation cycles at 95°C for 15 s and annealing at
60°C for 1 minute were performed. /e relative quantitative
value of each gene was calculated using the 2ΔΔCTmethod
based on CT values.

1.4.4. Statistical Analysis. All data were analyzed using the
statistical software (IBM SPSS 20.0). /e data are expressed
as mean± SD. /e differences between the groups were
compared by one-way analysis of variance, followed by the
Tukey test. P< 0.05 indicated statistically significant
difference.

2. Results

2.1. Effect of EA at ST 36 and LU 5 Acupoints of Perinatal
Nicotine-Induced Pulmonary Phenotype in Offspring Rats.
Compared with the “S” group, the PEF, FVC, and Cdyn in
the “N” group decreased significantly (P< 0.01, P< 0.05, and
P< 0.01, respectively), while the PIF and RL increased
significantly (P< 0.01). Compared with the “N” group, the
PEF, FVC, and Cdyn in the N+ ST 36 group increased
(P< 0.01, P< 0.05, and P< 0.01, respectively), and the PIF
and RL decreased significantly (P< 0.01). Furthermore,
compared with the “N” group, while the PEF, FVC, and
Cdyn in the N+LU 5 group showed an upward and the RL, a
downward trend; these changes did not reach statistical
significance (P> 0.05) (Figure 1).

/e results of ELISA showed that compared with the “S”
group, PPARc protein level decreased, and β-catenin protein
increased significantly in the “N” (P< 0.05). Compared with
the “N” group, in the N+ ST 36 group, PPARc protein level
increased, and β-catenin levels decreased significantly
(P< 0.05). However, in the N+LU 5 group, while there was
a trend towards normalization, the changes did not statis-
tical significance (P> 0.05) (Figure 2).

/e results of qRT-PCR for PPARc and β-catenin
expression were in-line with the ELISA data outlined
above, i.e., compared with the “S” group, “N” group
showed a significant decrease in PPARc and a significant
increase in β-catenin expression (P< 0.05). While these
changes were corrected in the N + ST 36 group, there was
no statistically significant effect in the LU 5 group
(P> 0.05), even though there was a trend towards nor-
malization (Figure 3).

2.2. Effect of EA at ST 36 and LU 5 Acupoints on Perinatal
Nicotine-InducedChanges inMaternalHPAAxis. /e results
of ELISA showed that pituitary ACTH, adrenal MC2R, and
serumCort levels of rat dams in “N” group were significantly
higher than that in “S” group (P< 0.01, P< 0.01, and
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P< 0.05, respectively). Compared with the “N” group, pi-
tuitary ACTH, adrenal MC2R, and serum Cort levels in
N+ ST 36 group were significantly lower (P< 0.05, P< 0.01,
and P< 0.05, respectively) and not statistically different from
the “S″ group; however, compared with the “N” group, there
was no significant change in the levels of all these biomarkers
in the N+LU 5 group (P> 0.05) (Figure 4).

2.3. Effect of EA at ST 36 and LU 5 Acupoints on Perinatal
Nicotine-Induced Changes in Offspring HPA Axis.
Compared with the “S” group, lung GR and serum Cort
levels in the offspring rats in the “N” group were significantly
higher (P< 0.01, P< 0.05, respectively). /e GR and Cort
levels in the N+ ST 36 group were significantly lower
compared with the “N” group (P< 0.01 and P< 0.05, re-
spectively) and were not statistically different from the “S”

group (P> 0.05). In contrast, in the N+LU 5 group, while
there was a downward trend, these levels were not statis-
tically different compared with the “N” group (P> 0.05)
(Figure 5).

2.4. Lung Morphometry. Compared with the “S” group, the
mean linear intercept increased and alveolar count de-
creased significantly in the “N” group (P< 0.01 for both).
Compared with the “N” group, these changes improved
significantly in the N+ ST 36 group (P< 0.05) and were not
statistically different from the “S” group (P> 0.05). In
contrast, in the N+ LU 5 group, while there was an im-
proving trend in these parameters, these did not reach
statistical significance vs. the “N” group (P> 0.05). Note that
lung morphometry data outlined here have been published
previously [27].

Table 1: Primer sequence and length of amplification segment.

Gene name (rat) Primer sequence (5′ to 3′) Length of amplification segment

PPARc
Forward CCAAGTGACTCTGCTCAAGTATGG 106 bpReverse CATGAATCCTTGTCCCTCTGATATG

β-Catenin Forward GTGCAATTCCTGAGCTGACC 184 bpReverse CGGGCTGTTTCTACGTCATT

GAPDH Forward GACATGCCGCCTGGAGAAAC 92 bpReverse AGCCCAGGATGCCCTTTAGT
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Figure 2: Effects of maternal EA on the levels of lung PPARc and β-catenin protein in PNE offspring (n� 6; ∗<0.05 vs. control; #<0.05 vs.
nicotine).
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Figure 3: Effects of maternal EA on the lung PPARc and β-catenin mRNA in PNE offspring (n� 6; ∗<0.05 vs. control; #<0.05 vs. nicotine).
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3. Discussion

Our data demonstrate that EA at ST 36 blocked the perinatal
nicotine-induced changes in maternal (hypothalamic CRH,
adrenal MC2R, and serum ACTH and Cort levels) and
offspring (serum Cort level and lung GR expression) HPA
axes. It also blocked perinatal nicotine-induced changes in
key lung developmental signaling pathways (PPARc

downregulation and β-catenin upregulation), lung mor-
phometry (radial alveolar count, mean linear intercept, and
septal thickness), and pulmonary function (RL, PIF, PEF,
FVC, and Cdyn). In contrast, EA at LU 5 acupoints had no

significant effect on either maternal/fetal HPA axis, or lung
molecular, structural, and functional phenotypes.

As outlined above, at present, there is no effective
pharmacologic intervention against the harmful effects of
perinatal smoke/nicotine exposure on the developing lung;
however, our recent work has suggested acupuncture to be a
promising, potential approach. Recently, we demonstrated
that EA at ST 36 could regulate maternal HPA axis, promote
PPARc and inhibit Wnt signaling in offspring lung, and
preserve lung development and function in offspring peri-
natally exposed to nicotine [20, 21]. All of these findings have
been reconfirmed in the present study, along with
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contrasting futility of EA at LU 5 in replicating these
beneficial effects.

PPARc signaling is vital for lung lipid differentiation
programming, which is essential for normal lung develop-
ment and homeostasis [28]. PPARc signaling in turn in-
teracts with Wnt signaling, which is involved in many key
developmental biological processes involved in lung de-
velopment and maturation [29–31]. A balanced PPARc and
Wnt signaling is critically important during lung develop-
ment [32], a balance that is clearly adversely impacted on
perinatal smoke/nicotine exposure [33–36]. Additionally,
the HPA axis regulates glucocorticoid levels, which also
modulate pulmonary maturation and surfactant synthesis.
Briefly, the hypothalamus secretes CRH, which regulates
pituitary secretion of ACTH. ACTH regulates adrenocor-
tical secretion of Cort, which, in turn, regulates the secretion
of CRH via HPA axis feedback loop [37]. /e maternal HPA
axis promotes ACTH synthesis and cortisol release into the
maternal circulation, which is transported across placenta.
Under normal circumstances, the mother, placenta, and
fetus work together to regulate the level of glucocorticoids in
the uterine environment and prevent fetal exposure to ex-
cessive maternal glucocorticoids. Our results show that
following perinatal nicotine exposure, maternal pituitary
ACTH, adrenal MC2R, and serum Cort levels increase,
indicating activated maternal HPA axis. Since nicotine has
been shown to disrupt maternal-fetal placental barrier and
reduce placental 11β-HSD-2 expression, it results in fetal
exposure to a high glucocorticoid environment. /is high
fetal glucocorticoid environment potentially disrupts fetal
neuroendocrine environment, inhibiting fetal HPA axis,
intrauterine growth retardation [38], and elicitation of fetal
compensatory responses, which, at least, partially explain a
likely mechanism for how perinatal nicotine exposure might
affect offspring lung development and how acupuncture
might modulate it. In line with this paradigm, acupuncture
has been shown to modulate HPA axis and regulate PPARc

and β-catenin expressions [38–41]. In particular, EA at ST 36
blocked all perinatal nicotine-induced changes in maternal/
offspring HPA axis in conjunction with the protected lung
morphologic, molecular, and functional phenotype. In
contrast, EA at LU 5 acupoints had no obvious effects on
either maternal/offspring HPA axis or the resultant offspring
lung phenotype. /ese results suggest that EA at ST 36
acupoints likely protects against the harmful effects of
perinatal nicotine exposure on offspring lung development
by primarily modulating maternal/offspring HPA axis,
whereas EA at LU 5 acupoints had no such effect.

In the theory of traditional Chinese medicine, the main
effects of acupoints’ stimulation are directly related to the
meridians and position to which they belong. /e acupoints
on the meridians can treat the diseases of the Zang-fu or-
gans, which the meridians belong to, and the diseases of the
Zang-fu organs and tissues, through which the meridians
travel, as well as the disease of the adjacent areas. In addition,
some acupoints have special therapeutic effects. /e ther-
apeutic effects of meridian acupoints are specific, an im-
portant factor affecting the beneficial effects of acupuncture.
/ere are differences in functional effects between acupoints

and nonacupoints, different acupoints of the same meridian,
and different acupoints of different meridians. However, the
specificity is relative, as one meridian point can treat
multiple viscera and multisystem diseases, different me-
ridian points can treat the same meridian or the same
visceral diseases, and different meridian points have dif-
ferent effects on the same disease [42]. /e two acupoints
selected for this study belong to different meridians. ST 36
belongs to the Stomach Meridian Foot-Yangming (ST),
which connects with the stomach. However, both ancient
and modern literature supports that acupuncture at ST 36
has beneficial effects on not only gastrointestinal diseases but
also on lung diseases. /is is not surprising, since, embry-
ologically, lung is derived from the foregut and maintains
some functional commonality with gut, e.g., surfactant
synthesis and secretion occurs in both organs. Moreover, in
traditional Chinese medicine, invigoration of stomach and
spleen in enhancing vital energy has been suggested to be the
first important point of physical strength. /erefore, ST 36
has been often targeted to strengthen the physique and
regulate the body as a whole. /e recent work shows that ST
36 has a wide range of regulatory effects on various systems
of the whole body, such as the neuroendocrine and immune
systems [43]. In particular, by targeting neuroendocrine and
immune mechanisms, it enhances the physique and self-
repair and modulates various diseases. It is possible that the
protective effect of ST 36 on lung development of offspring
exposed to perinatal nicotine is related to its strong overall
regulatory effect on whole body rather than a specific
therapeutic effect on lung development per se. In contrast,
since the LU 5 acupoints are connected to lungs, the main
treatment targets of the acupoints on this meridian are
related to the lung system. Chize (LU 5), the main point of
the LU, can treat lung diseases. In addition, studies from
ancient times to now have shown that although LU5 can also
treat some nonlung diseases, e.g., diarrhoea and low back
pain [44, 45]; there is very limited information on LU5 role
in overall regulation of the whole body and effect commonly
seen with ST 36 acupoints.

It is also important to highlight that in our previous
studies, we did not observe any significant effects of EA at
sham acupoints on lung morphometry and lung maturation
supporting specific mechanisms involved in mediating ST 36
acupoints’ effects on the developing lung. However, since we
applied EA during both antenatal and postnatal periods, it is
difficult to distinguish between the effects for each period,
and to determine if postnatal intervention has any effect.

To sum up, comparing the effects of EA at ST 36 and LU
5 acupoints on lung development of the perinatally nicotine
exposed offspring, we conclude that the mechanism un-
derlying the beneficial effects of EA at ST 36 acupoints is via
modulation of maternal/offspring HPA axis. /is likely
helps in avoiding offspring exposure to excessive maternal
glucocorticoid environment induced by nicotine exposure,
which, in turn, blocks the perinatal nicotine-induced de-
crease in alveolar PPARc and increase in Wnt signaling, and
provides a more homeostatic milieu for offspring lung de-
velopment. In contrast, even though LU 5 is on the lung
meridian and has been used to treat many lung diseases, it
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did not prove to be useful against perinatal nicotine’s ex-
posure on the developing lungs. It reinforces that the
beneficial effects of EA at ST 36 on the developing lung are
via its effect on maternal/offspring HPA axis, rather than on
offspring lung directly. /is opens the possibility that other
acupoints besides ST 36 having similar or even more robust
beneficial effects on the developing lung against the harmful
effect of perinatal nicotine exposure./e approach proposed
by us is simple, cheap, quick, easy to administer, and is
devoid of any significant side effects.

Data Availability

/e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

/e authors declare that they have no conflicts of interest.

Acknowledgments

/is work was supported by grants from the National
Natural Sciences Foundation of China (nos. 81674059 and
81373558), the Independent postgraduate subject of Beijing
University of Chinese Medicine (no. 2018-JYB-XS), NIH
(nos. HL127137 and HD071731), and TRDRP (nos. 23RT-
0018 and 27IP-0050).

References

[1] L. Zhang, J. Hsia, X. Xia et al., “Exposure to secondhand
tobacco smoke and interventions among pregnant women in
China: a systematic review,” Preventing Chronic Disease,
vol. 12, no. 3, p. E35, 2015.

[2] J. Smedberg, A. Lupattelli, A.C. Mårdby et al., “Characteristics
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+e cytokinesis-block micronucleus (MN) assay on blood lymphocytes is one of the most important tests implemented in
cytogenetics for the measurement of genotoxicity. For the purpose of biological dosing, it is crucial to know the spontaneous
frequency of MN and its normal values in general population, especially in children, which are used for the population databases.
In this study, MN levels were investigated in cytokinesis-blocked lymphocytes of 150 apparently healthy children aged 1 to 15. Our
aim was to assess the variability of MN values according to age and sex. +e mean MN frequency among boys was 3.69± 1.747‰
and 4.12± 1.867‰ in girls where there was no significant difference in relation to age and sex. However, when we separated age
groups as 0–2 years, 3–5 years, 6–10 years, and 11–15 years, one-way ANOVA test showed significant association. Significance was
obvious in the 0–2 years age group with the 3–5 years age group and 6–10 years age group.When we grouped our study population
as 0–2 years and 3–15 years, the meanMN frequency among the 0–2 years age group was 2.85± 1.599‰ and 4.07± 1.867‰ in the
3–15 years age group which was also statistically significant. +is difference may be attributed to age-related increase of close
contact with environmental hazardous agents. In conclusion, normal values of MN obtained in this study will add valuable
information in regard to update the current childhood population data and will act as a reference for further genotoxicity studies.

1. Introduction

Maintaining the normal function of a cell is crucial for a
living organism, and it depends largely on proper DNA
replication and repair mechanisms. In our daily lives, we are
increasingly exposed to genotoxic effects including ionizing
radiation, detrimental chemicals, and harmful physical
agents. +ese genotoxic agents gradually damage the genetic
information within a cell and may predispose to cancer,
chronic diseases, or apoptosis [1, 2]. +e effect of those
factors on genomic stability could be determined by the
measurement of micronuclei (MN) [3]. MN which origi-
nates from chromosome fragments or whole chromosomes
is a measure of chromosome breakage or loss. +e most
commonly appliedmethod for assessing genotoxicity byMN

assay is the cytokinesis-block technique in which cytocha-
lasin-B is used for this purpose [4]. Elevated MN frequency
in lymphocytes has been shown to be associated with an
increased risk of cancer, severe adverse cardiovascular events
in coronary artery disease patients, diabetes, mild cognitive
impairment, Alzheimer’s, and Parkinson’s diseases [5–8].
Most of the studies investigating MN have been conducted
in adults. In parallel, the great majority of studies performed
in children has been on the effects of environmental factors,
although there have been some reports of increased MN
values among children with malnutrition, obesity, iron
deficieny, and low blood levels of vitamin B12 [9–12]. Al-
though this test has been reported to be reliable and useful,
large variations are observed in the literature [13, 14]. +is
variability has been linked to study designs, different
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experimental conditions, and population characteristics
such as genetic and lifestyle factors [15]. In the light of those
observations and reports, requirement of normal reference
values has been pointed out by some authors [14, 15]. In this
study we aimed to present the age-specific MN values in 150
apparently healthy children aged 1 to 15.

2. Materials and Methods

2.1. Patient Selection. Local Ethics Committee approval of
the Institute of Medical Research was obtained before
starting this work, and this study was performed in ac-
cordance with the ethical standards laid down in the Dec-
laration of Helsinki. All the patients and parents were
properly informed before and during the procedure, and
they signed the informed content. +e study population
consisted of 150 apparently healthy children who were re-
ferred to pediatric outpatient clinic for routine follow-up.
+e selected children were all selected from the same locality
in the summer period (June-August) where there is very
limited air pollution and infections. +e families were
questioned about smoking habits, occurrence of cancer and
malignancies, and history of vaccination, and the subjects
were selected accordingly. +e participants were grouped as
age 1 to 15, each consisting of 10 children (5 boys and 5
girls). Inclusion criteria for the study comprised that all the
subjects were healthy at the time of blood sampling, none of
them had been exposed to ionizing or nonionizing radiation
for diagnostic or other purposes during the six-month pe-
riod, none of them took any medication and none of them
had inherited genetic disorders or chronic diseases, and all
the children were having a balanced diet and they were all
within normal body mass index.

2.2. Blood Sampling. Peripheral whole blood samples were
collected in heparinized tubes under aseptic conditions in
the morning hours. After collection, the samples were
randomly coded and transferred to the laboratory and
processed on the same day.

2.3. Cytokinesis-Block Micronucleus (CBMN) Assay. +e
CBMN assay was performed using cytochalasin B (Cyt-B) as
described elsewhere [2]. +e cells from peripheral venous
blood were cultured in the RPMI medium supplemented
with fetal bovine serum, phytohaemagglutinin, penicillin,
and streptomycin at 37°C for 72 hours. Cyt-B at a final
concentration of 3 μg/ml was added to each sample on the
44th hour of incubation to accumulate cells that had divided
once and incubated for another 18 hours, and then the
cultures were harvested. +ey were centrifuged at 1100 rpm
for 10 minutes. After the supernatant was removed, 10mL of
prewarmed hypotonic solution was added to the pellet and
incubated for 23min at 37°C. +e cultures were centrifuged
at 1100 rpm for 10minutes and the supernatant was re-
moved, and cells were fixed with a fixative, methanol-acetic
acid (3 :1, v/v). +e cells were resuspended in a small volume
of fixative and dropped onto clean cold slides. Finally, the
slides were stained for 10 minutes in 5% Giemsa dye. Every

subject was analysed for the total number of micronuclei per
1000 binucleated cells according to criteria previously
published by Fenech [16]. To prevent commentary differ-
ences, the cells were scored under the light microscope by
two different qualified and experienced Medical Genetics
specialists. Only cells with well-defined cytoplasmic border
were evaluated for scoring (Figure 1). Microscopic analysis
was done with an optical microscope with a final magnifi-
cation of 400x (Olympus BX50, Tokyo, Japan).

2.4. Statistical Analysis. +e statistical analysis was per-
formed using SPSS 25.0 (SPSS Inc., IL, USA) statistical
program package. +e Student’s t-test was used to compare
the frequencies of MN among study groups. +e Pearson
method (r) was performed to evaluate the association be-
tween age, gender, and MN frequencies. +e one-way
ANOVA test was used to evaluate the association between
MN frequencies and different age groups, and the Bonfer-
roni test was conducted for multiple comparisons of age
groups. +e value of p< 0.05 was considered statistically
significant.

3. Results

+e study population consisted of 150 healthy children, 75
girls (50%), and 75 boys (50%) with ages ranging from 0 to
15 years. Each age group consisted of 10 subjects (5 boys and
5 girls). Figure 2 presents the error bar graph of MN fre-
quencies within this group. +e distribution of MN fre-
quencies dispersed evenly when compared with age and sex.
+e mean MN frequency among boys was 3.69± 1.747‰
and 4.12± 1.867‰ in girls (95% confidence interval (CI)).
Student’s t-test showed there was not any significant cor-
relation between males and females in regard to MN results
(p � 0.151) (Table 1). +e Pearson correlation revealed that
there was no significant difference between males and fe-
males in relation to age (r� 0.073; p � 0.372) and sex (male
r� 0.55, p � 0.639 and female r� 0.92, p � 0.435) (Table 2).
However, when we compared different age groups, we were
able to find significant results. We separated age groups as
0–2 years, 3–5 years, 6–10 years, and 11–15 years, and the
one-way ANOVA test revealed significant association be-
tween these groups (p � 0.021) (Table 3). Bonferroni
posthoc test for multiple comparisons showed significant
association of MN frequencies of the 0–2 years age group
with 3–5 years age group (p � 0.046) and 6–10 years age
group (p � 0.021). When we grouped our study population
as 0–2 years and 3–15 years, the mean MN frequency among
the 0–2 years age group was 2.85± 1.599‰ and
4.07± 1.867‰ in the 3–15 years age group (95% confidence
interval (CI)). Student’s t-test revealed significant associa-
tion of MN frequencies between these groups (p � 0.005)
(Table 4). Figures 3 and 4 show the error bar graphs of MN
frequencies among different age groups.

4. Discussion

In parallel with advances in civilization and developments in
technology, the rate of exposure of human life to many
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genotoxic agents has been increasing over time. +e foods
taken, the drugs used, and the different causes of radiation
are some of those leading agents which come to mind in the
first place. +erefore, it is important to measure the

genotoxic capacity of these agents on human health. By this
way, it can be possible to screen new chemicals whichmay be
hazardous for the environment, to determine the acceptable

(a) (b)

Figure 1: Representative of images of cells scored in the micronucleus study: (a) normal binucleated cells, shown by black arrows and
(b) close-up view of binucleated cells with a micronucleus. +e micronuclei are shown with black arrows.
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Figure 2: Error bar chart representing the MN frequencies, ages,
and sexes of the study group.+e frequency ofMN dispersed evenly
among sex and age (95% confidence interval) (MN: micronucleus,
CI: confidence interval).

Table 1: Comparison of MN frequencies by means of sex. +ere
was no significant correlation (p> 0.05).

Sex Number (%) MN mean± SD p

Male 75 (50) 3.69± 1.747 0.151Female 75 (50) 4.12± 1.867
Total 150 (100)
MN: micronucleus, SD: standard deviation.

Table 2: +e Pearson correlation revealed no significant difference
between MN results, sex, and age (MN: micronucleus).

Pearson correlation (r) p

Sex
Male 0.55 0.639
Female 0.92 0.435

Age 0.073 0.372

Table 3:+e number of cases andMN frequencies are given among
different age groups. +e one-way ANOVA test showed significant
correlation between these groups.

Age group (years) Number (n) MN Mean± SD p

0–2 20 2.85± 1.599

0.021∗3–5 30 4.23± 1.654
6–10 50 4.24± 1.985
11–15 50 3.80± 1.678
Total 150 3.91± 1.815
MN: micronucleus, SD: standard deviation, ∗ � statistically significant p

value.

Table 4: +e Benferroni test revealed significant association of MN
frequencies of the 0–2 years age group with the 3–5 years and 6–10
years age groups (upper part). Student’s t-test revealed significant
association of MN frequencies between the 0–2 years age group and
3–15 years age group (lower part).

Compared age group (years) Age group (years) p

0–2
3–5 0.046∗
6–10 0.021∗
11–15 0.268

0–2 3–15 0.005∗
∗ � statistically significant p value.
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level of genetic damage, to identify individuals who are at
risk for a specific genotoxic agent. Among the methods
measuring genotoxicity in different situations, micronucleus
assay is one of the most preferred methods. A number of
studies were carried out to determine the baseline fre-
quencies of MN measured with the CBMN method in
standard healthy populations. +e main factors to affect the
frequency of MNwere analysed, and they are confirming the
age and sex as the main factors associated with the fre-
quency. However, as pointed out by some studies, normal
values for micronucleus test in healthy populations has been
suggested by some authors due to the wide range of results of
this test [14, 15, 17]. Considering this valuable information,
the mean MN frequency of all participants in our study was
found to be 3.91± 1.82‰, 3.69± 1.75‰ in female group, and
4.12± 1.87‰ in male group. Whereas those values were
reported to be higher in adults such as 5.06± 3.11‰ in all
subjects, 5.16± 2.98‰ in females, and 4.79± 3.44‰ inmales
by Gajski et al. [15]. +e major difference between those
studies and our study is the age groups of the participants.
Gajski et al. included adult individuals between 19–80 years
of age into their study and separated the study groups as <30,
31–40, 41–50, 51–60, 61–70, and>70. +e highest value was

6.47± 2.42‰ in the 61–70 age group, and the lowest was in
the <30 age group which was 4.15± 2.79‰. Considering
much lower value obtained in our study, increased ratios of
MN in previous similar studies could be attributed to age-
dependent increasing exposure of environmental conditions
which may cause genomic damages.

In our study, no significant correlation was detected
between male and female groups. +e mean MN frequency
of the female group was higher compared with the male
group. Age and sex were found to have significant in-
fluences on MN frequency by Gajski et al. [15]. Although
not being significant, a higher mean value of MN in the
female group in our study may be associated with many
factors such as growth characteristics of two sexes. In
parallel with our study, Bonassi et al. reported not sig-
nificant but higher level of MN frequency in females
compared with males [18].

One of the interesting finding of our studywas the detection
of significant difference between the 0–2-year-old age group
and the other age groups except 11–15. +e lowest value in all
studies including our study was detected in 0–2 age group.+is
difference may be due to the fact that children in this age group
are exposed to environmental effects much less compared with
other age groups because they are in infancy. +e fact that
children end up in infancy and transition to early childhood
brings with it many problems. Common view of the researchers
is that the early childhood period is the most important de-
velopment period in life. +ey begin to learn the world around
them and become vulnerable to harmful external effects such as
food or physical and chemical agents by spending more time in
the outdoor environment. +erefore, this close contact with
hazardous agents increases with age as it progresses to an age-
related relationship. Nevertheless, no linear correlation was
found with the increasing age in our study except themeanMN
values between the different age groups which were identified
according to the growth and human development.+e fact that
there is no linear significant correlation related to each age can
be attributed to individual differences in each age group.

In conclusion, our study is one of the few studies dis-
cussing the age-related baseline MN frequencies in the
pediatric age group. Normal values in this study will be used
to update the current pediatric population data regarding
micronucleus and will act as a reference for future geno-
toxicity studies.
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Figure 3: Error bar chart shows the MN frequencies between
different age groups. +ere is a significant association of MN
frequencies of the 0–2 years age group with the 3–5 years age group
and 6–10 years age group (95% confidence interval) (MN: mi-
cronucleus, CI: confidence interval).

M
N

 fr
eq

ue
nc

ie
s (

95
%

 C
I)

4.5

4.0

3.5

3.0

2.5

2.0
≤2 ≥3

Age

Figure 4: Error bar chart reveals the MN frequencies of 0–2 years
age group and 3–15 years age group. +ere is a significant asso-
ciation of MN frequencies between these 2 groups (95% confidence
interval) (MN: micronucleus, CI: confidence interval).

4 BioMed Research International



References

[1] R. P. Araldi, T. C. de Melo, T. B. Mendes et al., “Using the comet
and micronucleus assays for genotoxicity studies: a review,”
Biomedicine and Pharmacotherapy, vol. 72, pp. 74–82, 2015.

[2] T. Nohmi, “+resholds of genotoxic and non-genotoxic
carcinogens,” Toxicological Research, vol. 34, no. 4,
pp. 281–290, 2018.

[3] L. Luzhna, P. Kathiria, and O. Kovalchuk, “Micronuclei in
genotoxicity assessment: from genetics to epigenetics and
beyond,” Frontiers in Genetics, vol. 4, p. 131, 2013.
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